:' frontiers ‘ Frontiers in Earth Science

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Rita Di Giovambattista,

National Institute of Geophysics and
Volcanology (INGV), Italy

REVIEWED BY

Davide Zaccagnino,

Sapienza University of Rome, Italy

Boyko Ranguelov,

University of Mining and Geology "Saint lvan
Rilski”, Bulgaria

*CORRESPONDENCE
Bor-Shouh Huang,
hwbs@earth.sinica.edu.tw

RECEIVED 25 October 2023
AccepTED 09 February 2024
PUBLISHED 04 March 2024

CITATION

Chen K-C, Huang B-S, Kim K-H and Wang J-H
(2024), Some characteristics of foreshocks
and aftershocks of the 2022 M, 6.8 Chihshang,
Taiwan, earthquake sequence.

Front. Earth Sci. 12:1327943.

doi: 10.3389/feart.2024.1327943

COPYRIGHT

© 2024 Chen, Huang, Kim and Wang. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with
these terms.

Frontiers in Earth Science

TYpPE Original Research
PUBLISHED 04 March 2024
pol 10.3389/feart.2024.1327943

Some characteristics of
foreshocks and aftershocks of

the 2022 M 6.8 Chihshang,
Taiwan, earthquake sequence

Kou-Cheng Chen', Bor-Shouh Huang'*, Kwang-Hee Kim? and
Jeen-Hwa Wang*?

!Institute of Earth Sciences, Academia Sinica, Nangang, Taiwan, *Department of Geological Sciences,
Pusan National University, Pusan, Republic of Korea, *Department of Earth Sciences, National Central
University, Taoyuan, Taiwan

Foreshocks and aftershocks occurred before and after the M;6.8 (M,7.0)
earthquake in eastern Taiwan on 18 September 2022. We explore the epicentral
distribution and temporal variations for the mainshock, foreshocks, and
aftershocks. Most of the events were located in the area around the Longitudinal
Valley. Most foreshocks occurred around the mainshock, while the aftershocks
happened outwards from the foreshock area. The temporal variations in
seismic-wave energy show that the largest foreshock and the mainshock were
responsible for releasing most of the energy during the earthquake sequence. In
addition, the b values of the Gutenberg-Richter frequency-magnitude law were
0.62 for foreshocks, 0.87 for aftershocks, and 0.71 for the whole seismic activity
by using the least squares method and 0.52 for foreshocks, 0.84 for aftershocks,
and 0.65 for the whole seismic activity by using the maximum likelihood method.
The b values increase from foreshocks to aftershocks, suggesting the possibility
that the fluid pressure of faults during foreshocks is higher than that of the faults
during aftershocks due to the outward migration of water. The p-value of the
Omori-Utsu law for the aftershock sequence was estimated to be 0.92 for all
aftershocks in the study, 1.39 for the aftershocks occurred in the first 6 days, and
1.30 for the aftershocks occurred in the first 12 days. The foreshock sequence
could not be described by the inverse Omori law.
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1 Introduction

In the Taiwan region, the Philippine Sea Plate moves northwest at a rate of
about 8 cm/year (Yuetal, 1997) and collides with the Eurasian Plate (e.g., Hsu, 1971;
Tsaietal, 1977; Wu, 1978). The collision boundary of these two plates is located
almost along the east coast of Taiwan (see Figure 1). Such a collision generates
intense seismic activity in the region (Hsu, 1961; Wang et al., 1983; Wang, 1988; Wang,
1998; Wang and Kuo, 1998; Wang and Shin, 1998; Wangetal,, 2016). Hualien and
Taitung counties in eastern Taiwan are located around the collision boundary. Many
earthquake sequences occurred in this area in history, such as the 1951 Hualien-Taitung
earthquake sequence (e.g., Chen et al., 2008; Lee et al., 2008), the 1986 Hualien earthquake
sequence (Chen and Wang, 1986; Chen and Wang, 1988; Liaw et al., 1986; Wang, 1988;

01 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2024.1327943
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2024.1327943&domain=pdf&date_stamp=2024-02-29
mailto:hwbs@earth.sinica.edu.tw
mailto:hwbs@earth.sinica.edu.tw
https://doi.org/10.3389/feart.2024.1327943
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/feart.2024.1327943/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1327943/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1327943/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1327943/full
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Chen et al. 10.3389/feart.2024.1327943

CWB earthquakes (2022/09/01~2022/10/19)
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FIGURE 1

Epicenters of earthquakes (M, >3) from September to October 2022. Different sizes of red circles show the magnitudes of foreshocks. The mainshock is
denoted by a large red solid star. Different sizes of open circles show the magnitudes of aftershocks. The thick solid lines mark the active faults. The
index map in the upper left corner shows the study area (solid rectangle) and the different sizes of magnitude. The focal mechanisms of the foreshock
and the mainshock are also plotted.

Wang and Kuo 1998; Yeh et al., 1990), the 2002 Hualien earthquake An earthquake (denoted by a large red solid star in Figure 1)
sequence (e.g., Chen, 2003; Chen etal.,, 2004), the 2018 Hualien =~ with M;=6.8 (M =the local magnitude determined by the Central
earthquake sequence (e.g., Hwangetal, 2019; Kou-Chenetal,  Weather Administration, Taiwan) or M, =7.0 (M, =the moment
2019; Wen etal., 2019; Wuetal, 2019), and the 2021 Hualien magnitude determined by United States Geological Survey)
earthquake swarm (e.g., Chenetal, 2022; Hwangetal, 2022;  occurred at Chihshang in the northern part of Taitung, eastern
Wang et al., 2022). The 1951 and 2018 earthquakes caused severe =~ Taiwan, on 18 September 2022. Its epicenter inferred from the
damage to the area. The study of earthquakes in this region is  Central Weather Administration Seismological Network (CWASN)
essential to both scientific interests and social needs. is located at 23.137° N and 121.196° E with a focal depth of 7.8 km.
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Before the mainshock, there were foreshocks with the largest
one with M;=6.6 or M, =6.6 (denoted by a large red solid circle
in Figure 1) that occurred on 17 September 2022. Its epicenter
is located at 23.084° N and 121.161° E with a focal depth of
8.6 km. After the mainshock, many aftershocks happen. The largest
aftershock with M;=6.0 or M,,=5.6 occurred on 19 September 2022,
about 20 h after the mainshock. Its epicenter is located at 23.441°
N and 121.300° E with a focal depth of 13.4 km. The epicentral
distribution of the earthquake sequence is displayed in Figure 1.
The focal mechanisms of the foreshock and the mainshock are
also plotted (IESRMT, 2022; Lee et al., 2023). Since such a kind of
earthquake sequence does not occur frequently in the area, it is
of great significance to study the spatial distribution and temporal
variation of foreshocks and aftershocks.

Numerous studies focused on the correlation between
foreshocks and mainshocks (e.g., Lin, 2009; De Santis et al.,
2015; Gulia and Wiemer, 2019; Cianchini et al., 2020; Chen et al.,
2023). Gulia and Wiemer (2019) studied the possible real-time
discrimination between foreshock and aftershock sequences.
De Santis et al. (2015) and Cianchini et al. (2020) applied the revised
accelerated moment release to study the seismicity preceding large
mainshocks. Chen etal. (2023) found that the bigger the largest
foreshock is, the larger the mainshock is. Their research helps us
understand the correlation between foreshocks and mainshocks.

Two important and basic scaling laws of seismicity are the
frequency-magnitude (FM) relationship (Gutenberg and Richter,
1944) and the Omori law for aftershocks (Omori, 1894a, b; Utsu,
1957). The FM relationship represents the relation between the
occurrence frequencies and magnitudes of earthquakes in an area.
Omori (1894a, b) first proposed the Omori law to describe the
number of aftershocks decreasing over time. Utsu (1961) modified
Omori law as explained below.

In this study, we will explore the spatial and temporal
distributions of events, temporal variations in the daily number of
shocks, the distributions in the number of earthquakes in a unit
of magnitude, and the temporal variations in seismic-wave energy
for foreshocks and aftershocks. We will also study the frequency-
magnitude relationships specified by the b-values for foreshocks,
aftershocks, and the whole earthquake sequence, and aftershock
decay with time characterized by the p-value.

2 The seismic-wave energy, FM
relationship, and Omori-Utsu law

2.1 Seismic-wave energy

Gutenberg and Richter (1942; 1956) proposed the energy-
magnitude law of earthquakes as follows:

log(E,) = 11.8 + 1.5M, (1)

in which E is the seismic-wave energy (in ergs) and M represents
the surface-wave magnitude. Of course, M can be instead of the
currently-used moment magnitude M,,. In Gutenberg and Richter
(1942), Eq. 1 was inferred from the earthquakes with M >5.5. From
the evaluated values of E for small earthquakes from observed data,
Wang (2015), Wang (2016a) confirmed that this equation can work
for earthquakes with M <5.5.
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FIGURE 2

An example of the log(N) plots versus M, for earthquakes.

Since we use the local magnitude in this study, M, must be
transferred to M; in Eq. 1. Chen et al. (2007) derived the following
M;-M, relationship for Taiwan earthquakes: M,=—(0.53 £ 0.36)+
(1.03 £ 0.06) M . Substituting this relationship into Eq. 1 leads to

log (E,) = 11.01 + 0.76M, (2)

This study uses this formula to evaluate the values of E, of events
for the present earthquake sequence.

2.2 Gutenberg and Richter’s
frequency-magnitude relationship

Gutenberg and Richter (1944) proposed a frequency-magnitude
(FM) relationship for earthquakes in the form:

log(N) = a-bM (3)

where M is the earthquake magnitude, N is the cumulative number
of earthquakes with magnitudes >M, and a and b are constants. An
example of the FM distribution based on the cumulative number of
events is displayed in Figure 2. The FM relationship is only valid over
the magnitude range between M, and M,, which are, respectively,
the lower and upper limits of the linear portion of the data points.
Since we only attempt to compare the b-values between foreshocks
and aftershocks, the values of M, and M, are estimated directly
from the plots of log(N) versus M. We evaluated the value of M,
just based on the observation that the data point started to bend
down. The data points of M<M ; will depart from the linear trend of
data points with M>M ;. The departure increases with decreasing M.
We evaluated the value of M, just based on the observation that the
data point started to depart from the linear trend of data points with
M ;<M<M,. Hence, they are estimated directly from the pattern
of data points. The b-value will be estimated from the data points
between M, and M, in two ways. The first one is the convenient
linear squares method. The second way is based on the maximum
likelihood method (e.g., Aki, 1965; Shi and Bolt, 1982). We will also
compare the results estimated by the two methods.

The b-value varies by region and also depends on the time
interval of the earthquake data used. The b-value is a scaling
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parameter related to the physical and geological conditions of the
seismically active region (e.g., Scholz, 1968; Scholz, 2015; Wang,
1988; Wang, 2016b; Frohlich and Davis, 1993; Wiemer et al., 1998;
Wang et al., 2015; Riviére et al., 2018).

2.3 Omori-Utsu law

Aftershocks are smaller events that follow the mainshock in
and around the epicentral area. In addition to earthquake swarms,
aftershocks are usually associated with most of moderate and
large earthquakes. The earthquake magnitudes and the number of
events usually decrease with time. Omori (1894a, b) first observed a
decrease in the number of aftershocks as the time goes and proposed
a power-law function to describe the change of the number of
aftershocks, n(t), with time, ¢, in the following form: n(t)=k/(t+c),
where k and ¢ are two constants. This power law with scaling
exponent 1 is called the Omori law and is the first scaling law in
both seismology and the earth sciences. Utsu (1957) observed from
experimental results that the number of aftershocks decays with
Omori’s power law in the early stage, but exponentially in the late
stage (e.g., Utsu, 1961; Mogi, 1962). Therefore, Utsu (1961) modified
the Omori law as follows:

n(t) = k/(t+c)P, (4)

where p is the scaling exponent of the power-law function
that modifies the decay rate, typically in the range of 0.3-2.0
and usually close to 1. Utsuetal. (1995) explained in detail
the physical meanings of k, ¢, and p. Equation 4 is commonly
called the Omori-Utsu law or the modified Omori law. Because
some larger aftershocks also produce their own aftershocks, the
aftershock sequences are often very complicated, especially for
large mainshocks. Therefore, it is also recommended to use other
functions to describe the aftershock sequence (cf. Utsu et al., 1995;
Shcherbakov et al., 2005; Iwata, 2016).

In the practical application, we may consider the cumulative
number of aftershocks, N (¢)=[n(7)dt by integrating Eq. 4 from 0 to
t (Utsu, 1961). The resulting equation is

N(t) = k[c"P = (c+ )" P]/(p-1). (5)
for p#1 and
N(t) = klog(t/c+1). (6)

for p=1. We will evaluate the values of k, ¢, and p from observed data
based on Eq. 5 because of p#1 after statistical tests.

3 Data

The Central Weather Administration (CWA), which was the
Central Weather Bureau (CWB) before 15 September 2023, is
responsible for the maintenance, operation, and observation of the
Central Weather Administration Seismological Network (CWASN)
in Taiwan. In addition to announcing real-time information on felt
earthquakes in Taiwan, the network also provides the seismological
community with information on every earthquake that occurs in
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Taiwan and high-quality digital seismic data. The uncertainty of
the epicenter location is about +2 km, and the uncertainty of the
focal depth is about +5km (Shin and Chang, 2005). Earthquake
magnitudes in earthquake catalogs have been unified into local
earthquake magnitudes (Shin, 1992), denoted as M;. Detailed
descriptions of CWASN can be found in Shin (1992) and Shin and
Chang (2005). The CWA has established an online data service
platform at https://gdms.cwa.gov.tw. The data used in this study
were retrieved directly from the CWA database at the website
mentioned above. The earthquakes with M; >3 happened in the area
from 22.7° N to 23.5° N and from 121.0° E to 121.5° E during the
period from September to October 2022 were selected to study the
characteristics of foreshocks and aftershocks of the 2022 Chihshang
earthquake sequence. In the following, the focal depth of an event
is denoted by ‘d.

4 Results

4.1 Spatial and temporal distributions of
earthquakes

The epicenters of the earthquake sequence with M;>3
are plotted in Figure 1 where the foreshocks, mainshock, and
aftershocks are shown by solid circles, a star, and open circles,
respectively. This figure exhibits that most of the events are located
in the area around the Longitudinal Valley: some at the eastern
side of the Central Range, some at the Coastal Range, and a few
offshore. Figure 3 shows the time sequences of M;>3 earthquakes
that occurred from September 1 to 19 October 2022: (a) for d<25 km
and (b) for d>25 km. This figure also shows that most of the events
occurred in the depth range of 0-25 km and a few did below 25 km.
Wang etal. (1994) reported that inland earthquakes in Taiwan
mainly occur within the depth range of 0-12 km, and the number of
earthquakes decreases significantly as the depth increases. Several
authors (e.g., Rau and Wu, 1995; Ma et al., 1996; Kim et al., 2005)
inferred the three-dimensional tomography in Taiwan. Their results
show that the P-wave velocity at the crust-upper mantle boundary,
mainly in the range of 35-45km, is about 7.5 km. Therefore,
the average depth of 40 km is used as the boundary to classify
events: d<40 km for a crustal event and d>40 km for an upper
mantle or subduction zone event. Obviously, most events in the
current earthquake sequence are crustal earthquakes as proven by
Figure 3.

Figure 4 shows the time sequences of M;>3 earthquakes: (a)
for the daily number of events and (b) for the cumulative number
of events. The vertical dashed line denotes the occurrence time of
the mainshock. From the two figures, we can see that only a few
foreshocks occurred before September 17. A large number of events
happened from the occurrence time of the largest foreshock to the
largest aftershock and then the number of aftershocks decayed with
time. Figure 4B shows a small cumulative number of events before
the largest foreshock. The cumulative number of events increased
rapidly from the occurrence time of the largest foreshock to that of
the mainshock. The cumulative number of events increased almost
linearly with time, with a moderately increasing rate in the first
several days after the mainshock, and then the increasing rate
gradually decreased with time.
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A Time sequence of earthquakes in the Taitung Area (2022/09~2022/10)
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FIGURE 3

Time sequences of M, >3 earthquakes in the Taitung area: (A) for d<25 km and (B) for d>25 km.

4.2 Temporal variation in seismic-wave
energy

Figure 5 shows the temporal variation in seismic-wave energy,
E,, calculated from Eq. 2: (a) for the daily value of a sum of E_’s
of events occurring in 1 day and (b) for the cumulative value. The
values of the largest foreshock and the mainshock are much higher
than those of others. Hence, seismic-wave energies of the present
earthquake sequence were mainly released by the largest foreshock
and the mainshock.

4.3 Frequency-magnitude relationships

Figure 6 shows the numbers of M; >3 events in a unit of M : (a)
for foreshocks; (b) for aftershocks; and (c) for the whole earthquake
sequence. There are two local peaks with a large number of events
for the three cases: 17 events at M;=3.5 and 10 events at M;=3.9
for foreshocks, 26 events at M;=3.7 and 25 events at M;=3.8 for
aftershocks, and 35 events at M;=3.7 and 33 events at M;=3.8 for
the whole earthquake sequence. Totally, most of the events appear
in the magnitude range from 3.4 to 3.8 and the number of events at
M;=3.0 is also high.

Figure 7, Figure 8, and Figure 9 demonstrate the plots of the
cumulative number of events versus magnitude for foreshocks,
aftershocks, and the whole earthquake sequence, respectively. The
three figures reveal that the number of events obviously decreases as
M; <M. The values of M, are 3.0, 3.5, and 3.3, respectively, for the
three figures. This is the reason why only the events with M;>3.0
are shown in this study. The data points for the three figures are
almost around a line. The values of M, are 6.7, 6.0, and 6.8 for
Figure 7, Figure 8 and Figure 9, respectively. Since the mainshock
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with M;=6.8 is not taken for the regression of the FM relationships
for Figure 7 and Figure 8, we may evaluate the FM relationships
only for foreshocks and aftershocks, respectively. The inferred FM
relationships by using the least squares method are structured

log (N) = (4.05 +0.05) — (0.62 + 0.01)M, 7
for foreshocks (M ;=3.0<M; <M ,=6.6);

log(N) = (5.30+0.12) - (0.87 £ 0.03) M (8
for aftershocks (M ;=3.5<M ;<M ,=6.0); and

log (N) = (4.85+0.07) — (0.71 +0.01)M, )

for the whole earthquake sequence (M ;=3.3<M;<M,=6.8). Eqs. 7
and (8), and (9) are represented by a solid line in Figure 7, Figure 8
and Figure 9, respectively.

The inferred FM relationships by using the maximum
likelihood method are

log (N) = (3.65—0.52M;) +0.04 (10)
for foreshocks (M ;=3.0<M ;<M ,=6.6);

log (N) = (5.15 - 0.84M, ) +0.06 (11)
for aftershocks (M ;=3.5<M; <M ,=6.0); and

log (N) = (4.61 - 0.65M,) +0.03 (12)

for the whole earthquake sequence (M ;=3.3<M; <M ,=6.8). Egs. 10
and (11), and (12) are represented by a dashed line in Figure 7,
Figure 8 and Figure 9, respectively. The b-values are smaller from the
maximum likelihood estimates than from the least squares estimates
and the difference is the smallest for aftershocks and the largest for
foreshocks. For foreshocks, it seems that the solid line from the least
squares method fits the data points better than the dashed line from
the maximum likelihood method.
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A Time sequence of earthquakes in the Taitung Area (2022/09~2022/10)
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FIGURE 4

Time sequences of M, >3 earthquakes: (A) for the daily number of
events and (B) for the cumulative number of events. The vertical
dashed line denotes the occurrence time of the mainshock.

4.4 Omori-Utsu law

The ZMAP software (Wiemer, 2001) was used to estimate the
parameters of the Omori-Utsu law. Figure 10A presents a plot of the
cumulative number of aftershocks as a function of time, shown by
the solid line. In comparison with the first 3 days, the increasing
rate of the cumulative number of aftershocks remarkably decreased
from the third day to the 22nd day. Nevertheless, we still inferred the
Omori-Utsu law for the aftershocks. Based on Eq. 5, the inferred law
from the data (with ¢=0.02 days) is

n(t) = 27.7/(t+0.02)%2. (13)

The inferred law is shown as the dashed line in Figure 10A.
The estimated parameters p, ¢, k and the root mean square error
(RMSE) are also shown in the upper left corner of the figure. The
dashed line fits very well with the solid line in the first 3 days and
last few days; while it departs from the solid line from the third
day to the 22nd day. The data of aftershocks suffer from short-term
incompleteness as shown in Figure 10A. This effect could produce
a bias in the calculation of the p-value. Hence, we plotted two
more figures, i.e., Figure 10B and Figure 10C, displaying the time
variation in the cumulative number of aftershocks from 0 to about
the sixth day and from 0 to about the 12th day, respectively. The
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FIGURE 5

Time sequences of seismic-wave energy of M, >3 earthquakes: (A) for
daily seismic energy and (B) for cumulative seismic energy. The
vertical dashed line denotes the occurrence time of the mainshock.

estimated p-value is 1.39 for the former and 1.30 for the latter.
As mentioned above, the p-value is 0.92 for the whole period in
consideration. Results show a decrease in p-values with increasing
time. This implicates a decrease in the decay rate of aftershocks with
increasing time.

5 Discussion

5.1 Spatial and temporal distributions of
earthquakes

Figure 1 displays the epicentral distribution of 341 M, >3 events
of the earthquake sequence. It seems that the events may be
divided into two groups: the foreshocks (shown with red circles)
occurred from September 17 to September 18 and the aftershocks
(displayed with open circles) happened from September 18 to
October 19. The foreshocks occurred in the area from 23°55’
N to 23°15" N and from 121°08’ E to 121°25’ E; while the
aftershocks happened in the area from 22°52' N to 23°30' N
and from 121°05' E to 121°20° E. The area of foreshocks is
smaller than that of aftershocks. There was an overlap of the
two areas, and aftershocks expanded outwards from the foreshock
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FIGURE 6

Numbers of M, >3 earthquakes versus M, : (A) for foreshocks; (B) for aftershocks; and (C) for the whole earthquake sequence.

area. The migration of seismicity from the foreshock zone to
the aftershock zone reflects the time history of post-earthquake
readjustment of the tectonic balance. Seismic migration can also
be observed in the 1986 Hualien earthquake sequence (Chen
and Wang, 1986; Chen and Wang, 1988) and the 2018 Hualien
earthquake sequence (Kou-Chen et al., 2019).

Wang (2021) and Chenetal. (2023) addressed the positive
correlation between the mainshock and its largest foreshock for
earthquake sequences in Taiwan. From 38 earthquake sequences
whose mainshocks with M; were in the range from 4.6 to 6.8
during 1983-2022, Chenetal. (2023) inferred the relationship
between the magnitude of the mainshock and that of the largest
foreshock. Their result is M;=(1.59 + 0.47)+(0.79 + O.IO)MLf, where
My is the magnitude of the largest foreshock. Although there
are numerous models concerning the generation and evolution
of foreshocks (e.g., Yamashita and Knopoff, 1989; Sornette et al.,
1992), there is a lack of theoretical study to correlate the largest
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foreshock and the mainshock. Hence, we can only try to apply
the empirical relation between the magnitude of the largest
foreshock and the mainshock magnitude inferred from 38 Taiwan
earthquake sequences to estimate the mainshock magnitude from
the magnitude of the largest foreshock. Actually, only a small
percentage of mainshocks were proceeded by foreshocks for world-
wide and Taiwan earthquakes. However, there were both foreshocks
(including the largest foreshock) and the mainshock for the present
earthquake sequence. This is an opportunity for us to test the
above-mentioned relation and to explore the possibility of predicting
the mainshock magnitude from the magnitude of the largest
foreshock. Since M is 6.6 of the present earthquake sequence, the
estimated value of M; of the mainshock is 6.8 which is the same
as the observed value of M;=6.8. This confirms the feasibility of
using this formula to predict the magnitude of the mainshock
for some Taiwan earthquake sequences for which the foreshocks
occurred.
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FIGURE 7

The plot of log(N) (N=cumulative number of foreshocks, open circle)
versus M, . The solid circle denotes the mainshock with magnitude
M_6.8. The dashed line denotes log(N)=0 because of N=1. The thick
red solid line and thick blue dashed line represent the estimation of b
value through least squares and maximum likelihood techniques,
respectively.

Figure 3A shows the time sequence of earthquake magnitudes
for 333 M;>3 events with d<25km. The time sequence of
earthquakes is not uniform. The frequency of earthquakes is higher
during some short time intervals and lower during other time
intervals. The largest inter-event time is 5.208 days and the shortest
one is smaller than 1 day.

Figure 3B shows that there are only eight events with d>25 km.
This number of events is much smaller than the number of events
with d<25 km. This indicates that the earthquake sequence occurred
mainly in the upper crust. The time interval between any two
consecutive events with d>25 km is mostly longer than 1 day, thus
indicating low dependence from one to the other.

Figure 4 shows the time sequences of M;>3 earthquakes: (a)
for the daily number and (b) for the cumulative number of
events. Clearly, there are only 9 events before the largest foreshock
on 17 September 2022. As shown in Figure 4A and Figure 4B,
2 earthquakes occurred on September 2; 1 event happened on
September 4 and 5; 3 earthquakes occurred on September 6; and
1 earthquake occurred on September 8 and 13. The foreshock
activity was very low and uniform in a time interval of 16 days
before the largest foreshock and then rapidly increased 1 day before
the mainshock. Kagan and Knopoft (1978) and Jones and Molnar
(1979) first observed that the number of foreshocks increases with
time almost following a power-law function. The pattern of seismic
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FIGURE 8

The plot of log(N) (N=cumulative number of aftershocks, open circle)
versus M, . The solid circle denotes the mainshock with magnitude
M_6.8. The dashed line denotes log(N)=0 because of N=1. The thick
red solid line and thick blue dashed line represent the estimation of b
value through least squares and maximum likelihood techniques,
respectively.

activity of foreshocks in this study somehow shows an increase in
the number of daily events over time (Figure 4A).

5.2 Time sequence of seismic-wave
energy, E

Figure 5 shows the time sequences of E: (a) for the daily values
and (b) for the cumulative values. Results reveal that most of the
seismic-wave energy of the earthquake sequence was released by the
largest foreshock and the mainshock, while the largest aftershock
and other events only made a minor contribution. This is due to
the fact that the magnitudes of foreshocks and aftershocks are much
smaller than those of the largest foreshock and the mainshock. In
addition, the temporal variation in E for foreshocks is similar to
that of aftershocks, even though the numbers of events for them are
quite different.

5.3 Frequency-magnitude relationships

Figure 6 shows the numbers of M; >3 events in a unit of M : (a)
for foreshocks; (b) for aftershocks; and (c) for the whole earthquake
sequence. Most of the events appear in the magnitude range from 3.4
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FIGURE 9
The plot of log(N) (N=cumulative number of events, open circle)

versus M, . The solid circle denotes the mainshock with magnitude

M, 6.8. The dashed line stands log(N)=0 because of N=1. The thick red
solid line and thick blue dashed line represent the estimation of b
value through least squares and maximum likelihood techniques,
respectively.

to 3.8 and the number of events at M;=3.0 is also high. The ratio of
the number of larger events (M >4) to that of smaller ones (M <4)
is generally higher for aftershocks than for foreshocks.

From Figure 7 and Figure 8, the b-values are 0.62 and 0.87 from
the least squares estimate and 0.52 and 0.84 from the maximum
likelihood estimate, respectively, for foreshocks and aftershocks.
The estimated b-values are larger from the least squares estimate
than from the maximum likelihood estimate. The difference is
larger for foreshocks than for aftershocks. Wang (1988) measured
the b-values for shallow earthquakes in Taiwan. His b-values are
taken as background ones for this study because Wang (1988) used
earthquake data before 1988 which would be almost not related to
recent seismicity. The b-values in the present study area are between
1.0 and 1.2 with an average of 1.1. In his study, an earthquake
was quantified by the duration magnitude, Mp, and thus the FM
relationship is log(N)=a’-’M,. We must transfer this b-value, i.e.,
b, into the present one based on local magnitude, M;. Wang et al.
(1989) correlated M, with M, in the relation: M=(0.187 *
0.373)+(0.862 £ 0.066)M;. The FM relationship: log(N)=a’-b’M,
log(N)=a’-b(0.862M, +0.187)=(a’-0.187b')-0.862b' M.
This makes the average b-value in terms of b’ in the study area to
be 0.862b’. Hence, the average background b-value which is 0.862 x
1.1=0.95 (average b’=1.1) based on the local magnitude. This makes

becomes
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FIGURE 10
Time variation in the cumulative number of M, >3 aftershocks as a

function of time, (A) for 30 days, (B) for 6 days, and (C) for 12 days
after the mainshock. The solid line denotes observed data and the
dashed line represents the inferred Omori-Utsu law. The inferred
parameters p, ¢, k and the root mean square error (RMSE) are also
shown in the upper left corner of the figure.

the b-values of the aforementioned foreshocks and aftershocks both
lower than the background ones.

In addition, the b-value is smaller for foreshocks than for
aftershocks, with a difference of 0.25 from the least squares method
and 0.32 from the maximum likelihood method. From measured
b-values for the earthquake sequences occurring in eight seismic
regions around the world, Wetzler et al. (2023) found that the b-
values of foreshocks are lower by 0.1-0.2 than those of respective
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aftershocks. In their study, the earthquake magnitudeis M,, or M. In
this study, we use the local magnitude, M; . It is necessary to consider
the effect on the estimates of b-values due to different magnitude
scales. Chen et al. (2007) inferred the conversion relation between
M; and M;, ie, M=(1.03 + 0.06)M;-(0.53 + 0.36). Hence, the
FM relationship in M, i.e., log(N)=a " -b* M, becomes log(N)=a " -
b* (1.03M;-0.53)=(a* + 0.53b*)-1.03b* M;. This relation gives
b*=0.60 for the foreshocks and 0.85 for the aftershocks, and thus
the difference between the two values is 0.25, based on the least
squares method. This relation gives b*=0.50 for the foreshocks
and 0.82 for the aftershocks, and thus the difference between
the two values is 0.32, based on the least squares method. The
present result is more consistent with that obtained by Wetzler et al.
(2023) for the least squares method than for the maximum
likelihood method.

From simulation results based on a one-dimensional spring-
slider model (Burridge and Knopoff, 1967), Wang (1995) studied
the correlation between b and s=K/L, where K and L are the
spring constant between two sliders and that between a slider and
the moving plate, respectively. His results yielded the power-law

correlations between b and s: b~s%>

for the cumulative frequency
and b~s"""? for the discrete frequency. Since L of an area is almost
constant for a long time period, b is related to K. A smaller (larger)
K results in a higher (lower) b-value. Hence, the K value for
aftershocks is smaller than that for foreshocks. This means that
the coupling between two faults or fault segments (represented by
two sliders) changes from stronger for foreshocks to weaker for
aftershocks. Wang (2012) obtained K=p,v, %, where p, and v, are
the areal density and P-wave velocity of the fault zone, respectively.
This means that s is related to the P-wave velocity in the fault
zone. Experimental results show that v, is greatly affected by the
water saturation in rocks (e.g., Cadoret et al., 1995). Wang (2016b)
correlated s with the degree of saturation of fluids in a fault zone.
The water saturation within the fault zone varies with time, causing
v, and K to change with time. The degree of water saturation almost
reached 100% in a short time interval in the related fault zone before
the occurrence of mainshock, thus yielding high pore pressure to
reduce the normal stress on the main fault zone. This makes the
main fault easily failure and then the mainshock happens. The
degree of water saturation rapidly decreases after the mainshock.
Aftershocks are introduced by stress transfer (e.g., Ma et al., 2005;
Cattania et al., 2015) and migration of fluids (e.g., Yamashita and
Knopoff, 1989; Yamashita, 1998; Yamashita, 2003) from the source
area to the surrounding areas where the aftershocks are triggered.
This suggests that the degree of water saturation in the sub-faults
linking to the main fault was higher for the foreshocks and lower for
the aftershocks due to outward water migration from the epicentral
and foreshock areas to a wider surrounding areas. This produces
a change from a higher s value to a lower one, thus resulting in a
temporal change in the b-values from a smaller value to a larger one
in the area around the source area before and after the mainshock.
An interesting question arises whether the magnitudes of the
mainshock, the largest foreshock, and the largest aftershock of the
2022 Chihshang earthquake sequence can be estimated based on
their respective FM relationships log(N)=a-bM; just by letting
log(N)=0 because of N=1, thus leading to M;=a/b? The estimated
value of M; of the largest foreshock is ~6.5 from Eq. 7. The value
is 0.1 smaller than the magnitude for the largest foreshock, i.e.,
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M;=6.6. In addition, the estimated value of M, of the largest
aftershock is ~6.1 from Eq. 8. The value is 0.1 larger than the
magnitude for the largest aftershock, i.e., M;=6.0. The estimated
value of M; of the mainshock is ~6.8 from Eq.9. The value
is the same magnitude for the mainshock, i.e., M;=6.8. Results
seem to suggest that our answer to the question is positive for
the present earthquake sequence. Of course, we cannot answer
the question whether the present results can be applied to other
earthquake sequences.

For aftershocks, Bath’s law (Béth, 1965; Bath, 1984) states that
the difference between the magnitude of the mainshock and that
of the largest aftershock is on average a constant, typically to be
1.2 for macroseismic magnitude (Bath, 1965) and 1.4 for local
magnitude (Bath, 1984). The magnitude of the largest aftershock of
the present earthquake sequence is M;=6.0. The difference between
the magnitude of the mainshock and that of the largest aftershock
is 0.8, which is 0.4 smaller than 1.2 from Bath’s law. Shcherbakov
and Turcotte (2004) proposed the modified version of Bath’s law
from the extrapolation of the FM relationship for aftershocks. They
defined the magnitude of the largest aftershock as a/b. Hence, the
difference between the magnitude of the mainshock and that of the
largest aftershock is 0.7, which is 0.5 smaller than 1.2 from Bath’s law.
Consequently, Bath’s law does not seem able to work for the present
earthquake sequence. For Taiwan’s earthquakes, several authors
(e.g., Wang and Wang, 1993; Chen and Wang, 2012; Wang, 2016b)
reported the difference between the magnitude of the mainshock
and that of its largest aftershock increases with the former. Their
results are also different from Bath’s law.

Figure 9 with Eq. 9 shows b=0.71 for the whole earthquake
sequence. This b-value is just between that for foreshocks and that for
aftershocks. The intersection point of the line of the FM relationship
at the horizontal dotted line with log(N)=0 is at M;=6.8 which
is exactly the mainshock magnitude. This suggests that the FM
distribution of the earthquake sequence is complete, at least, for
M =3 events.

5.4 Omori-Utsu law

Figure 10A shows that in comparison with the first 3 days, the
increasing rate of the cumulative number of aftershocks remarkably
decreased from the third day to the 22nd day. This indicates a
decrease in M, >3 earthquakes in this time period. This kind of
phenomenon has also been observed by other authors (e.g., Bath,
1984; Matsu'ura 1986). Matsu'ura (1986) addressed that such a
phenomenon is due to the inhomogeneity of data in use. From
Figure 10A with Eq. 13, the p-value is 0.92 for aftershocks. This value
is in the range of observed results for world-wide earthquakes (e.g.,
Utsu, 1961; Wang, 1994).

The data of aftershocks suffer from short-term incompleteness,
especially in the time period of the fifth day to the twenty-first
day after the mainshock, as shown in Figure 10A. Figure 3 also
displays a decrease in aftershocks in this time period. This effect
could produce a bias in the calculation of the p-value. Hence, we
added two new figures, i.e., Figure 10B and Figure 10C, displaying
the time variation in the cumulative number of aftershocks from 0
to about the sixth day and from 0 to about the 12th day, respectively.
The estimated p-value is 1.39 for the former and 1.30 for the latter.
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Temporal changes in the number of M, >3 foreshocks per hour in the 18 h before the mainshock.

As mentioned above, the p-value is 0.92 for the whole period in
consideration. Results show a decrease in p-values with increasing
time. This implicates a decrease in the decay rate of numbers of
aftershocks with increasing time.

Several authors (e.g., Kagan and Knopoff, 1978; Yamashita and
Knopoff, 1989; Sornette et al., 1992) proposed the inverse Omori
law: n(t)=x/ (tf—t)P , where tpis the failure time of the mainshock. In
their model, the peak number appears just before the mainshock.
As shown in Figure 4, a total of only 9 events occurred in the 16
days before the largest foreshock in the study area. Foreshock activity
mainly occurred 18 h before the mainshock. Figure 11 shows the
temporal variation of the number of foreshocks in each hour before
the mainshock. Such a time variation cannot be described by the
inverse Omori law.

It is interesting to study the correlation between the p-value and
the b-value. Utsu (1961) first stated that, for the Japanese earthquake,
the p-values are related to the b values ranging from 0.3 to 2.0
in the form of p=4b/3. Since then, numerous authors (Yamashita
and Knopoff, 1989; Guo and Ogata, 1995; 1997; Utsu etal.,
1995; Helmstetter and Sornette, 2002; Zaccagnino etal., 2022)
theoretically studied the correlation between the two parameters.
Zaccagnino et al. (2022) proposed p=2(1+b)/3 based on physical
mechanism. Guo and Ogata (1997) and Helmstetter and Sornette
(2002) used the b and p values of the early aftershock sequences
to conduct aftershock prediction based on the Epidemic-Type
Aftershock Sequence (ETAS) model (Ogata, 1986). In addition,
some authors (e.g., Ma et al., 1990; Wang, 1994) observed a negative
correlation between b and p for these two parameters from
earthquake data. Since Ma et al. (1990) and Wang (1994) did not
construct the relationship between the two parameters, we here
only consider the positively correlated relationship. The evaluated
p-value is 1.16 from p=4b/3 (Utsu, 1961) and 1.25 from p=2(1+b)/3
by Zaccagnino etal. (2022) because of b=0.87 from Eq.8. In
comparison with the p-value in Eq. 13, the p-values estimated from
the relationships done by Utsu (1961) and Zaccagnino et al. (2022),
respectively, are higher than the p-value (=0.92) for the present
observation for the whole period in consideration and smaller than
that (=1.39) from 0 to about the sixth day as well as that (=1.3) from
0 to about the 12th day. This suggests the importance of time interval
of aftershocks for the estimate of p-value.
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In addition to the Omori-Utsu law, there are numerous laws
that have been used to describe the aftershock decay (cf. Mignan,
2015). For example, Souriau et al. (1982) proposed the stretched
exponential function, i.e., n(t):aﬁt(ﬂ’l)exp(—atﬁ) where « and S
are two parameters, to describe the aftershock decay. This function
is different from the Omori-Utsu law. Based on the maximum
likelihood method, Kisslinger (1993) estimated the parameters in
the stretched exponential function for the aftershock decay of 29
earthquake sequences. He found that if the occurrence time of
the mainshock is taken as the start time, the Omori-Utsu law is
almost always better. On the other hand, if a later start time is
used, 15 min to 2.5 h for his cases tested, the stretched exponential
function is better. For the present earthquake sequence, the Omori-
Utsu law is acceptable because the start time is just the occurrence
time of the mainshock. Mignan (2015) compared the power-law
function, pure exponential function, i.e., n(t)=c exp(-at) where c and
a are two parameters (Burridge and Knopoff, 1967), and stretched
exponential function to describe the aftershock decay in a long time
(from 107* days to almost 10* days) for earthquake sequences in
three regions, i.e., Southern California, Northern California, and
Taiwan. He applied three statistical methods for declustering, i.e., the
nearest-neighbor, second-order moment, and window methods. His
results suggest that aftershock decay follows a stretched exponential
instead of a power law. Hence, he inferred that aftershocks are
due to a simple relaxation process, following most other relaxation
processes observed in Nature. Our results show that the Omori-Utsu
law works well for the aftershock decay in the first 12 days after the
mainshock. This is different from Mignan’s assumption. Of course,
the aftershock decay after the 12th day departed remarkably from the
Omori-Utsu law. After examining the results shown in Figure 2 of
Mignan (2015), itis difficult to say whether the stretched exponential
function may be applied to the present results or not.

(e.g., Ouillon 2005;
Ouillon et al., 2009) assumed that the Omori law is magnitude-

Numerous authors and Sornette,
dependent. This means that the p-value depends on the magnitude of
the mainshock. For Taiwan’s earthquakes, Tsai et al. (2012) inferred
the following relationship between p and M,: p(M,,)=(0.38 *
0.02)+(0.11 + 0.01)M,, (2.6sM,,<7.6), where M, is the moment
magnitude of the mainshock. From this equation, the estimated
p(M,,) values are in the range of 1.06-1.24 with a median value of

1.15 due to M,,=7.0 of the mainshock. The observed p-value of the
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aftershocks occurred in 30 days after the mainshock is 0.92 which is
outside the range of estimated values and 0.23 lower than the median
one. The observed p-value of the aftershocks occurred in 6 days after
the mainshock is 1.39 which is outside the range of estimated values
and 0.24 higher than the median one. The observed p-value of the
aftershocks occurred in 12 days after the mainshock is 1.30 which is
slightly outside the range of estimated values and 0.15 higher than
the median one. The three observed p-values are different from the
p-value estimated from the p-M,, equation.

From numerous earthquake sequences in Taiwan, Chen and
Wang (2012) did not find any positive correlation between
the mainshock and the largest aftershock. Hence, we do not
consider the possible correlation between them for the present
earthquake sequence.

6 Conclusion

An earthquake with M;6.8 occurred at 23.137° N and 121.196°
E with a focal depth of 7.8 km at Chihshang in the northern part
of Taitung, eastern Taiwan on 18 September 2022. We analyzed
seismicity with M;>3 and d<25 km, that occurred before and after,
respectively, the mainshock, to explore the epicentral distributions
and temporal variations of the foreshocks and aftershocks. Results
exhibit that most of the events are located in the area around the
Longitudinal Valley: some at the eastern side of the Central Range,
some at the Coastal Range, and a few offshore. The foreshocks
occurred in a smaller area around the mainshock epicenter and
the aftershocks happened outwards from the mainshock epicenter.
The temporal variations in seismic-wave energy of the earthquake
sequenceare taken into account. Inaddition, the frequencies of events
countedinaunitofmagnitude,and the b-values of Gutenberg-Richter
frequency-magnitude relationships for foreshocks, aftershocks, and
the whole earthquake sequence are evaluated. The b-values are
different for foreshocks, aftershocks, and the whole earthquake
sequence. The p-value of Omori-Utsu law for aftershocks is also
estimated. The seismic-wave energies of the earthquake sequence
were mainly released by the largest foreshock and the mainshock.
The b values are 0.62 for foreshocks, 0.87 for aftershocks, and 0.71 for
thewhole earthquake sequence. The bvaluesincrease from foreshocks
to aftershocks, suggesting a possibility that the fluid pressure in the
fault zone is higher before the mainshock, and that pore pressure
of the faults is lower during the seismic sequence. The estimated p-
values are 0.92 for all aftershocks in the study, 1.39 for the aftershocks
occurred in the first 6 days, and 1.30 for the aftershocks occurred
in the first 12 days. The p-values seem to decrease with increasing
time interval is a mirror of progressive stabilization of seismic activity
over time. The p-values estimated at different time intervals would
have different correlations with the b-values of aftershocks. At last,
we notice that foreshocks are not described by the inverse Omori law.
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