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Abstract

On 18 September 2022, the M, 6.9 Chihshang earthquake struck the south half of the Longitudinal Valley, Taiwan,
and caused severe damage. A precise and rapid report for the distribution of aftershock sequence after a devastating
earthquake provides key information for deciphering the seismogenic structure in the source region. The utilization
of deep-learning methodologies for earthquake event detection offers a significant acceleration in data analysis. In
this study, we use SeisBlue, a deep-learning platform/package, to extract the whole earthquake sequence from Sep-
tember to October 2022, including the My, 6.5 Guanshan foreshock, the M, 6.9 mainshock, over 14,000 aftershocks,
and 866 foal mechanisms from two sets of broadband networks. After applying hypoDD for earthquakes, the dis-
tribution of aftershock sequence clearly depicts not only the Central Range Fault and the Longitudinal Valley Fault

but also several local, shallow tectonic structures that have not been observed along the southern Longitudinal Valley.

Keywords 2022 M, 6.9 Chihshang earthquake sequence, SeisBlue, Al earthquake catalog, Seismogenic structure,

Longitudinal Valley

1 Introduction

The Chihshang earthquake sequence began on 17 Sep-
tember 2022 with the My, 6.5 Guanshan earthquake
(UTC 13:41:19.1) as the biggest foreshock, and 17 h later
on 18 September 2022, the My, 6.9 mainshock (UTC
06:44:15.2) occurred. Both earthquakes contain reverse
faulting with left-lateral movement on a west-dipping
fault plane (Fig. 1). Due to the shallow depths (~7 km)
of both strong earthquakes, catastrophic damages were
caused along the southern Longitudinal Valley (LV) in
eastern Taiwan (e.g. Central Geological Survey (CGS)
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in Taiwan 2022; Chou et al. 2022; Ko et al. 2023). After
the Guanshan foreshock occurred, a few damages were
reported in the areas south of Guanshan in Taitung, and
then the Chihshang mainshock induced severe damages
distributed northward from Chihshang to Yuli and Ruei-
suei in southern Hualien. The spatial-temporal develop-
ment of the damages follows the source rupture evolution
of both earthquakes (Lee et al. 2023).

As an arc-continental collision environment, the LV
represents the suture of the Eurasia and Philippine Sea
Plates, which has the Central Range (CR), deformed pas-
sive Eurasian margin, to the west and the Coastal Range
(CoR), northernmost tip of the Luzon Arc, to the east
(Chang et al. 2000). According to the 30-year relocated
earthquake catalog from the Central Weather Admin-
istration (CWA), Kuochen et al. (2004) and this study
(Fig. 1) indicate that the southern segment (<23.5°N) of
eastern Taiwan contains a major fault system dipping
to the east beneath the LV because the Eurasia Plate
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subducts to the east under the Philippine Sea Plate. In
70 years after the great 1951 Hualien-Taitung earth-
quake sequence (Shyu et al. 2007; Chung et al. 2008), only
two M6+ earthquakes occurred in the southern LV, the
2003 M,y 6.8 Chengkung and the 2006 My, 6.1 Taitung
earthquakes. In 2003, the My, 6.8 Chengkung earth-
quake struck the east coast and triggered the majority of
the aftershocks distributed to the east along the Coastal
Range Fault (CoRF) (Kuochen et al. 2007) (also called
the Chihshang Fault (CSF), the southern segment of the
Longitudinal Valley Fault, LVF), and two small shallow
clusters of the aftershocks are also found beneath the LV
and CR to the west. Three years later, the My, 6.1 Tai-
tung earthquake occurred further southwest in the val-
ley. This time only a few aftershocks were triggered along
the CoRF at a deep depth of about 40 km, and the major-
ity of the aftershocks were located to the west at a depth
of 5-40 km along the Central Range Fault (CRF or CNF)
(Shyu et al. 2006; Wu et al. 2006).

Seismology has been a data-driven research field. Over
the past decade, the amount of data availability in seis-
mology has grown enormously, through the large deploy-
ment of traditional sensors, dense nodal arrays, and
distributed acoustic sensing (DAS) (Trugman et al. 2022).
Due to the rapid growth of earthquake raw data and the
vigorous development of machine learning tools, the
application of machine learning technology in seismology
has increased rapidly in recent years (Kong et al. 2019),
and earthquake monitoring is one of the important tasks
(Anikiev et al. 2023; Mousavi and Beroza 2023). Earth-
quake catalogs are essential benchmark datasets for seis-
mological research and are used for earthquake source
analysis, velocity models, seismotectonic interpretation,
earthquake disaster prevention, etc. Combined with
developed machine learning modules and/or traditional
seismological tools, seismologists further construct
machine learning-based workflows to obtain various
archive earthquake catalogs (e.g. Jiang et al. 2022; Zhang
et al. 2022; Yoon et al. 2023), or even automate the entire
process or achieve real-time monitoring with cloud com-
puting technology (Zhu et al. 2023).

In this study, we apply SeisBlue (Kuo-Chen et al.
2022; Huang et al. 2023), a deep learning-based platform
for seismology, to a two-month (September—October
2022), 14-broadband-sation seismic datasets to extract
the body-wave arrivals to build the detailed earthquake

(See figure on next page.)
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catalogs for revealing the seismogenic structures of the
2022 My 6.9 Chihshang earthquake sequence.

2 Data and analysis
2.1 The Chihshang seismic network and the combined
waveform dataset
In November 2021, the Department of Geosciences of
National Taiwan University and the Institute of Earth
Sciences (IES) of Academia Sinica, Taiwan, deployed
five permanent seismic stations (CS01-CS05 in Fig. 1)
with station distances ranging from 10 to 25 km in the
adjacent area of Chihshang, Taitung, as the Chihshang
seismic network (CSN). The CSN is part of the project
MAGIC (Multidimensional Active fault of Geo-Inclusive
observatory Chihshang) for monitoring microseismic-
ity at the creeping segment of the Chihshang Fault (CSF)
(Angelier et al. 2000; Thomas et al. 2014; Harris 2017).
The instruments are equipped with five broadband seis-
mometers (Meridia Compact Posthole, Nanometrics
Inc., Canada) with sampling rates of 100 Hz, and the real-
time waveform files are transmitted to IES via 4G since
June 2022.

The CSN greatly improve the earthquake detection
ability for the 2022 Chihshang earthquake sequence
because both the strong foreshock and mainshock
occurred within the network (Fig. 1). For the first day
after the My, 6.5 foreshock occurred, most earthquakes
located within the CSN (Fig. 2c), and later the My, 6.9
mainshock triggered aftershocks expanded outside the
CSN northward and southward (Fig. 2d-f). To keep the
two-month earthquake catalog as complete as possible,
we tested a dataset of 40 broadband seismic stations from
the Broadband Array in Taiwan for Seismology (BATS,
Institute of Earth Sciences, Academia Sinica, Taiwan
1996) for better station coverage. We found that nine out
of 40 BATS stations are mostly selected into the earth-
quake catalog, so we collected data from the nine BATS
stations with the five CSN stations (Fig. 1) as the com-
bined waveform dataset used in this study.

2.2 SeisBlue

To extract the earthquake catalog, we apply the deep
learning-based package for seismology, SeisBlue (Kuo-
Chen et al. 2022; Huang et al. 2023), to both the CSN
and BATS datasets of continuous waveform files.
The architecture of SeisBlue consists of three stages:

Fig. 1 Background seismicity of the eastern Taiwan. The black rectangular is the study area. The cooper color-coded circles are

the 3D-hypoDD-relocated M3 +CWA catalog from 2001 to 2020. The rainbow color-coded starts are M6 +earthquakes since 2018. The two beach
balls represent the focal mechanisms of the My, 6.5 Guanshan foreshock and My, 6.9 Chihshang mainshock of the 2022 Chihshang earthquake
sequence. Red triangles and squares are permanent broadband seismic stations of the CSN and BATS networks, respectively. Red traces are active

faults mapped by CGS (Lin et al. 2021). GS: Guanshan; CS: Chihshang
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Fig. 2 Seismicity evolution during the 2022 M, 6.9 Chihshang earthquake sequence. a All events for two months from September to October
2022, b events before the M, 6.5 foreshock, ¢ events between the M,, 6.5 foreshock and the M, 6.9 mainshock, d events within 1 day

after the mainshock, e events within 2nd-7th days after the mainshock, and f events 7 days after the mainshock until 31 October 2022. The rainbow
color-coded circles and starts are seismicity and the Guanshan foreshock and Chihshang mainshock, respectively. Red triangles and squares are
permanent broadband seismic stations of the CSN and BATS networks, respectively. The red traces are active faults mapped by CGS (Lin et al. 2021)

preprocessing, model prediction, and postprocess-
ing (Fig. 3a). Preprocessing prepares data, model
prediction utilizes deep learning models, and post-pro-
cessing derives insights. The architecture is modularized

to embrace future changes and to ensure an efficient code
structure by incorporating principles such as abstraction,
information hiding, module independence, and clear
interfaces. The data processing pipeline is modularized
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Fig. 3 Workflow to generate the refined 2022 M, 6.9 Chihshang earthquake catalog. a The architecture of the deep learning-based SeisBlue
platform. b The subsequent data processing procedures to obtain the refined SeisBlue earthquake catalog

for code reusability, ease of testing, and independent
development. This architecture optimizes data process-
ing, prediction, and insight derivation, while the modular
design and relational database enhance robustness and
scalability.

The procedure achieved by SeisBlue for retrieving near
real-time or off-line earthquake catalog includes receiv-
ing real-time waveform data from seismic station via
seedlink or archive, preprocessing data, auto detecting
phase arrivals, auto associating and locating events, list-
ing events into catalog, and visualizing data (Fig. 3a). The
two essential modules in SeisBlue are the deep learning
models for seismic phase detection and associator for
grouping valid phase arrivals into each single seismic
event. To date, the deep learning models used in SeisBlue
modified from PhaseNet (Zhu and Beroza 2019) and EQ-
Transformer (Mousavi et al. 2020), and the associator
is adapted from PhasePAPY (Chen and Holland 2016).
PhaseNet (Zhu and Beroza 2019) utilizes the U-net archi-
tecture for seismic phase detection, EQ-Transformer
(Mousavi et al. 2020) employs the Transformer archi-
tecture for earthquake signal processing, and SeisBlue
enhances training through the integration of generative
adversarial models with seismic data. These models are
trained on a local seismic dataset of Taiwan, and their
performance is evaluated using testing data from the
same dataset, simulating real-time scenarios. The incor-
poration of diverse models and seismic datasets contrib-
utes to improved accuracy and efficiency in earthquake
detection and signal processing. PhasePAPY (Chen and
Holland 2016) identifies clusters of arrival times during
rough localization, focusing on those with similar origin
times based on the S-P time estimation theory (Havskov
and Ottemoller 2010). After removing outliers of arrival

times, precise earthquake localization is implemented by
the HYPOCENTER program (Lienert and Havskov 1995)
integrated in SEISAN (Havskov and Ottemoller 1999;
Havskov et al. 2020) and then listed as earthquake catalog
reports.

Software development of SeisBlue follows version con-
trol with GitHub (https://github.com/SeisBlue/SeisB
lue), Docker containerization, and CI/CD for efficient
collaboration, deployment, and automation. These inte-
grated technologies and practices revolutionize seismic
event detection and monitoring, improving accuracy,
efficiency, and real-time analysis for scientific and com-
munity-based initiatives.

2.3 The SeisBlue catalog and the refined SeisBlue catalog

SeisBlue can efficiently obtain earthquake catalog from
continuous seismic waveform data (e.g. Kuo-Chen et al.
2022). However, our goal for the Al catalog of the 2022
My, 6.9 Chihshang earthquake sequence is not only
extracting as many seismic events as possible but also
other physical parameters of the seismic sources, such as
focal mechanism solution (FMS) and earthquake mag-
nitude, which rely on accurate phase arrival data. In this
study, we further process the SeisBlue AI earthquake
catalog (SeisBlue catalog in short afterward) (Fig. 3a)
through three steps to obtain the refined SeisBlue cata-
log (Fig. 3b). Firstly, we apply the hypoDD program
(Waldhauser and Ellsworth 2000) to the SeisBlue catalog
for extracting events which have both similar locations
and phase arrival combinations (Fig. 4b) to obtain the
hypoDD-selected SeisBlue catalog. Secondly, we visually
inspect the hypoDD-selected events by cross checking
the raw 3-component waveforms with the picks gen-
erated by SeisBlue and mark the P-wave polarities, and
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Fig. 4 Profiles of different selected seismicity of the 2022 My, 6.9 Chihshang earthquake sequence. The red dots are seismicity of a the SeisBlue
catalog located by HYPOCENTER, b the hypoDD-selected SeisBlue catalog, and ¢ the hypoDD-relocated SeisBlue catalog. The blue circles are
seismicity of the 3D-hypoDD-relocated M3 +CWA catalog from 2001 to 2020. The traces in each upper panel represent topography. The locations
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then the manually checked SeisBlue catalog is created.
In the last step, we apply several seismological programs
integrated in SEISAN (Havskov and Ottemoller 1999;
Havskov et al. 2020) to obtain FMS and earthquake mag-
nitudes and form the refined SeisBlue catalog.

SEISAN, the seismic data processing software SeisAn
Earthquake analysis software (Havskov and Ottemoller
1999; Havskov et al. 2020), is mainly used for analy-
sis of seismic wave arrival time selection, earthquake
location, earthquake magnitude, P-wave polarities and
EMS. In this study, we use several seismological pro-
grams modified and integrated in SEISAN, such as

HYPOCENTER, hypoDD, FPFIT, and auto magnitude
(Ottemoller et al. 2021). The SeisBlue catalog is located
by the HYPOCENTER program (Lienert and Havskov
1995) with a Taiwan 1-D velocity model (Chen and Shin
1998) (e.g. Fig. 4a, b). We apply the hypoDD program
(Waldhauser and Ellsworth 2000) to the SeisBlue cata-
log to improve relative locations in clusters of seismic
events and obtain the relocated SeisBlue catalog (e.g.
Fig. 4c). We use the FPFIT program (Reasenberg 1985)
to determine the double couple earthquake FMS using
the manually picked P-wave polarities. The advantage
of FPFIT is that formal errors are estimated and only



Sun et al. Terrestrial, Atmospheric and Oceanic Sciences (2024) 35:5

one solution is given (Reasenberg 1985). Moment Mag-
nitude (My,) is determined by using spectral analysis
(Havskov and Ottemoller 2010; Holt et al. 2021) with a
1D attenuation model from Chen et al. (1996) and Chen
(1998). Local magnitude (M) is calculated following
the Richter’s original formula (Richter 1935) revised for
Taiwan (Shin 1993; Guan et al. 2020), as implemented
by SEISAN (Havskov and Ottemoller 1999; Havskov
et al. 2020). Seismic waveform amplitudes are defined
after removing instrument response, simulating a
Wood-Anderson instrument. The My,/M; are consid-
ered at least three My,/M; readings have been obtained
for each earthquake.
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3 Results

3.1 The SeisBlue catalog

For monitoring microseismicity on the creeping Chih-
shang Fault system and due to the sparse distribution of
seismic station in the eastern Taiwan, we deployed the
CSN in early November 2021 to increase station cover-
age. The 2022 My, 6.9 Chihshang earthquake sequence
happens to prove our thought. Without the CSN data,
SeisBlue detects 6924 earthquakes using the continuous
seismic data from the nine BATS stations during Sep-
tember to October 2022 (Fig. 5a). However, because the
strongest foreshock and the mainshock occurred within
the CSN, SeisBlue detects 14,454 earthquakes by com-
bining the CSN and BATS datasets (Fig. 5b). Especially

(b)

23.8°N W ‘ -

23.4°N

CSN(5) + BATS(9)

2022-09-01~2022-10-31 14454 events
-

¥ ETBATS
« Event

23°N

22.8°N

120.6°E 120.8°E 121°E 121.2°E 121.4°E 121.6°E 121.8°E

" CSN(5) + BATS(9)
" BATS(9)

o ETBATS events
BATS everty
s 1500 e

1000
unt

™

™

202001
022002 4|
02200)

000825

Fig.5

Comparison of SeisBlue catalogs using different continuous seismic waveform datasets. Map view of the two-month seismicity: a Using

nine BATS stations only and b using nine BATS and five CSN stations. Number of earthquakes is indicated in the map. The rainbow-colored circles
indicate seismic events, inverted triangles BATS stations, and triangles CSN stations. ¢ Daily earthquake number of the two catalogs
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on 17 September 2022 when the strong My, 6.5 fore-
shock occurred, SeisBlue detects ~100 events without
the CSN data but over 800 events with it (Fig. 5c). The
earthquake detection ability is greatly improved by the
CSN dataset.

Taking 3 stations and a total number of 6 P- and
S-wave arrivals as the minimum criteria to locate a sin-
gle seismic event, the SeisBlue catalog contains 14,276
earthquakes (Fig. 6b) with 64,266 P- and 61,785 S-wave
arrivals from September to October 2022. During the
same time period and geographical range, the CWA
(Central Weather Administration, CWA, Taiwan 2012)
catalog lists 1427 seismic events (Fig. 6a). We simply
define a match between a CWA catalog event and a Seis-
Blue catalog event if their origin times matched within
1 s. SeisBlue contains 755 matching events, misses 492
CWA events, and adds 13,521 new events.

Page 8 of 16

Before the My, 6.5 foreshock occurred, tens of small
foreshocks clustered in the Guanshan and Chihshang
area and also small earthquakes in other places in the
eastern Taiwan (Fig. 2b). After the My, 6.5 foreshock
occurred in Guanshan, earthquakes were all concentrated
in the Guanshan and Chihshang area (Fig. 2c). Then the
stronger My, 6.9 mainshock struck northward in Chih-
shang and triggered ruptures not only in the foreshock-
mainshock area but also northward to Yuli and Rueisuei,
Hualien and southward to Luyeh, Taitung (Fig. 2d-f).

3.2 Therefined SeisBlue catalog

We used the hypoDD program (Waldhauser and Ells-
worth 2000) to improve relative locations in clus-
ters of seismic events (Fig. 4) and extract those 5,691
events (Figs. 7a and 8) from the SeisBlue catalog of
14,276 events (Fig. 6b). Then we visually inspected
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Fig. 6 Two-month seismicity of the 2022 M, 6.9 Chihshang earthquake sequence of a CWA and b SeisBlue (this study). The rainbow color-coded
circles and starts are seismicity and the Guanshan foreshock and Chihshang mainshock, respectively. Red diamonds, triangles and squares are
permanent short period or broadband seismic stations of the CWA, CSN and BATS networks, respectively. Red traces are active faults mapped

by CGS (Lin et al. 2021)
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cooper color-coded circles are the 3D-hypoDD-relocated M3+ CWA catalog from 2001 to 2020. The rainbow-color coded circles and beach balls
are seismicity and focal mechanisms of the relocated SeisBlue catalog. The black lines with numbers 2-16 are locations for profiles in Figs. 4, 8 and 9.
Each profile is 6 km apart and the profile width is+ 3 km. The Red traces are active faults mapped by CGS (Lin et al. 2021)

the 5,691 hypoDD-selected events by cross check-
ing the raw 3-component waveforms with the picks
generated by SeisBlue and manual marked the P-wave
polarities. In total, all 5691 events passed the qual-
ity control step with 32,522 SeisBlue P-wave, 31,523
SeisBlue S-wave, 12,889 manual P-wave, and 12,198
manual S-wave arrivals, and 8,834 up- and 8,843 down
P-wave polarities. 782 and 486 false positives for P-
and S-wave arrivals marked by SeisBlue are checked
and removed. We located all 5691 events by HYPO-
CENTER with the renewed P- and S-wave arrivals and
removed events with location error in depth <10 km to
form the hypoDD-selected SeisBlue catalog consisting
of 5,151 events. The root-mean-square (RMS) of the

travel time residuals and standard errors in the epi-
center (ERH), in the depth (ERZ), and in the longitude
(ERX) of the hypoDD-selected SeisBlue catalog are
0.324+0.080 s, 3.322 £ 1.435 km, 4.143 + 1.898 km, and
2.662 £ 1.248 km, respectively.

We used the P-wave polarities of the 14 broadband sta-
tions and the FPFIT program (Reasenberg 1985), which
using grid search method, to obtain the best fit FMS for
each event by at least six readings of P-wave polarity. In
total 1,629 FMSs can be determined from the P-wave
polarity data and we then selected 866 FMS with F<0.1
(F-factor, 0—1, one-norm misfit function. F<0.5 for good
fit and F=1.0 for perfect misfit) and errors of strike, dip
and rake are all < 20°, respectively (Figs. 7b and 9).
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The local magnitude (M;) and moment magnitudes
(My,) are automatically determined by SEISAN and
then checked and revised by analysts. Both the M; and
M,y for each earthquake was averaged by at least three
readings. The semi-automatic earthquake magnitude
procedure can obtain reliable My, values according to
the temporal evolution of the foreshock-mainshock-
aftershock sequence (Fig. 10a, b). The relation between
M; and My in this study has a soft transition from 1:1
for M| >4 to 2/3 between 1<M; <4, which fits the theo-
retical prediction in Deichmann (2017) (Fig. 11a). The
magnitude of completeness of M; and My in this study
are about 0.8 and 1.6, respectively (Fig. 11b). From the
comparison between M; /My obtained in this study with
the M,y catalog from BATS (autoBATS, Jian et al. 2018)
and the M catalog from CWA (GDMS, Central Weather
Administration, CWA, Taiwan 2012), we found system-
atically differences among them that (1) the My,/M; of
this study and the My, of autoBATS are in the relation
of 1:1 but the M; are~0.1-0.5 less than the My of auto-
BATS (Fig. 11c); (2) the M, in this study and the M; of
GDMS are in the relation of 1:1 too but M, in this study
are~0.5-1.0 less than the M; of GDMS (Fig. 11d); and
(3) the relation between the M; of GDMS and the My in
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this study is similar to that between M; and My in this
study (Fig. 11a, d).

Based on the combined seismicity of the relocated
CWA catalog for the past three decades (Wu et al. 2008)
and our refined SeisBlue catalog of the 2022 My, 6.9
Chihshang earthquake sequence, we can find several seis-
mogenic characteristics in southeast Taiwan. First, the
LVF on land is an east-dipping system from Luyeh to Yuli
(section 2-11, Figs. 8 and 9), whose depth can extend
from more than 30 km to almost to the surface beneath
the CoR, which can be seen clearly the most in section 7
(Chihshang-Chengkung). Second, a small cluster of seis-
mic events beneath the southernmost CoR at shallow
depth less than 5 km was triggered by the mainshock and
stayed active for more than two months. This cluster is
clearly not part of the LVF system because of its location
and FMSs (section 2—4, Figs. 8 and 9). On the other hand,
under the CR to the west, the fault structures are more
complicated. Here we divide the seismogenic structures
into three groups: (a) section 2-6; (b) section 7-9; and
(c) section 11-13 (Figs. 8 and 9). In group (a) at depth
of 15-25 km, we can see a clear east-dipping seismicity.
There are two groups of seismicity at depth of 2—15 km.
To the west, a steeper east-dipping seismicity located at
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depth of 5-15 km. To the east, a west-dipping seismic-
ity at depth of 2-15 km extents westward and seems to
connect to the LVF system, especially in section 5-6
(Figs. 8 and 9). In group (b) an east-dipping seismicity
also can been seen but at shallower depth of 10-20 km,
and it turns almost perpendicular at depth 0-10 km in
section 7 (Figs. 8 and 9), and a few unclear branches at
depth of 0—10 km in section 8 and 9 (Figs. 8 and 9). There
is a seismic gap under the CR in section 10. In group

(c) between Yuli (section 11) and Rueisuei (section 13)
the east-dipping seismicity moves westward at depth of
5-25 km. The seismicity beneath the CR is not concen-
trated further north in section 14—16 (Figs. 8 and 9).

4 Discussion

The aim of this study is to use the refined SeisBlue Al
earthquake catalog, extracted from a dataset of dense
broadband seismic networks installed near the 2022 My,
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6.9 Chihshang mainshock area, to explain the seismo-
genic structures of the southern segment of the LV.
Therefore, the process of analyzing earthquake location
is relatively simplified, so conventional locating methods/
processes are not used, such as obtaining a new reliable
1D velocity model, using existing 3D velocity models, or
using various absolute or relative relocation methods (e.g.
Zhang et al. 2022). By comparing with the earthquake
catalog of the CWA, the credibility and reliability of the
SeisBlue catalog is tested. Furthermore, relative location
methods, such as hypoDD, are less dependent on the
velocity model and can obtain high location resolution of
clusters of earthquakes (Waldhauser and Ellsworth 2000).
Compared with the relocated earthquake catalog in the
past 30 years (Kuochen et al. 2004; Wu et al. 2008), our
relocated SeisBlue catalog is consistent with the seismic
events that occurred before but more active, the shallow
swarm at the southernmost tip of the CoR, and further
represent the unseen near-vertically distributed seismic-
ity beneath the CR from Luyeh to Chihshang and from
Yuli to Rueisuei. Kuo-Chen et al. (2023) surveyed eight
new reflection seismic profiles along the LV and found
that the west-dipping CRF does not exist along the west
side of the LV at least at a depth of 1 to 2 km. Combined
with the 30-year background seismicity, the reflection
seismic profiles, and our refined SeisBlue catalog, we can
infer that several near-vertical fault segments more than
10 km long exist under the CR with a depth of 2-20 km
and this deeply buried fault system extends at least 70 km
from Yuli to Luyeh.

The completeness of the understanding of regional
seismogenic structures depends on sufficient observation
network(s) and the occurrence of large earthquake(s).
In recent years, powerful Al tools have become more
and more essential to consume the increasing amount
of seismic data (e.g. Yoon et al. 2023 and the references
therein). For example, in 1951, an M7.1 and an M6.8
earthquake occurred near Yuli and Chihshang (Chung
et al. 2008), respectively, but due to the lack of sufficient
seismic networks, we could obtain the source character-
istics of the mainshocks (e.g. Chung et al. 2008) but not
the aftershock sequences for analyzing the seismogenic
structures. Most studies of the seismotectonics in east-
ern Taiwan mainly focus on the LVF system (e.g. Thomas
et al. 2014) because most recorded M7+ earthquakes
occurred there and sparse observation network in the
CR due to terrain restrictions. Combining with the pre-
viously mentioned advantages, our results show that the
clear seismogenic structures beneath the CR and the LVF
and CRF systems do have interactions beneath the LV in
the mainshock source area.

The tectonic structure of eastern Taiwan has been stud-
ied by different disciplines, especially for the evolution of
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the oblique collision between the Luzon arc and the pas-
sive Eurasia Plate from regional scale (e.g. Chang et al.
2000) to lithospheric scale (e.g. Malavieille and Trul-
lenque 2009; Shyu et al. 2011; Zhang et al. 2020; Lai et al.
2022). The buried forearc basement due to the shortening
of the Luzon forearc lithosphere is shown among those
lithospheric scale models of the southern LV (e.g. Mala-
vieille and Trullenque 2009; Shyu et al. 2011; Zhang et al.
2020; Lai et al. 2022). The deformation of the accretion-
ary wedge forearc basin may be the key to the complex
seismogenic structures beneath the CR compared to that
beneath the CoR. According to the geological model of
Lai et al. (2022), at the narrow transection of the LV at a
width of less than 30 km, the tectonic units contain, from
west to east, metamorphism, mélange, arc crust, volcanic
rocks, and sedimentary rocks at depth from 0 to 40 km
that makes the seismicity complicated.

Shyu et al. (2011) used the arrival data of two earth-
quake sequences of the 2003 My, 6.8 Chengkung and the
2006 My, 6.1 Taitung earthquakes recorded by the CWA
seismic network to obtain a 3D travel-time tomography
and proposed a lithospheric scale model of the southern
LV. The 2022 Chihshang earthquake sequence is more
widely distributed than the two earthquake sequences
in Taitung and is well recorded by dense broadband seis-
mic networks (CSN and BATS) and a denser nodal array
in the Guanshan-Chihshang area. Combining these two
seismic data sets with SeisBlue, we believe that the future
completion of a new high-resolution (~1 km) version of
travel-time tomography will enhance our understanding
of the seismotectonic and seismogenic structures of the
southern LV.

5 Conclusion

Although the 2022 My, 6.9 Chihshang earthquake
sequence is not the biggest earthquake occurred in the
southeast Taiwan, but it is the first M6 + earthquake well
recorded by the dense broadband array and detected by
a deep leaning-based seismological platform, SeisBlue.
The refined and relocated SeisBlue catalog shows that the
2022 Chihshang earthquake sequence filled several seis-
mic gaps which have not been observed clearly in eastern
Taiwan for the past 30 years: (1) along the CR at a depth
of 1-25 km and developed several branches eastward
beneath LV at a depth of 1-10 km; (2) along the west side
of CoR on CoRF at a depth of 10-25 km; and (3) at the
southernmost tip of CoR, east of CoRF at a shallow depth
of 0-5 km. A small cluster of earthquakes occurred on
5-6 September 2022 at the mainshock area; after the My
6.5 Guanshan earthquake, as the strongest foreshock,
occurred on 7 September 2022, most seismicity concen-
trated in the foreshock-mainshock area for a day, and
then the mainshock triggered several clusters northward
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to Yuli and Rueisuei in Hualien, southward to Luyeh in
Taitung, and eastward along the CoR.
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