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The rupture process of the 2024 Hualien My 7.4 earthquake was investigated through a joint inversion of seismic
and geodetic datasets, revealing a complex multi-faulting event involving four fault segments that ruptured
coseismically. The rupture initiated on a southeast-dipping reverse fault (F1) at a depth of 20 km. Six seconds
later, slip propagated onto a conjugate reverse fault (F2), intersecting F1 at a depth of 34.5 km. Subsequent
ruptures occurred on fault segments to the north; F3 at 20 s, with normal faulting mechanism, followed by
overlying thrust fault F4 at approximately 33 s. The rupture propagated progressively toward the northeast,
extending roughly 80 km along strike, with an average rupture velocity of ~2.5 km/s. The heterogeneous slip
distributions have peak slip of ~4 m near the intersection of F1 and F2, accompanied by complementary
aftershock patterns. The total seismic moment is estimated as 1.53 x 10%° N-m, with the majority released within
the first 35 s, predominantly on F1 and F2. Notably, we identified depth-dependent rise time patterns on the
main fault, with longer rise times at shallower depths. This study provides new insights into multi-fault in-
teractions during a major earthquake rupture, particularly the dynamics of conjugate faulting in continental
collision zones, which can guide seismic hazard assessments and more realistic simulations of complex suture
zone fault behavior.

1. Introduction along the narrow Longitudinal Valley from 22.7°N to 24.2°N, with these

reverse faults bounding forearc basement and blocks of Central Range

Taiwan, situated along the convergent boundary between the
Eurasian Plate and the Philippine Sea Plate, is a region characterized by
complex tectonic interactions, making it one of the most seismically
active regions globally (e.g. Tsai, 1986; Wang and Shin, 1998; Lacombe
et al., 2001; Ji et al., 2003; Lo et al., 2019; He et al., 2024). The tran-
sition from mountain-building processes linked with the Central Range
and Coastal Range suture zone to the subduction processes near the
Ryukyu Trench has led to intense seismic activity, rapid uplift, and
significant crustal deformation in the Hualien region (e.g. Yu and Kuo,
2001; Lin et al., 2010; Chen et al., 2014; Shyu et al., 2016; Lo et al.,
2019). A steeply westward-dipping Central Range fault (CRF) has strike
parallel to a steeply eastward-dipping Longitudinal Valley fault (LVF)

* Corresponding author.
E-mail address: liuchengli@cug.edu.cn (C. Liu).

https://doi.org/10.1016/j.tecto.2026.231141

Bedrock on the Eurasian Plate and Coastal Range Bedrock on the Phil-
ippine Sea Plate (e.g., Lee et al., 2023; Tang et al., 2023).

The LVF is widely considered to be the main plate boundary, as the
CRF has been less seismically active and lacks creeping deformation (e.g.
Lee et al., 1998; den Hartog et al., 2021); however, the proximity and
intersection of eastward and westward dipping faults at shallow depths
appear to have resulted in simultaneous ruptures of both systems in
recent large events, exemplified by the coseismic rupture of the 2018
My 6.4 Hualien earthquake (e.g. Huang and Huang, 2018; Lee et al.,
2019; Lo et al., 2019; Yen et al., 2019) and the 2022 My 7.0 Chihshang
earthquake (e.g. Lee et al., 2023; Tang et al., 2023). Near Hualien,
located north of where the northern LVF, locally called the Lingding
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fault, trends offshore, the eastward-dipping, curved strike-slip Milun
fault appears to overlie deeper westward dipping reverse faulting along
offshore faults paralleling the CRF system. In addition, a series of M >
5.5 earthquakes has persisted in the northern Longitudinal Valley, near
the junction between the Longitudinal Valley Suture and the Ryukyu
Subduction zone, including the 18 April 2019 My, 6.3, 15 February 2020
M; 5.7, 18 April 2021 My, 6.3, and 7 July 2021 My, 5.5 events (Fig. 1;
Huang and Wang, 2022), highlighting the active tectonic processes and
the associated seismic hazards.

On 2 April 2024, at 23:58:12 (UTC), another major earthquake (My
7.4) struck the Hualien region, causing significant damage and casu-
alties. The U. S. Geological Survey (USGS) National Earthquake Infor-
mation Center (NEIC) hypocenter is 23.836°N, 121.598°E at a
substantial depth of ~40 km. The W-phase focal mechanism suggests
slightly oblique reverse faulting with best double-couple strike 19°, dip
54° and rake 73° and a notable non-double-couple component (Fig. 1)
(USGS-NEIC, 2025). This is the largest earthquake on the eastern coast
of Taiwan since the 1951 M; 7.3 Hualien-Taitung earthquake (Chen
et al., 2008). As reported by the Central Weather Administration (CWA)
Seismological Center of Taiwan, the 2024 Hualien earthquake was fol-
lowed by a strong aftershock sequence with six M > 6.0 aftershocks
within the first month, including a 13.9 km deep My 6.4 event 13 min
after the mainshock. The 2024 earthquake also triggered widespread
geological hazards, including large-scale landslides, rockfalls, and slope
instabilities in the steep terrain of eastern Taiwan, particularly within
the Central Range and along the Suhua Highway (Chen et al., 2025).
These effects differ markedly from those caused by the 2022 Chihshang
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strike-slip earthquake, which primarily generated surface ruptures,
ground cracking, and infrastructure damage along fault traces (He et al.,
2024; Hsu et al., 2024). This sequence further highlights the complex
interaction between eastward- and westward-dipping fault systems in
the coseismic process, reflecting the intricate structural characteristics
of this collisional area (Jian et al., 2019). The USGS-NEIC assumed a
single eastward-dipping model and obtained a slip distribution using
strong motion data, static GNSS observations, and teleseismic body and
surface waves. The model has unilateral northward propagation, with a
compact main slip distribution deeper than 20 km and shallower slip
likely to reach near the surface 40 to 60 km north of the hypocenter.
The 2024 My, 7.4 Hualien earthquake provides valuable insights into
the complex collisional tectonic interactions between the Eurasian Plate
and the Philippine Sea Plate along eastern Taiwan, especially the acti-
vation of nearly conjugate reverse faults in the crust. This event has
drawn widespread attention due to its significant implications for
regional tectonics and seismic hazard. Several studies have investigated
the coseismic slip distribution, with most suggesting a predominately
unilateral rupture extending toward northeast. These prior in-
vestigations revealed some consistent characteristics of the earthquake
but differ significantly in rupture details, highlighting the complexity
and variability of the rupture (e.g. Zheng et al., 2024; Cheloni et al.,
2024; Tang et al., 2025; Yang and Chen, 2025; Xu et al., 2025; Liu et al.,
2025). Consequently, the rupture pattern remains debated and lacks
consensus. The availability of high-quality near-field observations from
the 2024 Hualien earthquake provide a rare opportunity to resolve the
rupture characteristics of this event and enhance our understanding of
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Fig. 1. (a) Tectonic setting of the 2024 Hualien My, 7.4 earthquake. Thick black barbed lines mark the plate boundary between the Eurasian Plate and the Philippine
Sea Plate, while the other thin black barbed lines indicate active faults within the plates. Red star indicates the epicenter of the mainshock. Gray stars, scaled by
magnitude, show historical earthquakes with M > 7.0 from the GDMS catalog. The inset displays the general location of the study area. The white arrow indicates the
convergence rate of ~91 mm/yr between the Yangtze Block of the Eurasian Plate and the Philippine Sea Plate (DeMets et al., 2010). (b) Source region of the 2024
Hualien earthquake sequence. Gray circles, scaled by magnitude, represent the relocated aftershocks within one month of the mainshock. Red star and focal
mechanism are the epicenter and AutoBATS moment tensor solution (Jian et al., 2018) for the mainshock, respectively. Green star is the M, 6.6 aftershock 13 min
after the mainshock. Black focal mechanisms represent aftershocks with M > 5.5 from AutoBATS MT Catalog (Jian et al., 2018). Blue focal mechanisms indicate
normal-faulting aftershocks. Orange stars denote the epicenters of damaging earthquakes (M > 5.5) in the Hualien area from 2018 to 2021. The colored dashed
rectangles indicate the four mainshock fault planes used in this study, with the solid lines depicting the shallow edges. (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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damaging faulting in the region. This study seeks to integrate seismic
and geodetic data to construct a unified, self-consistent model of the
coseismic rupture process for this significant earthquake.

2. Data and methods
2.1. Aftershocks relocation for the 2024 Hualien sequence

To constrain the fault geometry of the 2024 My 7.2 Hualien main-
shock, we detected and located aftershocks occurring within one month
of this event. Continuous waveform data from 118 seismic stations,
including 68 broadband, 30 short-period, and 20 strong-motion stations
within 300 km of the epicenter, were processed following the LOC-
FLOW workflow (Zhang et al., 2022) to construct a high-resolution
aftershock catalog. A total of 260,659 P phases and 231,159 S phases
are picked with the convolutional neural network (CNN), and we asso-
ciate 16,157 events with a threshold of 15 total phases for each event.
Absolute and relative relocations were performed using a 1-D velocity
model averaged from the 3-D model of Huang et al. (2014) (Fig. S1).
This same 1-D velocity model was also used in the subsequent finite fault
inversion for calculating Green's functions. The final one-month after-
shock catalog contains 14,616 events. Compared with the Taiwan
Seismological and Geophysical Data Management System (GDMS) cat-
alog, our relocated events show clearer spatial clustering, revealing
detailed fault geometries reactivated during the 2024 Hualien sequence
(Fig. 2).

2.2. Seismic and geodetic observations for the My 7.4 mainshock

The 2024 My 7.4 Hualien earthquake was well recorded by seismic
instruments. We select strong motion records from 34 near-fault stations
at epicentral distances of less than 130 km from the GDMS and P-Alert
Strong Motion Network (Fig. S2). First, we remove the baseline shifts
from the raw acceleration seismograms following the method of Liu
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et al. (2023). Then, we integrate the acceleration data to obtain ground
velocity time series and apply a band-pass filter with a passband of
0.01-0.4 Hz. We calculate Green's functions for each station using the
frequency-wavenumber code developed by Zhu and Rivera (2002).

We also select 54 P and 26 SH broadband teleseismic waveforms
from the Incorporated Research Institutions for Seismology (IRIS) data
management center, ensuring good azimuthal coverage and signal-to-
noise ratio within distances of 30° to 90° (Fig. S3). Ground displace-
ments with a duration of 70 s within the period passband of 1 to 300 s,
are obtained by removing the instrument responses. Green's functions
for teleseismic body waves are computed using the reflection and
refraction coefficient method along with the ray theory (Helmberger,
1974).

We collect three-component coseismic displacement vectors from 70
GNSS sites operated by the Central Weather Administration of Taiwan
(Fig. S2), which were processed and made accessible by the Nevada
Geodetic Laboratory. Green's functions for the coseismic GNSS dis-
placements are calculated using a generalized reflection-transmission
coefficient matrix method developed by Xie and Yao (1991).

2.3. Fault geometry and inversion strategy

The cross-sectional profiles of the relocated aftershock distribution
reveals evidence of multiple fault activations (Fig. 2). The spatial dis-
tribution of aftershocks delineates a complex conjugate framework:
segments F1, F3, F4 and F5 are characterized as steeply eastward-
dipping planes, consistent with the northern splays of the Longitudinal
Valley Fault (LVF) system. In contrast, F2 represents a deeper westward-
dipping reverse faulting along offshore structures paralleling the Central
Range Fault (CRF) system.To explore the impact of fault geometry on the
rupture process, we constructed a series of finite fault models with
progressively increasing structural complexity using the hypocenter
from GDMS (23.876°N, 121.574°E, 19.72 km): a single-fault model
(Model I), a conjugate fault model (Model II), a three-segment model
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Fig. 2. (a) Map of the relocated aftershock distribution. The red star is the main shock epicenter from the GDMS. Colored rectangles indicate different fault planes
used to represent the rupture geometry of the 2024 Hualien earthquake, with solid lines denoting the shallow edges of each fault. (b)-(h) denote the position and dip
of the fault segments. Segment F5 does not have resolved slip during the mainshock. (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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(Model III), a four-segment model (Model IV), and a five-segment model
(Model V). The parameters for all models are summarized in Table S1.
These configurations allow us to systematically evaluate how different
structural complexities influence the rupture behavior of the 2024
Hualien earthquake.

Using a nonlinear finite fault inversion approach, we apply a simu-
lated annealing algorithm to simultaneously estimate the slip amplitude,
rake angle, rupture initiation time, and rise time for each subfault (Ji
et al.,, 2002, 2003). We use the following criterion to jointly invert
seismic and geodetic observations: Egs + WgEs + W, (constrains) =
minimum. Two types of constraints are imposed: (1) a smoothing
constraint that minimizes slip differences between adjacent subfaults,
and (2) a constraint that minimizes the total seismic moment. The in-
clusion of these regularization terms enhances the stability of the
inversion, although it may reduce the model resolution. Two weighting
parameters, Wy and W, are introduced to balance the trade-off between
fitting the two datasets and satisfying the imposed constraints. The
search ranges for each parameter are provided in Table S2. To enhance
the stability of the inversion, Laplace smoothing constraints are applied
to both the slip distribution and rupture initiation time during the joint
inversion process (Shao et al., 2011).

3. Inversion results
3.1. Evaluation of finite fault models for the 2024 Hualien earthquake

The 2024 Hualien earthquake exhibited a complex rupture pattern
involving multiple fault branches, as revealed by the distribution of
precisely relocated aftershocks (Fig. 2). However, it remains highly
debated whether this complexity reflects a multi-segment rupture that
occurred during the mainshock or the activation of secondary faults
triggered by the main rupture (e.g., Zhang et al., 2012; Ruppert et al.,
2018). To better understand the rupture process, we constructed and
tested a series of finite fault models constrained by the spatial distri-
bution of the relocated aftershocks, aiming to evaluate the influence of
fault geometry on the rupture propagation and segmentation of the 2024
Hualien earthquake.

Model I includes only a 100-km long southeast-dipping fault (F1)
with strike 21° and dip 58° toward the southeast, and closely resembles
the USGS-NEIC finite fault solution (Fig. S4). This single-fault model
fails to adequately explain the observed GNSS displacements, particu-
larly near the coast (Fig. S5) and exhibits significant misfits in strong
motion waveforms, particularly beyond 10 s after the rupture initiation
(Fig. S6). The teleseismic waveform fits are also notably poor (Fig. S7),
indicating that a single-plane fault model is insufficient to account for
the rupture complexity as observed.

Model II incorporates a conjugate fault composed of a 94-km long
southeast-dipping fault (F1) with strike 21° and dip 68° and a northwest-
dipping fault (F2) with strike 201° and dip 48° (Figs. 2 and S8). Both
faults extend along most of the aftershock zone. In this scenario, the
rupture initiates on F1 and propagates to F2 after approximately 6 s,
with a peak slip of ~4 m occurring at the junction of the two faults. This
conjugate fault model significantly improves the fit to coseismic GNSS
static displacements (Fig. S9) and teleseismic body waves (Fig. S10), and
better reproduces the main characteristics of the strong motion records
(Fig. S11). However, notable discrepancies remain, particularly in the
high-frequency components and late cycles of the strong-motion wave-
forms (Fig. S11).

Model III builds on Model II by incorporating an additional 47-km
long fault segment (F3) with strike 21° and dip 30° that is clearly indi-
cated by the relocated seismicity in Fig. 2f and inferred to involve
normal faulting based on the focal mechanisms of aftershocks clustered
along the northeast end of F1 (Figs. 1b and S12). The model III also
shortens the lengths of F1 and F2 to 65.8 km and 56.4 km, respectively
(Fig. S12). The rupture initiates on the Model II versions of F1 and F2,
with F3 rupturing approximately 20 s later. The rather surprising
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occurrence of normal faulting aftershocks within the northern end of the
wedge defined by F1 and F2 is attributed to imbalance in the offsets on
the thrust faults and their northern terminations which are well-
constrained by relocated aftershocks (Fig. 2). The unusually shallow
dip of 30° for a normal fault suggests that this may involve a reactivated
thrust fault responding to the conjugate thrusting deformation to the
southwest. This model results in slightly improved waveform fits for
several components of the strong-motion data across multiple stations
(e.g., E053, E075) (Fig. S13), and yields better agreement with tele-
seismic body waves compared to Model II (Fig. S14). Nonetheless, the fit
to the GNSS displacements deteriorates in the northeast (Fig. S15), likely
due to the lack of thrust faulting.

Model IV introduces a 32.9 km long thrust fault (F4) to the north of
and with a gentler dip angle (15°) than a shortened version (23.5 km
long) of F3, informed by the relocated aftershock distribution (Figs. 2f-h
and 3). Joint inversion results reveal only minor slip on F4 (Fig. 3). The
moment rate function (MRF) is similar to that of Model III, with a
notable increase at approximately 35 s corresponding to the onset of F4
rupture (Fig. 3b). While this model does not significantly improve the fit
to strong-motion data (Figs. 4 and S16), it achieves better agreement
with the teleseismic waveforms (Fig. S17) and modest improvement in
GNSS displacements fitting (Fig. 5) compared to Model III (Fig. S15).

Model V further incorporates a distinct fault branch with a length of
28.2 km at greater depth near the northeastern portion of fault F1, again
identified in the relocated aftershock distribution (Figs. 2 and S18). This
feature is added as a new segment, designated F5. Joint inversion in-
dicates that rupture on F5 is even less prominent than on F4, with a
maximum slip of only ~0.64 m, and minimal contribution to the overall
rupture The corresponding data fits are shown in Figs. $19-S21. The
GNSS data fitting deteriorates some in Model V (Fig. S19), indicating
that the inclusion of additional minor fault branches may increase model
complexity without yielding substantial improvements in data fitting,
and likely represents over-parameterization of the model.

The sequence of tested models reveals that the rupture of the 2024
Hualien earthquake was governed by a complex fault system, but not all
structural complexities contributed equally to the rupture process.
While the single-plane fault in Model I proved insufficient to reproduce
key features of all observations, the introduction of a conjugate fault
system in Model II significantly improved the overall fits (Figs. S9-S11),
suggesting that bilateral rupture along intersecting fault planes played a
central role. Model III, which incorporates a normal fault segment (F3),
further enhanced waveform fits, particularly for teleseismic and strong-
motion data (Figs. S13 and S14), although it resulted in reduced accu-
racy in fitting some GNSS observations (Fig. S15). The addition of fault
segment F4 in Model IV modestly improved GNSS and teleseismic fits
but had limited impact on strong-motion waveform accuracy, indicating
only minor slip involvement. Finally, Model V, which introduces a
deeper branch fault (F5), resulted in minimal additional slip and a
decline in GNSS fitting (Fig. S19), suggesting that this fault segment
likely did not play a significant role in the main rupture. Detailed fitting
errors for each model are shown in Table S3. Collectively, these models
highlight that, although the 2024 Hualien earthquake involved multi-
segment rupture, the primary energy release was concentrated on a
few major fault planes, and adding excessive complexity to the model
does not necessarily improve data fits. It is always difficult to assess the
significance of added complexity in the faulting representation, but in
this case the clear aftershock patterns to the north of the conjugate faults
F1 and F2 provide a reasonable basis to consider the possible coseismic
rupture on F3 and F4 as at least reasonable. Given the modest slip on the
latter faults, and the overall improvement in fitting of some data attri-
butes, we believe this level of complexity is justified for this well-
recorded event.

3.2. Preferred rupture model

Based on the evaluation of finite fault models for the 2024 Hualien
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Fig. 3. (a) Preferred joint inversion results for the 2024 Hualien My, 7.4 earthquake. The red star on F1 indicates the hypocenter. Black contours indicate the position
of rupture initiation time in seconds. White arrows illustrate the variable direction of the slip on each plane. The colour bar indicates the scale for slip amplitude. The
gray circles, scaled by magnitude, are the relocated aftershocks within one month. The fault geometry information of each segment is listed. (b) The moment rate
function for the slip model, with colored curves representing contributions from each fault segment. The light gray-shaded region denotes the total moment rate.
Moment tensors for each segment, along with the combined moment tensor (black) and the best double-couple solution, are shown at the top. (c) The distribution of
rise time for the preferred slip model, excluding subfaults with slip less than 0.2 m. (d) A 3D view of the preferred slip model, with colored lines highlighting the up-
dip edge of each segment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

earthquake, we selected Model IV as the preferred solution, as it can
suitably reconcile both the seismic and geodetic datasets. The preferred
four-segment slip model is shown in Fig. 3. The slip is highly hetero-
geneous, characterized by multiple distinct slip patches. Fig. 3b presents
both the individual subfault and cumulative moment rate functions, a
complex rupture process that lasted approximately 60 s with a total
seismic moment of 1.53 x 10%° N-.m, corresponding to a moment
magnitude of My 7.4. The best-fitting double-couple solution derived
from the cumulative moment tensor yields strike, dip, and rake angles of
25.6°, 58.2°, and 78.2°, respectively (Fig. 3b), generally consistent with
the USGS W-phase solution. The preferred four-segment model provides
a good fit to the coseismic GNSS displacements and teleseismic body
waves (Figs. 4, 5 and S17), and it also captures the key features of the
observed strong motion ground velocity records (Figs. 4 and S16). Some
discrepancies remain in the high-frequency waveforms, likely due to
local 3D site and path effects that are not modeled with assumed 1D
velocity structure and the simplification of fault geometry using rect-
angular and planar faults, despite the inclusion of four distinct segments.
A detailed summary of fitting errors for each dataset is provided in
Table S3.

The rupture nucleated at a depth of 20 km on F1, dipping 68° to the
southeast (Fig. 3). The initial rupture lasted about 6 s, and corresponds
to the first peak in the MRF (Fig. 3d), characterized by a short rise time
of approximately 2 s and a high slip rate of 4 m/s (Fig. 3c). Following
this stage, the rupture began begain to propagate onto F2 (Fig. 6), dip-
ping 48° to the northwest, and peaked shortly thereafter, with signifi-
cant slip occurring between depths of 10 and 34 km, contributing
prominently to the second peak in the MRF (Fig. 3b). Slip on both fault
segments propagated unilaterally to the north. At about 20 s, rupture on
the normal fault (F3) was triggered. Notably, the slip on this segment is

nearly pure normal faulting, consistent with the focal mechanisms of
aftershocks (Fig. 1b). The rupture lasted for about 15 s, but reactivated
and ruptured after 10 s for approximately 10 s (Fig. 3b), contributing the
last MRF peak between 45 s and 55 s (Fig. 3b). The rupture on F1 ceased
after 30 s, while on F2, the rupture lasted for 25 s, finishing at 32 s. F4
initiated rupture at 35 s, with a relatively small slip and a short duration,
contributing to the MRF peak from 35 to 44 s before halting (Fig. 3b and
6). The cumulative seismic moment at each fault segment amount to
7.96 x 10%° N-m (M 7.2), 6.2 x 10%° N-m (M, 7.1), 1.99 x 10%° N-m
(My 6.8), 1.12 x 10%° N-m (My 6.6), respectively. An intriguing
observation is that there is a depth-dependent pattern in the rise time,
with the average rise time gradually increasing from deeper regions to
shallower depths (Fig. 3c).

Coseismic rupture on the complex fault segments is evidenced by
both teleseismic and strong motion data, which provide complementary
sensitivities to different stages of the rupture. The slip on both F1 and F2
suggests that rupture on F1 predominantly controls the initial pulse of
the teleseismic P waves and the early local strong motion recordings
(Fig. 4). However, after the first 10 s of teleseismic P waves, the relative
contributions of F1 and F2 vary with azimuth (Fig. 4a), reflecting dif-
ferences in fault orientation and slip behavior. Rupture on F1 plays a
dominant role in fitting the SH waves, likely due to its substantial strike-
slip component. Both F3 and F4, which exhibit relatively minor slip,
primarily affect the strong motion recordings directly above the faults
(Fig. 4b), with minimal influence on the teleseismic body waves. F3
contributes mainly to the largest phase of the teleseismic waveforms,
while F4 is associated with the later phases. Synthetic waveform de-
compositions based on the four-segment model further illustrate how
these contributions enhance the overall waveform fits (Figs. 4, S16 and
$17). Overall, F1 and F2 dominate the rupture process, consistent with
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Fig. 4. Fit of selected seismic waveforms. (a) Teleseismic P and SH-wave fits between the observed data (black) and the synthetics (red). The synthetics are
decomposed into contributions from F1 (orange), F2 (green), F3 (blue) and F4 (cyan). Each comparison includes the station name with distance (lower value) and
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ground velocity waveform fits for representative stations, which are all near-fault stations. As in figure (a), the black lines represent observed data, while red line
denote the sythentic predictions, with synthetics are decomposed into contributions from F1 (orange), F2 (green), F3 (blue) and F4 (cyan). The station names are
shown to the left of the E-W component, with the maximum amplitude in the data in cm/s indicated at the right of each component. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

the inverted slip distribution, but the contributions from F3 and F4 are

non-negligible and enhance the accuracy of the inversion results. In

addition, GNSS statics show excellent agreement between observed and
synthetic displacements (Fig. 5), further validating the reliability of the
complex rupture model.

3.3. Validation of the slip model using InSAR simulations

Our preferred four-segment slip model reveals a complex rupture
process for the 2024 Hualien earthquake. While Cheloni et al. (2024)

also proposed a four-segment model based on GNSS and InSAR obser-
vations, their fault configuration differs significantly from ours. Notably,
their model exhibits substantial misfits between the GNSS and InSAR
datasets, particularly at GNSS station HUAP, suggesting it does not fully
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reconcile these two kinds of observation during the joint inversion. This
highlights a common challenge in joint inversions, where the differing
sensitivities, spatial resolutions, and temporal characteristics of GNSS
and InSAR data necessitate careful weighting and integration.

To evaluate the consistency and reliability of our preferred model,
we performed forward modeling using our preferred model to generate
synthetic InSAR displacements. The simulations effectively reproduce
the primary features of the observed deformation field, supporting the
overall validity of our preferred slip model. However, some significant
discrepancies remain near the faults. In particular, our model tends to
overestimate surface displacements near the faults in the northeastern
portion of the interferogram (Fig. 7), where systematic residuals exceed
~10 cm (Fig. 7c). Although the magnitude of these residuals is com-
parable to those in the model of Cheloni et al. (2024), our four-segment
model achieves significantly better agreement with the GNSS data,
especially at station HUAP.

These remaining discrepancies may be attributed, in part, to the
limitations of the InSAR datasets used: ALOS-2 (L-band; ~24 cm
wavelength) and Sentinel-1 (C-band; ~5.6 cm wavelength). Their
spatial resolution and sensitivity may limit their ability to resolve fine-
scale rupture features, particularly in areas of steep deformation gradi-
ents or decorrelation. These limitations, along with the potential influ-
ence of early postseismic deformation and shallow aftershocks, likely
contribute to the residuals.

By incorporating high-quality seismic and coseismic GNSS statics in
the joint inversion and using InSAR observations independently for
validation, we demonstrate that our four-segment model guided by the
aftershock distribution is both physically plausible and consistent with
the key features of the surface deformation. This approach enhances
confidence in our interpretation of the rupture process, and mitigates
the potential biases introduced by joint inversions when observation
types are not fully compatible.

3.4. Evaluation of model uncertainty

To evaluate the uncertainty of the slip model for the 2024 Hualien
earthquake, we conducted ten inversions using different random seeds.
This procedure allows us to quantify the uncertainty associated with
multiple possible optimal solutions in the model space. The results show
that the regions of large slip are highly consistent across all models,
underscoring the robustness and stability of both the coseismic slip
pattern and the moment rate function (Fig. S22a). The slip standard
deviation (STD) is generally small (<10%) across most of the fault
surface (Fig. S22b), although the average slip STD of individual sub-
faults increases with depth. Elevated STD values observed on fault
segment F3 and at the junction between F1 and F2 likely reflect reduced
model resolution in these areas and trade-offs in slip partitioning be-
tween adjacent fault segments.

4. Discussion
4.1. Comparison with published rupture models

Compared to previously published rupture models, our preferred
four-segment slip model provides a more comprehensive and physically
robust representation of the 2024 Hualien earthquake rupture. Zheng
et al. (2024) conducted a joint inversion of seismic and geodetic data,
identifying a compact slip distribution on a southeast-dipping, listric
fault. Tang et al. (2025) proposed a simple low-angle fault model based
on GNSS and InSAR data, suggesting that the slip was concentrated at
depths of 10-33 km and was dominated by reverse motion with a minor
strike-slip component. However, their models neglect the rupture
complexity suggested by aftershock patterns and fails to capture detail
slip contributions. Cheloni et al. (2024) adopted a four-segment fault
geometry guided by aftershock distributions, achieving better fits to
geodetic data and effectively capturing distributed slip across multiple
fault structures, but their slip distribution differs significantly from our
preferred model. Yang and Chen (2025) analyzed strong-motion
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Fig. 6. Snapshots of the rupture history for the 2024 My, 7.4 Hualien earthquake with a time interval of 5 s for the first 30 s and 10 s for the subsequent 30 s. The gray
dashed contour denotes the position of a reference rupture front with a rupture velocity of 2.5 km/s, and colors indicate the slip magnitude. To better illustrate the
slip distribution, different colorbar scales are used. Gray solid contours highlight regions where the slip exceeds 0.2 m.

waveform data and derived a rupture model featuring predominantly
unilateral rupture toward the NNE, with the main slip occurring at
depths of ~41-49 km and a peak slip of 2 m, this potentially influenced
by the deep rupture initiation they used. Xu et al. (2025) tested a series
of model candidates and ultimately proposed a conjugate rupture sce-
nario, in which rupture propagated from the east-dipping Longitudinal
Valley fault to the west-dipping fault, with the peak slip on the west-
dipping fault, consistent with our preferred model. Liu et al. (2025)
also suggested a conjugate rupture model by jointly inverting seismic
and geodetic observations. However, their solution differed from that of
our preferred model and Xu et al. (2025) in strike orientation and hy-
pocenter depth, resulting in a distinct slip distribution. Moreover, their
model failed to adequately reproduce the horizontal GNSS displace-
ments and teleseismic body waves, raising concerns about its reliability.
In contrast, our model is constructed using relocated aftershocks and
integrates high-quality seismic and coseismic GNSS displacements
through a joint inversion, with independent validation from InSAR ob-
servations. It successfully captures the segmented slip pattern, providing
a kinematically consistent scenario of the complex rupture process.

4.2. Relationship between mainshock rupture and aftershock distributions

The 2024 Hualien My 7.4 earthquake was followed by a substantial
number of aftershocks (Figs. 1 and 2), providing an important dataset to
examine the relationship between coseismic rupture and subsequent
seismicity. We compared the coseismic slip distribution of our preferred
slip model with the spatial distribution of relocated aftershocks (> M
2.0) (Fig. 3a). The aftershocks are predominantly shallow, with most

events occurring above 30 km depth, and are strongly clustered around
the edges of the high-slip patch on both F1 and F2, showing a notable
complementarity with the coseismic rupture zone (Fig. 3a), consistent
with stress transfer and rupture arrest at fault boundaries (e.g., King
etal., 1994; Woessner et al., 2006). A similar relationship is observed on
both F3 and F4, where aftershocks tend to surround the main asperities
rather than directly overlapping them. Notably, regions exhibiting low
slip and sparse aftershock activity may represent rupture barriers, where
structural or frictional heterogeneities inhibit rupture propagation and
could serve as nucleation zones for future earthquakes (e.g., Kaneko
et al., 2010; Michel et al., 2019). The limited number of moderate-to-
large aftershocks within the main high-slip areas suggests that the
coseismic rupture released a substantial portion of the accumulated
stress. This observation is consistent with patterns seen in other large
continental earthquakes and indicates a relatively efficient stress drop
during the rupture (e.g., Wetzler et al., 2016; Yoshida et al., 2016).

4.3. Rupture initiation and the development of the conjugate rupture

Numerous studies have documented the rupture of conjugate fault
structure during earthquakes (e.g., Robinson et al., 2001; Aochi and
Kato, 2010; Yue et al., 2012; Fukuyama, 2015; Lay et al., 2018),
particularly within strike-slip fault systems. In contrast, coseismic rup-
tures involving conjugate reverse faults are relatively rare (e.g., Kato
et al., 2008; Yoshida et al., 2014; Fig. S23), highlighting the unique
mechanical and geological conditions that govern their activation dur-
ing seismic events. Dynamic simulations by Aochi and Kato (2010)
demonstrated that rupture transfer along overlapping segments of
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conjugate faults is possible, though highly sensitive to prevailing fric-
tional and stress conditions (Freed, 2005).

To quantitatively investigate the interaction between conjugate
faults, we construct a simplified fault model to calculate the static stress
changes on F2 induced by early slip on F1, using the PSGRN/PSCMP
program (Wang et al., 2006), with variable rupture initiation points. Our
results show that the location of the rupture initiation point on F1
significantly affects the potential for triggering rupture on F2 (Fig. 8).
When rupture initiates above or at the intersection of the two faults, it
induces a positive Coulomb failure stress (CFS) change on Fault F2
(Fig. 8a and b), promoting rupture propagation. In contrast, initiation
below the intersection leads to a reduction in CFS on F2, thereby
inhibiting rupture initiation (Fig. 8c).

These findings are consistent with previous dynamic simulations,
which show that rupture initiating at the intersection and propagating
bilaterally can trigger the second fault within a few seconds (Aochi and
Kato, 2010). This is also supported by the 2024 My, 7.4 Hualien earth-
quake, during which the first 6 s of rupture on F1 significantly increased
the CFS on F2 (over 10 MPa) at locations corresponding to the nucle-
ation and main slip areas of our preferred model (Fig. 8d), indicating
that these regions were brought closer to failure. This also suggests that
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the rupture nucleation depth on F2 was not extremely shallow. The short
and high slip rate at the initial 6 s on F1 found in our preferred slip model
also promote the cascading failure on the both conjugate fault planes
dynamically.

Overall, this analysis provides quantitative insight into how slip on
one fault can change stress conditions and influence rupture behavior on
its conjugate fault. It underscores the complex dynamic interactions
possiblity during reverse faulting earthquakes, and contributes to
improved assessments of potential rupture scenarios, thereby enhancing
earthquake hazard evaluation and mitigation strategies in compres-
sional mountain settings.

4.4. Seismological metric for the complex rupture: E./Mp

The ratio of radiated energy to seismic moment is a key parameter in
earthquake studies (e.g., Venkataraman and Kanamori, 2004; Convers
and Newman, 2011; Ye et al., 2016). The total broadband radiated
elastic energy (E;) estimated with teleseismic body waves for the 2024
Hualien earthquake is 3.3 x 10'® J. Our joint inversion yields a total
seismic moment of My = 1.53 x 10%° N-m. The ratio of radiated energy
to seismic moment, E,/Mp = 2.2 x 1075, moderately exceeds the global
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Fig. 8. Coulomb stress change tests on fault F2 induced by preceding slip on fault F1 for various nucleation points in a conjugate fault system. The red star marks the
assumed hypocenter in each scenario, and the red line indicates the intersection of the two faults. (a) Nucleation located above the fault intersection. (b) Nucleation
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contours indicate the total slip distribution on F2 for the preferred slip model shown in Fig. 3a. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

10



R. Bai et al.

average for interplate thrust earthquakes (1.06 x 107>; Ye et al., 2016).
This somewhat high E;/M, ratio might correspond to the short rise times
observed at deeper depths (Fig. 9), indicating efficient conversion of
accumulated tectonic energy into seismic waves during the coseismic
process. This resulted in strong ground shaking near the epicenter, as
reported by the Central Weather Administration Seismological Center of
Taiwan.

We compiled a global dataset of large earthquakes that exhibit
complex rupture behavior, including rupture across multiple fault seg-
ments and rupture branching. Based on published finite-fault models
and estimates of teleseismic radiated energy from IRIS, we calculated
the ratio of radiated energy to seismic moment (E,/My) for each event.
Detailed parameters are shown in Table S4. The results show that
earthquakes with complex rupture geometries generally have signifi-
cantly higher E,/Mj ratios than the global average for interplate thrust
events and are often comparable to those of strike-slip earthquakes
(Fig. 9; Ye et al., 2016; Liu et al., 2023). This observation supports the
interpretation that rupture complexity enhances high-frequency radia-
tion, likely due to rapid stress variations and heterogeneous slip evolu-
tion during rupture propagation (Mai and Beroza, 2002; Dunham et al.,
2011).

For the 2024 Hualien earthquake, rupture across multiple fault
segments likely introduced substantial dynamic complexity, facilitating
enhanced seismic energy radiation relative to the total moment release.
This highlights the critical role of rupture geometry and fault in-
teractions in governing earthquake energy budgets and associated
ground motion characteristics.

5. Conclusions

This study presents a comprehensive analysis of the 2024 My, 7.4

Tectonophysics 927 (2026) 231141

Hualien earthquake, revealing an exceptionally complex rupture process
involving the coseismic activation of a conjugate fault system and
additional segments, a phenomenon rarely documented for reverse
faulting events. Our preferred finite-fault model (Model IV), constrained
by high-resolution aftershock relocation and jointly inverted from
seismic and geodetic data, reveals that the rupture nucleated on a
steeply southeast-dipping fault (F1) and dynamically triggered rupture
on its conjugate northwest-dipping fault (F2) within seconds. This
bilateral rupture was followed by subsequent, smaller-magnitude slip on
a normal fault (F3) and a shallow thrust fault (F4). The majority of the
seismic moment was released on the conjugate faults F1 and F2, with
slip distributions that are spatially complementary to the aftershocks,
indicating stress transfer to the edges of the main rupturte. Complex
multi-segment rupture can result in a higher-than-average radiated en-
ergy to seismic moment ratio (E;/My = 2.2 x 10’5), a characteristic of
geometrically complex earthquakes wordwide that efficiently generate
high-frequency radiation. This earthquake highlights the critical influ-
ence of intricate fault zone geometry in compressional tectonic settings
on earthquake dynamics, energy partitioning, and associated seismic
hazard.
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