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On 17-18 September 2022, the Mw 6.5 Guanshan and Mw 7.0 Chishang earthquakes, struck the Longitudinal
Valley (LV) of Taiwan, the collision boundary between the Eurasian plate and the Philippine Sea plate. After-
shock patterns show that the events occurred within 24 h, only a few kilometers apart, and that both ruptured the
west-dipping Central Range Fault (CRF). To investigate their rupture behavior and interaction, we performed a
joint inversion of teleseismic, strong-motion, and GNSS data. The resulting finite fault models revealed distinct
rupture characteristics, with the Guanshan earthquake mainly rupturing down-dip with minor shallow south-
ward extension, in contrast to the Chishang earthquake, which propagated northward toward the surface and
produced two shallow asperities. Combining these models with static Coulomb stress calculations and rupture-
velocity analysis indicates that Guanshan may have promoted failure of the Chishang segment through static
stress transfer, and that a low-velocity zone and clustered aftershocks between the two hypocenters are consistent

with a barrier that limited the northward extent of the Guanshan rupture.

1. Introduction

Taiwan is located at the collision boundary between the Eurasian
plate (EUP) and the Philippine Sea plate (PSP), across which the
northwesterly convergence rate is approximately 8 cm/yr. According to
GPS observations (Yu and Liu, 1989; Yu et al., 1997; Yu and Kuo, 2001),
nearly half of the EUP-PSP convergence (3-4 cm/yr) is currently
accommodated across the Longitudinal Valley (LV), a 180 km long su-
ture zone trending NNE-SSW in eastern Taiwan, making LV seismically
active (Fig. 1).

The active LV is primarily composed of two major seismogenic
structures bonding its edge: the east-dipping Longitudinal Valley Fault
(LVF) on the eastern flank and the west-dipping Central Range Fault
(CRF) on the western flank (e.g., Shyu et al., 2005a, b; Shyu et al.,
20064a, b). The high slip rates of LVF are realized either through active
seismicity depicting fault geometries (Kuochen et al., 2004) with occa-
sional prominent moment release [e.g., the 1951 series (Cheng et al.,

1996; Chen et al., 2008); the 1972 Ruisui earthquake (Kao et al., 1998);
the 2003 Chengkung earthquake (Ching et al., 2007; Kuochen et al.,
2007); and the 2024 Hualien earthquake (Chien et al., 2025)], or
through continuous creeping as observed by creepmeters at the Chis-
hang segment (Lee et al., 2001, 2003). On the other hand, the role of
CRF on the suturing process across LV has been obscured seismically in
the past few decades — with only far and few in between [e.g., the 2006
Taitung earthquake (Wu et al., 2006); the 2013 Ruisui earthquake
(Chuang et al., 2014)]. It is the geomorphic analysis of the uplifted
fluvial terraces on the western bank and in the central reached of LV,
between just north of the Wuhe Tableland to near Chishang, that sup-
ports the involvements of CRF on Taiwan orogeny (Shyu et al., 2006a).

In this tectonically complex and seismically active region, the south-
central LV was struck by two large earthquakes within a day. On 17
September 2022 at 13:41:19.11 UTC, a Mw 6.5 earthquake (ML 6.6, as
estimated by the Central Weather Administration, Taiwan; CWA)
occurred, referred to as the Guanshan earthquake. Less than 24 h later,
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Fig. 1. Tectonic setting of the 2022 Guanshan and Chishang earthquakes.
White stars indicate the epicenters of earthquakes with ML > 6 that occurred in
the south-central part of the Longitudinal Valley (LV) over the past two de-
cades. Epicenter data are sourced from the Geophysical Database Management
System (GDMS) earthquake catalog, and focal mechanisms are from the Global
CMT catalog. Gray stars represent three ML > 6 earthquakes that occurred in
the south-central part of the LV during the Hualien-Taitung earthquake
sequence in 1951 (Chen et al., 2008). The inset displays the study area and its
geological structures as classified by the Central Geological Survey (CGS) of
Taiwan: from west to east—Coastal Plain (sky blue), Western Foothills (light
green), Hsueshan Range (green), West Central Range (yellow), East Central
Range (orange), Longitudinal Valley (red), and Coastal Range (pink). Active
faults (blue lines) and subduction trenches (red lines) are also shown. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

on 18 September 2022 06:44:15.25 UTC, another Mw 7.0 earthquake
(ML 6.8, CWA) occurred, referred to as the Chishang earthquake. These
events caused several surface breaks and building collapses, including
one casualty. According to CWA’s reports and the distribution of after-
shocks, two intriguing phenomena were noted. First, these earthquakes
exhibited a close spatiotemporal relationship. The time interval of
occurrence was less than 24 h, and they were only 7 km apart. Secondly,
the aftershock distributions and focal mechanisms imply that both
events may have ruptured on the west-dipping CRF, which is relatively
less active than the LVF. Thus, the occurrence of these two earthquakes
provides a valuable opportunity to investigate the rupture characteris-
tics of CRF in the south-central LV.

To gain a deeper insight into the source characteristics of these two
earthquakes, we determined the finite fault models using multiple
geophysical datasets, including teleseismic waveforms (P, SH, Rayleigh,
Love), strong-motion records, and geodetic data (static and high-rate
GNSS data). Subsequently, we conducted an in-depth analysis to
examine whether there was a static triggering phenomenon between the
Guanshan earthquake and the Chishang earthquake from both static and
dynamic perspectives. This analysis involved calculating Coulomb stress
changes and evaluating rupture velocity.
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2. Data processing and inversion methods

We utilized seismological data (teleseismic and strong-motion),
along with static and high-rate GNSS, to model the kinematic rupture
processes of the Guanshan earthquake and the Chishang earthquake
using a nonlinear inversion method. This section details the data pro-
cessing and the inversion procedure.

2.1. Data

The kinematic rupture models were established using multiple
geophysical datasets. For the Guanshan earthquake, we selected a total
of 85 broadband teleseismic waveforms (with epicentral distances
ranging from 30° to 90°) that exhibited high signal-to-noise ratios and
provided good azimuthal coverage. The data were accessed from the
NSF SAGE data archive operated by EarthScope Consortium (NSF award
1724509). These waveforms included 24P-waves, 26 SH-waves, 19
Rayleigh waves and 16 Love waves. The ground displacements were
resampled at intervals of 0.2 s for P and SH waves and 4 s for Rayleigh
and Love waves. We also selected 42 strong ground motion waveforms
within an epicentral distance of < 60 km from the Taiwan Strong Motion
Instrumentation Program (TSMIP) network (Liu et al., 1999), main-
tained by the CWA. The acceleration waveforms were integrated to
velocity and underwent basic baseline correction following Wang et al.
(2011). In addition, we used 45 static GNSS displacements and 27 high-
rate GNSS time series within an epicentral distance of <60 km.

Regarding the Chishang earthquake, we selected 108 broadband
teleseismic waveforms, including 31 P-waves, 31 SH-waves, 26 Rayleigh
waves, and 20 Love waves. Subsequently, the ground displacements
were resampled at intervals of 0.2 s for teleseismic body waves and 4-
second intervals for teleseismic surface waves. We selected 44 strong
ground motion waveforms within an epicentral distance of <80 km. The
baseline-corrected acceleration waveforms were integrated to velocity.
We also used 92 static GNSS displacements and 73 high-rate GNSS time
series within an epicentral distance of <80 km. The records and loca-
tions of the stations used in the inversion for both earthquakes are
provided in the Supplement.

The band-pass filter selection criteria were defined separately for
teleseismic and regional datasets. For teleseismic body waves, we used
an automatic four-corner cosine taper that adapts to centroid time shift
and source depth (Goldberg et al., 2022), yielding P and SH band-pass of
0.01-1.0 Hz for Guanshan and 0.006-1.0 Hz for Chishang. Long-period
surface waves were limited to 0.004-0.006 Hz, with an outer taper at
0.003 and 0.007 Hz. These choices lie within ranges commonly used in
teleseismic finite-fault inversions (e.g., Shao et al., 2011; Sianipar et al.,
2022; Yan et al., 2022; Chien et al., 2025). For regional datasets (TSMIP
strong-motion and high-rate GNSS), the frequency range was deter-
mined from frequency-domain coherence between observations and
Green’s-function synthetics (Melgar & Bock, 2015). Accordingly, strong-
motion data were band-passed 0.02-0.125 Hz for Guanshan and
0.01-0.3 Hz for Chishang, and high-rate GNSS time series were low-pass
filtered at 0.125 Hz and 0.3 Hz, respectively. All regional records were
sampled at 0.2 s.

2.2. Faulting geometry

Lee et al. (2006) demonstrated that imprecise faulting geometries
can lead to artificial slip distributions, particularly when static GNSS
data are used in inversion. To reduce this effect, we adopted an optimal
fault geometry strategy by individually inverting static GNSS data using
a grid search approach. In each iteration, the strike and dip were varied
in 1° increments over a + 20° range around the west-dipping nodal
planes of the Global Centroid Moment Tensor (CMT) solution (Ekstrom
et al., 2012), which served as the initial reference for both earthquakes.
All other inversion settings and parameters were kept identical to those
used in the final finite-fault models. For each trial plane, we calculated a
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normalized misfit between the observed and modeled static GNSS dis-
placements, and the plane with the smallest misfit was selected as the
preferred geometry. The uncertainty in strike and dip was then assessed
from the misfit distribution by identifying all models with normalized
misfits within 10 % of this minimum value; for both earthquakes, these
acceptable models form a compact cluster around the preferred strike
and dip, indicating that the fault orientations are well constrained
(Fig. 2).

For the Guanshan earthquake, the grid search converged on a strike
of 206° and a dip of 55°, while for the Chishang earthquake, the result
differed by only 1° in dip relative to the Global CMT solution; accord-
ingly, the Global CMT strike and dip parameters were adopted (Fig. 2).
We initially followed the fault dimension strategy of Goldberg et al.
(2022) to define physically reasonable fault dimensions. The fault length
was estimated based on the centroid time delay and assumed rupture
velocity, while the width was constrained by the dip angle and hypo-
central depth to ensure the fault plane remained within the expected
seismogenic thickness. Both parameters were then adjusted using the
aftershock distribution and the slip pattern resolved from the inversion.
The correspondingfault model for the Guanshan earthquake was defined
with a length of 42 km and a width of 27 km, discretized into subfaults
measuring 3 km by 3 km. For the Chishang earthquake, the model di-
mensions were 90 km in length and 28.8 km in width, with subfaults of
3 km by 3.6 km. Finally, the CWA hypocenters were used as the
nucleation points for both events.

2.3. Inversion strategy

We performed a joint inversion using the Wavelet and Simulated
Annealing SliP (WASP) package, an extension of Koch et al. (2019). This
approach incorporates multiple datasets: teleseismic broadband,
regional accelerometer, high-rate and static GNSS, and InSAR data
(Goldberg et al., 2022). This inversion scheme relies on the nonlinear
heat-bath simulated annealing algorithm and solves for optimal solu-
tions of slip amplitude, rake angle, initial rupture time, and rise time on
each subfault in the wavelet domain (Ji et al., 2002). For each param-
eter, we defined distinct search bounds following the methodology of
Goldberg et al. (2022). For these shallow crustal events, we adopt a
reference rupture velocity of 2.5 km/s (Koch et al., 2019; Goldberg et al.,
2022) and constrain rupture initiation times so that the implied rupture
velocity lies within a physically reasonable range of roughly 1.0-3.125
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km/s along the fault. After the inversion, we estimate the rupture ve-
locity at each subfault as the on-fault distance from the hypocenter
divided by the inverted rupture initiation time (e.g., Shao et al., 2011).

Green’s functions for each subfault were computed using the 1D
Taiwan average crust velocity model (Chen and Shin, 1998). Specif-
ically, teleseismic body-wave Green’s functions were calculated ac-
cording to Yao and Ji (1997), while those for teleseismic surface waves
were derived via normal mode summation (Shao et al., 2011). For
regional data (including strong-motion accelerometer records and both
static and high-rate GNSS observations), the Green’s functions were
generated using a frequency-wavenumber integration method (Zhu and
Rivera, 2002).

Based on the logical weighting scheme proposed by Goldberg et al.
(2022) for various types of observations, the assigned weights to the
datasets are outlined as follows: for the teleseismic waveforms, P-waves
were given twice the weight of SH-waves due to their higher signal-to-
noise ratios and lower arrival-time uncertainty. Surface waves
received quadruple the weight of SH-waves, reflecting the higher reli-
ability of their long-period Green’s functions compared to body waves
(Shao et al., 2011). Regarding the near-field observations, the strong
motion waveforms and the horizontal components of high-rate GNSS
were weighted equivalently to teleseismic surface waves, while the
vertical components of both static and high-rate GNSS data were
assigned half the weight of their horizontal components, due to their
lower accuracy (Bock et al., 2011; Melgar et al., 2017, 2020). Further-
more, to account for the greater sensitivity of near-fault recordings to
rupture details, stations in closest proximity to the fault were assigned
double weight (Liu et al., 2019).

2.4. Coulomb stress change

The Coulomb stress change quantifies the adjustments of normal and
shear stress on the fault and is widely applied to examine static stress
triggering (Goldberg et al., 2020; Li et al., 2020; Wang et al., 2020). In
this study, we calculated the Coulomb stress change induced by the
Guanshan earthquake, using an open-source code developed by Materna
(2023). Based on the elastic dislocation theory (Okada, 1985), this code
calculates displacements, strains, stresses, and Coulomb stress changes
in a homogeneous elastic half-space. A friction coefficient of 0.4 was
assumed, consistent with previous studies (Freed, 2005; Goldberg et al.,
2020; Wang et al., 2020).
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Fig. 2. Results of the fault-geometry grid search for the Guanshan (left) and Chishang (right) earthquakes, derived from the inversions of static GNSS data. The color
scale represents the normalized misfit, with light blue indicating a better fit. Red circles denote the best-fit strike and dip, obtained by systematically varying each
parameter at 1° intervals within a + 20° range relative to the west-dipping Global CMT nodal plane. Black contours denote the < 10 % misfit region, which defines
the strike-dip uncertainty. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. Inversion results
3.1. The Guanshan earthquake
The primary rupture of the Guanshan earthquake is concentrated

around the hypocenter and exhibits a southward propagation trend
(Figs. 3a, b). The estimated moment magnitude for this event is Mw 6.6
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(1.59x10'® Nm). The average inverted rake angle is approximately 25°,
indicating predominantly left-lateral faulting motion across an overall
rupture area of ~430 km?2. Two distinct asperities are identified on the
rupture plane. The principal slip area (Asperity I) is situated around the
hypocenter, covering an approximate area of 18 x 15 km?2. Upon closer
examination, Asperity I can be further divided into two subdivisions,
with the lower subdivision being dominant, with a peak slip around 1.4
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Fig. 3. Finite fault model for the Guanshan earthquake. (a) Slip distribution projected vertically onto the surface. White stars represent the epicenters of the
Guanshan earthquake and the Chishang earthquake; circular dots represent earthquakes in the GDMS catalog that occurred between the Guanshan earthquake and
the Chishang earthquake (UTC time from 2022/09/17 13:42:28 to 2022/09/18 06:35:41). Red solid and dashed lines represent active faults published by the CGS;
black solid lines denote the shallowest boundaries of the fault model. (b) Slip distribution on the fault plane. The black rectangle represents the main slip area, with
colors indicating the magnitude of slip; gray dashed lines depict contour lines of the rupture front, spaced at 10 s. (c¢) Moment-rate function. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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m and exhibiting more thrust components. Asperity II is located to the
south of the hypocenter, covering an area of 6 x 3 km?; it extends to the
surface, exhibits a maximum slip of 1.85 m, and involves both thrust and
strike-slip motion. To understand the spatial relationship between
aftershock distribution and slip, we projected the earthquake events that
occurred between the origin time of the Guanshan earthquake and the
Chishang earthquake (17 September 2022, 13:42:28 UTC to 18
September 2022, 06:35:41) (Figs. 3a, b). The events are predominantly
clustered in the vicinity of the primary slip area, with a discernible
concentration between the northeastern edge of Asperity I and the hy-
pocenter of the Chishang earthquake.

Temporal analysis shows that during the first 3 s following the
initiation of rupture, the slip propagated primarily in the dip direction
(Fig. 4). Subsequently, the rupture advanced southward and upward
toward the shallow portion of the fault, culminating in the formation of
Asperity I around 9 s after initiation. Concurrently, Asperity II starts to
slip and approximately completes its rupture by the 14 s. The inversion
yields an average rupture velocity of 2.26 km/s, corresponding to 75 %

Journal of Asian Earth Sciences 298 (2026) 106940

of the local S-wave velocity, which falls within the typical range
observed in seismic source studies (65-85 % of S-wave velocity; Heaton,
1990). Analysis of the reference rupture front, defined by the average
rupture velocity, together with the progression of slip, reveals that the
shallow area above the source region exhibits significant slip only 2-3 s
after the rupture front has passed. This observation implies a compar-
atively slower rupture velocity in this region.

The moment-rate function (MRF) of the Guanshan earthquake ex-
hibits a single, triangular peak in seismic moment release (Fig. 3c). This
triangular moment-rate function is similar to the shape of far-field P-
waves, as observed at stations such as COLA and KDAK (Figs. S1 and S5).
The maximum seismic moment rate occurs within 3 to 4 s after the
rupture initiation, corresponding to the rupture of Asperity I.

3.2. The Chishang earthquake

Fig. 5 shows the slip distribution and MRF derived from the joint
inversion for the Chishang earthquake. The inverted fault model reveals
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average rupture velocity of 2.26 km/s.
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Fig. 5. Same as Fig. 3 but for the Chishang earthquake, including one month of its aftershocks.

that the primary slip distribution is concentrated north of the hypo-
center, with an average rake angle of ~33° over an overall rupture area
of approximately 750 km2. The slip pattern indicates two distinct as-
perities in the shallow part, each releasing a comparable seismic

moment corresponding to Mw 6.8. The first slip area (Asperity I),
located closer to the hypocenter, extends primarily from the near surface
to a depth of 15 km, with slip propagating in the dip direction to reach a
depth of 25 km. This asperity covers an area of approximately 21 x 14.4
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km? and is characterized by predominantly left-lateral motion with a
reverse component, exhibiting a maximum slip of about 3.2 m. In
contrast, the second slip area (Asperity II) is situated ~30 km north of
the epicenter, near Yuli Township, Hualien County. Compared with
Asperity I, Asperity II is more compact, has a larger reverse component,
covers an area of approximately 9 x 10.8 km? and reaches a maximum
slip of 5.0 m. Projection of aftershocks occurring within one month
following the Chishang earthquake shows that these events mainly occur
at the edges of the asperities, consistent with previous studies that
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aftershocks tend to cluster around asperity regions (Das and Henry,
2003; Lee et al., 2014; Wetzler et al., 2018; Sun et al., 2024).

Fig. 6 shows the complex rupture process of the Chishang earth-
quake. Initially, the rupture propagated northward with an average
rupture velocity of 2.0 km/s, equivalent to 66 % of the S-wave velocity
in the source area. Comparing the average rupture velocity (the preset
rupture front) with the subsequent slip development, we found that
within the first 5 s after rupture onset, the effective rupture velocity was
reduced to 1.0-1.5 km/s, corresponding to a slower development of slip.

NNE Time:5s SSw Time: 7 s
Distance Along Strike (km) Distance Along Strike (km)
-50 -40 -30 -20 -10 0 10 20 30 -50 -40 -30 -20 -10 0 10 20 0
S 0
£ \ 5 T - // 5
€ & !
<0 I # \ = 2o L j =
g° i s £ 55
) S 158 < * 2
< 10 S g ; 10 § ) =
2 2 e 20
815 20 15
2 2
Time: 9 s Time: 11 s
Distance Along Strike (km) Distance Along Strike (km)
-50 -40 -30 -20 -10 0 10 20 30 -50 -40 -30 -20 -10 0 10 20 30 0
- 0 - -
_5 _ -5 / 4
E | 5 E / ) 5
Ak x il
= 0 g i = =0 H g i =
g i 10 & ! i 10E
/ = 5 ) / =
2 5 / *La g \ 15‘%
S 3 4 15 2 \ /
<10 3 4 g L e
had a 20
B 15 - 20 15
e 25 - - 25
Time: 13 s Time: 15 s
Distance Along Strike (km) Distance Along Strike (km)
-50 -40 -30 -20 -10 0 10 20 30 -50 -40 -30 -20 -10 0 10 20 0
0
o 4 -5 |
€ o [ | 5 ;é e
< 9 ‘ * i — =0 * iz
5 \ ," 10§ a | 108
8 | ! = @ 5 =
o 5 " i s £ \ ‘1B
S \ 158 2 \ / g
< 10 . g v Y / a
o A 815 N\ 20
815 A B 20
sperity | .
25
Time: 17 s Time: 19 s
Distance Along Strike (km) Distance Along Strike (km)
-50 -40 -30 -20 -10 0 10 20 30 -50 —40 -30 -20 -10 0 10 20 30 0
0 _—
- / -5 /
g s s % : :
=0 ! 15 -~ 30 : ¥ 7
e i 105 a | 102
S s i T 25 ‘ £
2 \ £ 5 \ 155
S \ 15 < |
<10 & ¥ a
& ) a § 20
bl \ 15 A
815 i) .
\ A 5 25
Time: 20 s Time: 23 s
Distance Along Strike (km) Distance Along Strike (km)
-50 -40 -30 -20 -10 0 10 20 30 -50 -40 -30 -20 -10 0 10 20 E
—— 0 - -
=5 ! _-5 !
€ ! 5 E : 5
<o ‘ % - =0 | * z
s : 1w 5 ! .
a | : < a5 ; =
g ° = g § | 155
210 A H g < | 4
p sperity Il \ "
] 3 20 Q15 \
015 \ )
25
25
0.0 0.5 1.0 1.5 2.0
Slip (m)

Fig. 6. Same as Fig. 4 but for the Chishang earthquake. The dashed gray line represents the reference rupture front with an average rupture velocity of 2.01 km/s.
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Although the maximum accumulated slip in this interval is close to 2 m,
the initial seismic moment release remains relatively low due to the
slower expansion of the rupture area (Fig. 5c). After the first 5 s, the
rupture accelerates, leading to significant slips and the formation of
Asperity I around 13 s. Concurrently, Asperity II begins to rupture and
expand northward until ~20 s, and as it develops, Asperity I appears to
extend further in the dip direction.

The MRF of the Chishang earthquake reflects its complex rupture
dynamics. During the first 5 s, the event releases a relatively small
amount of seismic moment, corresponding to Mw 6. Following this
initial phase, as both asperities develop, the seismic moment is released
more significantly. In particular, during the rupture of Asperity I, the
MREF displays at least three distinct peaks at approximately 7, 9, and 12
s. The maximum moment rate occurs between 15 and 16 s, which is
attributed to the rupture of Asperity II. These temporal features of the
moment release can also be inferred from the characteristics of far-field

Guanshan
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body waves; for example, records from the POHA station reveal an
initially weak P-wave amplitude followed by a significant increase in
amplitude (Figs. S11 and S15).

4. Discussion
4.1. The advantages of joint inversion

Joint inversion of teleseismic and regional data to determine finite
fault models has become a well-established method for studying the
kinematic characteristics of earthquakes (Hartzell and Heaton, 1983;
Wald et al., 1996; Ji et al., 2002; Lee et al., 2014; Yan et al., 2022).
Hartzell and Heaton (1983) emphasized that integrating multiple
seismic datasets enhances the analysis of fault rupture processes. Tele-
seismic data primarily constrain the overall rupture characteristics,
whereas strong-motion data provide finer resolution of rupture details.

Chishang
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Wald et al. (1996) further demonstrated that integrating seismic and
geodetic data in joint inversions improves constraints on the spatio-
temporal evolution of slip. incorporating geodetic observations supplies
more accurate spatial constraints, enabling the inversion to determine
rupture timing more effectively during waveform fitting. As a result, the
derived fault model attains higher resolution in both slip distribution
and rupture timing.

To examine the contribution of regional data (strong-motion and
geodetic observations) to the rupture process modeling, we compared
the finite fault models obtained from teleseismic inversion with those
obtained from joint inversion for both Guanshan and Chishang earth-
quakes (Fig. 7). Although the teleseismic inversion yields smoother slip
distributions, it generally captures the overall spatial pattern of slip; for
instance, both models for the Chishang earthquake exhibit a pronounced
northward concentration of slip relative to the hypocenter. In contrast,
incorporating regional data produces more heterogeneous slip distri-
butions, resulting in increased seismic moments and higher maximum
slip values (Table 1). Specifically, For the Guanshan earthquake, the
maximum slip increased from 1.1 m to 1.9 m, and for the Chishang
earthquake, it increased from 2.1 m to 5.0 m. These changes indicate an
improvement in the spatial resolution due to the inclusion of regional
data. In comparing the MRFs (Figs. 7e and 7f), the results show a high
degree of similarity between the teleseismic and joint inversion models
for both earthquakes, with the Guanshan earthquake showing the closest
resemblance. This consistency suggests that while the teleseismic
inversion model may have limited resolution in capturing rupture de-
tails, it provides a comprehensive analysis of the process of seismic
moment release. This finding aligns with the perspective proposed by
Goldberg et al. (2022).

To further comprehend the contribution of each dataset to the
inversion results, we compared the individual inverted results (Figs. 8,
9). For the Guanshan earthquake, the slip distributions derived from
different datasets exhibit notable variations in detail, suggesting that
each data type captures distinct aspects of the rupture process. Never-
theless, all datasets (both teleseismic and regional) consistently indicate
similar source characteristics, such as comparable rake angles. Notably,
while all models display the presence of Asperity I, the teleseismic
inversion tends to position it further north and nearer the surface,
whereas Asperity II, as shown in the joint inversion, is primarily con-
strained by the static GNSS data.

For the Chishang earthquake, individual inversion results consis-
tently reveal a northward rupture and a concentration of slip near the
surface, underscoring the reliability of the inferred rupture character-
istics. Although the inversion results vary slightly among datasets, most
individual inversions show two asperities, except for the teleseismic
result, which appears relatively smoother. In particular, the Asperity II
of the high-rate GNSS dataset is more concentrated toward the north and
extends to a deeper area. Although the joint result also indicates a
downward extension of the rupture, the high-rate GNSS result shows a
slightly more northward location.

In terms of slip distribution, we note that among all individual
datasets, static GNSS data is the most similar to the joint inversion result,
especially for the Chishang case. This indicates that the static GNSS data
play an important role in constraining the total slip distribution in the
joint inversion process. Previous studies have similarly highlighted this
importance: Lee et al. (2023) noted that static GNSS data predominantly

Table 1
Comparison of teleseismic and joint inversion.

Earthquake Dataset Moment (Nm) Peak slip (m)
Guanshan teleseismic 8.48 x 108 1.11

all* 8.60 x 108 1.85
Chishang teleseismic 3.84 x 10" 2.05

all* 3.96 x 10"° 4.99

* teleseismic, strong motion, and static and high-rate GNSS data.

Journal of Asian Earth Sciences 298 (2026) 106940

controlled the slip distribution in the Chishang earthquake’s joint
inversion, and Wald and Heaton (1994) emphasized the role of static
GNSS data in constraining the slip distribution of the 1992 Landers
earthquake. These findings suggest that static GNSS and waveform data
provide complementary constraints on rupture processes. Specifically,
static GNSS data resolve spatial slip distribution, while waveform data
address rupture timing. Incorporating static GNSS data mitigates the
trade-off between spatial location and rupture timing inherent in
waveform-only inversions. Static GNSS data establish a foundational slip
distribution that is then refined by fitting waveform data to determine
optimal rupture timing. This integration resolves ambiguities and en-
hances the resolution of rupture details. In conclusion, combining static
and waveform data in joint inversion significantly improves the reso-
lution of rupture characteristics for both the Guanshan and Chishang
earthquakes.

In addition to our internal comparison between teleseismic-only and
joint inversions, we also compare our models with recently published
InSAR-constrained solutions. He et al. (2024) jointly inverted ALOS-2
InSAR, GPS, strong-motion, and teleseismic data for the same earth-
quake sequence. For the Guanshan (foreshock) event, both studies
retrieve an ~Mw 6.6 momen magnitude with a compact rupture area
centered near the hypocenter on the Central Range Fault and predom-
inantly left-lateral oblique-thrust motion. Their distributed-slip model
images a single main asperity between ~2 and 14 km depth that does
not reach the surface, whereas our joint inversion resolves an additional
small shallow asperity that extends to the surface south of the hypo-
center. For the Chishang (mainshock) event, both models consistently
show a predominantly northward rupture on the Central Range Fault,
shallow asperities, and a total seismic moment consistent with Mw 7.0.
Our joint model, however, yields somewhat larger peak shallow slip (up
to ~5 m compared with ~4 m in He et al., 2024) and a deeper down-dip
extension of the southern asperity. These differences in shallow slip
amplitude and depth extent probably reflect a combination of factors,
including the different data sets used, fault parameterization and model
domain, and the choices of regularization and relative data weighting.
Nevertheless, the broad agreement in overall moment, rupture extent,
and the presence of multiple shallow asperities indicates that the first-
order source characteristics are robust across these independent
InSAR-constrained and non-InSAR joint inversions.

4.2. Resolution test

To further assess the resolving power and robustness of the joint
inversion, we performed synthetic resolution tests for both earthquakes.
For each event, we constructed a simplified two-asperity slip model
using the same fault geometry and subfault discretization as our final
joint-inversion model. The asperity locations and sizes follow the two
main slip patches in the joint-inversion result, and each asperity is
assigned a single slip amplitude, rake, and rise time that represent the
average properties of that patch, while the rupture time on each subfault
is kept identical to the kinematic model (Figs. 10 and 11). Synthetic
teleseismic, strong-motion, static GNSS, and high-rate GNSS data were
then generated using the same station distribution, frequency bands, and
Green’s functions as in the real-data inversions. These synthetic data
were treated as observations and inverted with the same joint inversion
setup. We quantify how well the input slip pattern is recovered using a
slip-recovery factor R, defined as: R = 1— w x 100%, where
S and S™ denote the input and inverted slip on the subfault i,
respectively.

For the Guanshan earthquake (Fig. 10), the simplified model consists
of a larger asperity (Asperity I) of approximately 18 x 15 km with 1.4 m
of slip and a rake of about 25°, and a smaller asperity (Asperity II) of
about 6 x 3 km with 1.85 m of slip and a more thrust-dominated rake.
The joint inversion of the synthetic data successfully reproduces the
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Fig. 8. Individual inversion models for the Guanshan earthquake: (a) teleseismic inversion model, (b) strong-motion inversion model, (c) high-rate GNSS inversion

model, (d) static GNSS inversion model, (e) Joint inversion model.

presence and approximate locations of both asperities, indicating that
the overall pattern of a compact main patch accompanied by a smaller
southern patch is resolvable. However, the recovered slip amplitudes
and detailed shapes are less accurate. In the noise-free test, the overall
slip-recovery factor is 57 %, and it decreases to 54 % and 48 % when 15
% and 30 % Gaussian noise are added to the synthetic waveforms,
respectively. With increasing noise, slip tends to spread beyond the
original asperities and their boundaries become more diffuse, although

10

the two-asperity character of the model remains recognizable. These
results indicate that, for the Guanshan event, the joint inversion robustly
captures the first-order rupture pattern and the relative importance of
the two asperities, whereas quantitative estimates of absolute slip are
more weakly constrained.

In contrast, the Chishang earthquake (Fig. 11) exhibits markedly
better slip resolution in the same type of tests. The simplified model
comprises a southern asperity (Asperity I) of about 21 x 14.4 km with
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Fig. 9. Same as Fig. 8 but for the Chishang earthquake.

3.2 m of slip and a rake of ~ 30°, extending from the surface down to
~15 km, and a northern shallow asperity (Asperity II) of about 9 x 10.8
km with 5.0 m of slip and a more reverse-dominated rake near Yuli.
When the corresponding synthetic multi-data set is inverted, the joint
inversion recovers both asperities at nearly the correct locations and
with similar shapes. The total slip-recovery factor reaches 68 % in the

11

noise-free case and remains at 67 % and 62 % when 15 % and 30 %
Gaussian noise are added, respectively, with the peak slip of the shallow
northern asperity reproduced to within only a few percent of the input
value. These results demonstrate that, for the Chishang earthquake, the
joint inversion provides robust constraints on both the geometry and
relative amplitudes of the shallow asperities.
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Fig. 10. Synthetic resolution tests for the Guanshan earthquake. (a) Simplified two-asperity input slip model. (b) Inverted slip distribution for synthetic data without
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4.3. Static stress triggering

The Guanshan and Chishang earthquakes exhibit a close spatiotem-
poral relationship; both occurred within 24 h, and their epicenters are
only 7 km apart. This proximity raises the question of whether a trig-
gering phenomenon exists between these two earthquake events. An
earthquake can be considered a process of releasing accumulated
regional tectonic stress, which would also adjust the regional stress
distribution. This stress adjustment may trigger another earthquake on a
different fault (Goldberg et al., 2020; Li et al., 2020; Wang et al., 2020).
A fault can be triggered to rupture when normal stress is reduced or
shear stress is increased (King et al., 1994; Freed, 2005). To investigate
this potential triggering mechanism, we calculated the static Coulomb
stress change (ACFS) induced by the Guanshan earthquake, resolving it
on the Chishang mainshock rupture plane, which we adopt as the
receiver fault geometry as our preferred finite-fault model. The results
(Fig. 12) indicate that the hypocenter of the Chishang earthquake is
situated in a region of positive ACFS, characterized by a significant in-
crease in shear stress and a slight positive change in normal stress. The
stress state of the region adjacent to the hypocenter is significantly
perturbed by the Guanshan earthquake, which could trigger the Chis-
hang earthquake. Additionally, the slip distribution of the Chishang
earthquake overlaps well with the region of positive ACFS, indicating a
strong potential correlation between the two events. This finding is
consistent with previous studies. For instance, Lee et al. (2023) similarly
identified the hypocenter of the Chishang earthquake as being located in
a region of positive Coulomb stress change. They further suggested that
the slip distribution appeared to be influenced by the positive ACFS
induced by the strong foreshock, the Guanshan earthquake.
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To assess the sensitivity of these results, we recomputed the ACFS for
the friction coefficient (u) between 0.20 and 0.60 in steps of 0.05. For
this range of , the fraction of receiver patches with positive ACFS varies
only slightly between 81.3 % and 82.5 %, and 191 out of 240 patches
(~80 %) experience positive ACFS for all tested u values, whereas only
13 patches (~5%) change sign and 36 patches (~15 %) remain consis-
tently negative. The overall pattern of positive and negative ACFS lobes
on the Chishang rupture plane, therefore, changes very little with p, and
the ACFS at the Chishang hypocenter is positive for every tested value
between 0.20 and 0.60 (Fig. 12d-f). These results demonstrate that our
inference that the Guanshan earthquake statistically promoted failure
on the Chishang rupture is robust to reasonable uncertainty in p.

4.4. Implications of seismic dynamics

The aftershock distributions of both earthquakes and the seismo-
genic structure in the LV strongly suggest that the events occurred along
the CRF. This raises an intriguing question: why did two nearby earth-
quakes, occurring on the same fault, rupture independently? Based on
our finite-fault inversion results, we infer that the independence of these
events may be due to the presence of a barrier between the hypocenters
of the Guanshan and Chishang earthquakes. A barrier is defined as a
region on the fault plane that resists rupture propagation due to higher
frictional resistance or structural heterogeneity, requiring greater en-
ergy to overcome (Yuan et al., 2020). Such barriers are often associated
with low rupture velocity, which reflects a higher friction coefficient and
greater fracture energy demands during rupture propagation (Zhou
et al.,, 2019; Convertito et al., 2021). Our analysis identifies a region
with a lower rupture velocity (~1.0-1.5 km/s), approximately 33 % to
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Fig. 11. Synthetic resolution tests for the Chishang earthquake, identical to Fig. 10 but for the Chishang earthquake.
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50 % of the S-wave velocity in the source region, located between the
two earthquakes (Fig. 13). This low-rupture-velocity region corresponds
to the inferred barrier, providing a plausible explanation for the dy-
namic decoupling of these two events.

While the aftershocks are distributed across the fault plane, the
clustering of events near the barrier region (Fig. 14) supports the hy-
pothesis that the barrier influenced fault dynamics by restricting rupture
propagation and controlling seismic activity (Madarieta-Txurruka et al.,
2022; Xu et al., 2016; Weng et al., 2015). The observed clustering
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corresponds to a low-slip zone (Fig. 14), which aligns with the low
rupture velocity (Fig. 13). Based on previous studies on fault-barrier
behavior (Klinger et al., 2006; Madarieta-Txurruka et al., 2022; Xu
et al., 2016), we suggest that this low-slip zone reflects fault heteroge-
neities or barriers that dissipate energy and localize stress accumulation.
As the rupture front of the Guanshan earthquake approached this region,
the concentrated shear stress at its tip was insufficient to overcome the
barrier’s resistance, halting forward propagation. Over time, stress
accumulated near the barrier, increasing Coulomb stress (Fig. 12),
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which likely triggered the nucleation of the Chishang earthquake. This
sequence highlights the barrier’s role in halting the northward rupture
propagation of the Guanshan earthquake, constraining the aftershock
distribution, and facilitating stress accumulation that eventually trig-
gered the Chishang earthquake.

Although our interpretation suggests the presence of a physical
barrier, alternative explanations may also be possible. For example, Liu
et al. (2019) demonstrated that apparent rupture slowdowns may occur
at geometrically complex regions of the fault system, such as bends,

15

steps, or segment junctions, where rupture paths become discontinuous
or require changes in propagation direction. These geometric com-
plexities can introduce local impedance to rupture propagation as
observed in the 2019 Ridgecrest earthquake sequence. In that case, low
rupture velocities and high aftershock productivity were attributed to
rupture over an immature, segmented fault system. Such geometric ef-
fects may similarly influence rupture propagation in our study area.
However, Further dynamic analyses are essential to validate these in-
terpretations and improve our understanding of the mechanisms
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Fig. 14. 3D visualization of the slip distribution and seismicity associated with the Guanshan and Chishang earthquakes. Large green and red dots denote the
hypocenters of the Guanshan and Chishang earthquakes, respectively. Smaller blue dots indicate seismicity prior to the Chishang earthquake, while cyan dots
represent events afterward. The yellow-to-red-black color scale illustrates the slip distribution on the fault plane, with blue and red outlines marking fault planes of
the Guanshan and Chishang earthquakes, respectively. The dashed ellipse highlights the low-slip region between the two hypocenters, consistent with the inferred
barrier that likely impeded northward propagation of the Guanshan rupture and contributed to nucleation of the Chishang earthquake. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

underlying this sequence of events.
5. Conclusion

In this study, joint inversions of teleseismic, strong-motion, and
GNSS observations delineate source kinematics for the 2022 Guanshan
and Chishang earthquakes on the west-dipping Central Range Fault. The
key findings are summarized as follows:

(1) The multi-dataset inversion refines rupture imaging, providing
tighter constraints on the spatiotemporal slip distribution and
rupture kinematics than teleseismic-only solutions, reducing
trade-offs between subfault location and rupture timing.

(2) Guanshan ruptured predominantly down-dip and southward with
two asperities and a triangular moment-rate function, consistent
with left-lateral-reverse kinematics.

(3) The Chishang rupture propagated northward with two shallow
asperities, a multi-peaked moment-rate function, and peak slip of
~ 5 m; rupture velocity started low (~1.0-1.5 km/s) and sub-
sequently increased as slip localized on the main patches.

(4) Coulomb stress modeling suggests that stress transferred by the
Guanshan rupture favored failure in the Chishang hypocentral
region.

(5) A low-velocity barrier inferred between the hypocenters likely
limited northward propagation of the Guanshan rupture, which
was consistent with the observed aftershock clustering along its
margins, and concentrated stress that conditioned the subsequent
nucleation of Chishang.
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