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A conjugated structure discloses interaction 
between two fault systems in eastern Taiwan 
during 2022 Guangfu earthquake
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Abstract 

The Longitudinal Valley (LV) in the eastern Taiwan is located at the convergent boundary between the Philip‑
pine Sea Plate and the Eurasian Plate. Within the LV, two significant fault systems, the Longitudinal Valley Fault 
(LVF) in the eastern part and the Central Range Fault (CeRF) in the western part, have been recognized. However, 
understanding the precise mechanisms and spatial relationships of the two fault systems in the middle segment 
of the LV has remained a challenge. In this study, we integrate various data sources, including geodetic measure‑
ments, seismic data, field investigations, and simulation results, all obtained during the 2022 Guangfu earthquake 
event. Our goal is to shed light on the complex structural interactions between the two fault systems. We introduce 
a coupled structural model consisting of a main fault plane and a coupled ramp plane. The deep‑seated fault plane 
is constrained using seismic data, while the shallow ramp plane is determined through field investigations. Geodetic 
measurements are utilized to constrain the surface deformation resulting from dislocation model. The simulation 
outcomes reveal that the 2022 Guangfu earthquake was primarily triggered by the activity along the CeRF. The CeRF 
experienced an eastward reverse slip of approximately 58 cm along the fault plane. This fault not only intersects 
the LVF beneath the Coastal Range but also initiates the development of a ramp plane along pre‑existing fault planes 
of the LVF. This intricate interplay results in approximately 20 cm of vertical surface deformation within the Coastal 
Range. The linear connection observed in the simulation residuals is associated with pre‑existing faults within the LVF 
system. This alignment corresponds to the ground distribution of ramp plane, suggesting that older fault systems 
within this area exhibit characteristics of reactivation in response to earthquake‑induced processes. Our study 
not only pinpoints the potential location of the CeRF intersecting with the LVF in the middle segment of the LV 
but also provides insight into one of the interaction mechanisms between the CeRF and the LVF. These findings hold 
significant implications for assessing seismogenic structural activity and enhancing the mitigation of regional earth‑
quake hazards in the future.
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1 Introduction
On June 20, 2022, the  ML 6.0 Guangfu earthquake, 
located in the Longitudinal Valley (LV), struck eastern 
Taiwan with focal depth of 6.8 km. The maximum seismic 
intensity reached a level of 5 weak in the Hualien region. 
Notably, this earthquake represents the first occurrence 
of a seismic event exceeding a magnitude of 6 in the 
middle segment of the LV since 2013 Ruisui earthquake 
(Chuang et  al. 2014; Lee et  al. 2014). Prior researches 
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have identified two fault systems beneath the LV: the 
Longitudinal Valley Fault (LVF) and the Central Range 
Fault (CeRF) (Kuochen et  al. 2004; Shyu et  al. 2005; 
Huang and Wang 2022). The LVF is situated beneath the 
Coastal Range (CoR) on the eastern side of the LV, char-
acterized as a left-lateral thrust fault with an eastward 
dip, extending approximately 150  km (Chen et  al. 2007, 
2018). Meanwhile, the CeRF is located beneath the Cen-
tral Range (CeR) on the western side of the LV, spanning 
85 km. The CeRF is also a thrust fault, but it dips west-
ward and runs in parallel with the LVF (Shyu et al. 2006a, 
2016).

Based on the focal mechanism provided by the Broad-
band Array in Taiwan for Seismology (BATS) and the 
subsequent distribution of aftershock epicenters (Fig. 1), 
the seismic event is associated with the reverse faulting 
activity of the CeRF. This fault has a strike direction of 
N60ºE and a westward dip of approximately 30º, resem-
bling the tectonic structure observed during the 2013 
Ruisui Earthquake (Chuang et al. 2014; Lee et al. 2014). 
Following the earthquake, the Geological Survey and 
Mining Management Agency (GSMMA) promptly con-
ducted field surveys. The primary surface ruptures were 

observed along the Lingding Fault in the northern epi-
center and distributed within the Hualien River bed 
(GSMMA 2022a). The areas surrounding these surface 
rupture locations exhibited the soil liquefaction phenom-
ena. It is evident that ground shaking was the main cause 
of these surface ruptures. Consequently, the GSMMA 
suggests that the earthquake is highly likely to be associ-
ated with the activity of the CeRF, which may have trig-
gered the activity of the Lingding Fault (GSMMA 2022a).

However, the geodetic measurements, such as 
GNSS and leveling, for coseismic surface deformation 
(GSMMA 2022b) record significant surface deformation 
not only along the Lingding Fault and Ruisui Fault but 
also within the CoR. This indicates that the earthquake 
may have potentially triggered other structures within 
the CoR in addition to the Lingding Fault. In the middle 
segment of the LV, the tectonic structures are primarily 
inferred through geophysical data, including geodetic 
measurement, seismic relocation, and seismic tomog-
raphy. Actual geological data are often used only for 
validation purposes, and as a result, the tectonic struc-
ture descriptions may oversimplify the complex interac-
tion between the CeRF and LVF. These limitations pose 

Fig. 1 The study area and seismic data. The warm‑colored stars present the earthquake events greater than  ML = 3 occurred during the Guangfu 
earthquake period from BATS. The gray circles present the background seismic events greater than  ML = 3 between 2000 and 2021 from Taiwan 
Geophysical Database Management System, Central Weather Administration. The blue square designates the field survey area. The Roman numerals 
indicate the active faults (Lin et al. 2021): I. Lingding Fault, II. Ruisui Fault, III. Chimei Fault, IV Chihshang Faults, and V. Yuli Fault. The Arabic numerals 
presents the other faults (Hsu 1956): 1. Chichi Fault, 2. Hsinshe Fault, and 3. Kunghsia Fault. The AA’ profile represents the projected results of seismic 
data in the study area. The light red rectangles in the AA’ profiles represent the both shallow and deep seismic structures
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challenges in comprehensively understanding the conju-
gated interactions between both fault systems and their 
associated behaviors.

To address these limitations, this study integrates seis-
mic data, geodetic measurements, and field investiga-
tions from the 2022 Guangfu earthquake to constrain 
the geometric characteristics of subsurface fault planes. 
By inversion of fault slip and the simulating surface 
deformation, this research aims to provide insights into 
the conjugate mechanisms and locations of both fault 
systems in the middle segment of the LV. These critical 
details are essential for advancing our understanding of 
active tectonic processes in the region and their potential 
implications for seismic hazards.

2  Tectonic background
The LV in eastern Taiwan is situated at the convergent 
boundary between the Eurasian Plate and the Philippine 
Sea Plate. The Philippine Sea Plate is heading northwest-
ward at an approximate rate of 8 cm/year (Yu et al. 1997; 
Yu et al. 2001). This tectonic collision has resulted in the 
CoR thrusting over the CeR with an angle of 290º (Chen 
et al 2007). Over the past seven decades, this region has 
experienced several large earthquakes with magnitudes 
greater than 6, including the 1951 Hualien-Taitung earth-
quakes (Hsu 1962; Shyu et  al. 2007; Chung et  al. 2008), 
the 2003 Mw 6.8 Chengkung earthquake (Kuochen et al. 
2007), the 2006 Mw 6.1 Taitung earthquake (Wu et  al. 
2006), the 2013 Mw 6.2 Ruisui earthquake (Chuang, 
et al. 2014; Lee et al. 2014), and the 2018 Mw 6.4 Hualien 
earthquake (Yen et al. 2019; Kuo-Chen et al. 2019). These 
events underscore the ongoing and highly active tec-
tonic processes in the region. Consequently, the LV has 
long been a subject of scientific interest as a seismogenic 
structure zone (Cheng and Wang 2001; Kuochen et  al. 
2004; Shyu et al. 2006a; Rau et al. 2007).

Beneath the LV, two fault systems are present: the LVF 
and the CeRF. The LVF, which includes Lingding Fault, 
Ruisui Fault, Chimei Fault, and Chihshang Fault, is pri-
marily located beneath the CoR on the eastern side of 
the LV. The fault is characterized as a left-lateral thrust 
fault with an eastward dip angle ranging from 45 to 75º, 
becoming steeper as it extends from south to north (Chen 
et al. 2007, 2018). Historical earthquakes such as the 1951 
Hualien-Taitung earthquakes and the 2003 Chengkung 
earthquake provide clear evidence of the continued activ-
ity along the LVF. On the other hand, the CeRF includ-
ing Yuli Fault is located at the western edge of the LV and 
exists beneath the CeR. The CeRF is a thrust fault with a 
westward dip angle of 45º, extending to a depth of 20 km 
(Shyu et al. 2006a, 2016). Several significant earthquakes, 
including the 2006 Taitung earthquake, the 2013 Ruisui 
earthquake, and the 2018 Hualien earthquake, have been 

attributed to the activity of this fault system. The proba-
bilistic seismic hazard assessment for 2020 published by 
Taiwan Earthquake Model (TEM PSHA2020) indicates 
that both the LVF and the CeRF exhibit a high poten-
tial for seismic hazard (Chan et al. 2020). Therefore, the 
interactions between both fault systems not only directly 
impact the seismogenic activity throughout the entire LV 
but also contribute to regional seismic hazards.

Previous research has revealed that in the northern 
segment of the LV, the CeRF is thrusting over the LVF, 
while in the southern segment, the LVF thrusts over the 
CeRF (Kuochen et  al. 2004; Wu et  al. 2006; Kuo-Chen 
et  al. 2019; Shyu et  al. 2016, 2020). Huang and Wang 
(2022), utilizing seismic data from 2018 to 2021 in the 
middle to northern segments of the LV, propose that the 
two fault systems intersect approximately in the mid-
dle segment of the LV, and suggest a model in which the 
CeRF cuts across the LVF. Additionally, the Taiwan active 
faults map (Lin et al. 2021) indicates that both fault sys-
tems coming to the surface on either side of the middle 
segment of the LV, with a narrow width of approximately 
3 km. These research findings collectively emphasize that 
the middle segment of the LV is a critical zone where the 
two fault systems interact.

Chuang et  al. (2014) and Lee et  al. (2014), utilizing 
analyses of focal mechanisms, strong-motion data, sur-
face deformation data, and other relevant factors, con-
cluded that the 2013 Ruisui earthquake in the middle 
segment of the LV was induced by the CeRF. It is impor-
tant to note that the tip of CeRF extended beneath the 
CoR without coming out from the LV. The historical 
earthquake catalogue between 2000 and 2021 from Tai-
wan Geophysical Database Management System, Central 
Weather Administration in this area (Fig.  1) illustrate 
that the shallow seismic structures with low-angle west-
ward tilting (at depths ranging from 3 to 10 km) and the 
deep seismic structures with steep-angle westward tilting 
(at depths exceeding 10  km). However, determining the 
dip angles of fault planes at depths within 3 km beneath 
surface challenges due to the limitation in the resolution 
of seismic data. Consequently, when employing a sin-
gle fault plane model to simulate surface displacement 
values, discrepancies may arise not only between the 
simulation results and actual surface deformations but 
also in fully considering the true subsurface geological 
characteristics.

From a structural geological perspective, the Chimei 
Fault is indeed a distinctive feature in the middle seg-
ment of the LV. It stands as the sole branching fault 
within the entire LVF, and transect the CoR. The Cimei 
Fault is classified as a type II active fault, with a strike 
ranging from N10°E to N20°E, a dip angle of 70°S, and a 
left-lateral slip behavior (Lin et al. 2009, 2021). Shyu et al. 
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(2006b) conducted an analysis of the river terrace topog-
raphy in the Hsiukuluan canyon and proposed a fault-
bend fold model. This model aids in reconstructing the 
near-surface geometry of LVF beneath the CoR, specifi-
cally in the western portion of the Chimei Fault. Hence, 
it became evident that the near-surface structural activity 
beneath the CoR in the middle segment of the LV should 
be influenced not only by the CeRF, but also impacted by 
the presence of the LVF.

Furthermore, to the north of the Chimei Fault within 
the CoR, several small linear structures, such as the Chi-
chi Fault, Hsinshe Fault, and Kunghsia Fault, have also 
been proposed by the previous study (Fig. 1; Hsu 1956). 
The Chichi Fault is a NNE striking thrust fault, while the 
Hsinshe Fault and Kunghsia Fault are both normal faults, 
with northwest trending and northeast trending, respec-
tively. Later researchers  (Wang and Chen 1993; Yi et al. 
2012) combined the Chichi Fault and Hsinshe Fault into 
a single thrust fault and removed the Kunghsia Fault. 
This indicates that the fault structures in this region are 
unclear and not fully understood.

3  Geodetic measurements
3.1  DInSAR processing
The radar satellite geodesy for surface deformation has 
dramatically improved over past three decades, with the 
SAR interferogram becoming an indispensable tool for 
monitoring the active tectonic processes (Elliott et  al 
2016; Biggs and Wright 2020). To capture the coseismic 
and postseismic surface deformation, we acquired two 
TOPS (Terrain Observation by Progressive Scans) mode 
images of Sentinel-1A satellite (operated by the Euro-
pean Space Agency) on June 12th and June 30th, 2022 in 
the ascending orbit, and two ScanSAR mode images of 
ALOS-2 satellite (operated by Japan Aerospace Explora-
tion Agency) on April 3rd and September 18th, 2022 in 
the descending orbit. The wavelengths of Sentinel-1A 
and ALOS-2 are 5.6 cm and 23.5 cm, respectively. Senti-
nel-1A offers a spatial resolution of 5 × 20 m (range × azi-
muth), while ALOS-2 provides a resolution of 19 × 29 m 
(range × azimuth). More detailed information for both 
radar images were listed in Table 1.

The interferometric phases of both satellite images 
were processed using GMTSAR software version 6.1 
(Sandwell et  al 2011). We utilized the digital elevation 

model (DEM) with a 20  m resolution from the Depart-
ment of Land Administration, Ministry of the Interior, 
Taiwan, to remove the topographic phase and correct 
the geometric effects. The precise orbits were applied 
for image corregistration and orbit ramp removal. For 
the phase unwrapping, we employed Snaphu 1.4.2 (Chen 
and Zebker 2002) and set the coherence threshold to 0.1. 
While choosing a lower coherence value would result in 
selecting more noisy pixels and potentially reduce the 
accuracy of line-of-sight (LOS) displacement calcula-
tions, it was necessary to use a more lenient threshold to 
ensure successful phase unwrapping and capture a higher 
volume of phase information in the CoR, reducing the 
likelihood of phase unwrapping failures.

Additionally, we employed ALOS-2 satellite images in 
a different flight direction to validate the phase results 
obtained from Sentinel-1A in the CoR. The L-band has 
superior penetration capabilities through vegetation 
compared to C-band, allowing for better reception of 
reflected signals. In the northern LV, ALOS-2 image pairs 
were successful to map the coseismic surface deforma-
tion caused by the 2018 Hualien earthquake (Yen et  al. 
2019), even with the time intervals exceeding one year. 
The temporal decorrelation had minimal impact on the 
coherence, making it a suitable resource for measuring 
surface deformation induced by co- and post-seismic 
effects during the current earthquake event.

3.2  GNSS data
The coseismic records of continuous GNSS were col-
lected by the GSMMA, Central Weather Administra-
tion, Institute of Earth Sciences of Sinica Academia, 
and Industrial Technology Research Institute (GSMMA 
2022b). These data were subsequently processed using 
the GipsyX software (Bertiger et  al. 2020). The coseis-
mic displacement derived from the continuous GNSS 
is determined by calculating the difference between 
the 7-day average before the earthquake (2022/06/13–
2022/06/19) and 5-day average after the earthquake 
(2022/06/20–2022/06/25). Four continuous GNSS sta-
tions (FLNM, DNFU, FONB, and JPEI) were selected 
within the study area to validate the LOS results from 
Sentinel-1A and the surface deformation simulations.

During the coseismic period, the maximum horizontal 
displacement was observed to be 32 mm in the southeast 

Table 1 The information of Sentinel‑1A and ALOS‑2

Satellite Master image date Secondary 
image date

Wavelength (cm) Perp. baseline 
(m)

Looking 
angle (°)

Azimuth 
direction (°)

Diff. days

Sentinel‑1A 20220618 20220630 5.6 − 3.7 42 − 12 12

ALOS‑2 20220403 20220918 23 128.3 37 − 168 144
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direction at FLNM station, while the maximum verti-
cal displacement recorded an uplift of 138 mm at DNFU 
station. To ensure consistency between the 3D displace-
ments obtained from GNSS data and the 1D displace-
ment in the LOS direction captured by Sentinel-1A, 
the transition was made to account for the geometric 
relationship between the satellite’s attitude and the land 
surface. This transition of 3D displacements was crucial 
for validating the LOS results. For detailed information 
on GNSS stations in the coseismic period, please refer to 
Table 2.

Additionally, the same four continuous GNSS stations 
were utilized during the co -and post-seismic period to 
validate the LOS results obtained from ALOS-2. The co- 
and post-seismic data from GNSS stations were sourced 
from the Taiwan Geodetic Model, Institute of Earth Sci-
ence, Academia Sinica, Taiwan (https:// tgm. earth. sinica. 
edu. tw) between June 2022 and September 2022. The 3D 
displacement obtained from continuous GNSS is deter-
mined by calculating the difference between the begin-
ning of June (2022/06/01–2022/06/05) and the middle of 
September (2022/09/13–2022/09/17). The co- and post-
seismic displacements recorded by the four GNSS sta-
tions are listed in Table 3.

3.3  Comparison DInSAR and GNSS
In Fig.  2a–d, we present the interferograms and LOS 
results obtained from Sentinel-1A and ALOS-2. Both 
DInSAR results reveal significant surface deformation 

not only along the Lingding Fault and Ruisui Fault but 
also within the CoR, with the largest surface displace-
ment occurred approximately 5 km southeast of the epi-
center. Generally, the fringe numbers in Sentinel-1A data 
are four times larger than those in ALOS-2 data. This dis-
parity can be attributed to the fact that the wavelength 
of ALOS-2 is four times longer than that of Sentinel-1A. 
While the differences in phase patterns between the two 
kinds of satellite images may arise from factors such as 
opposite flight directions, varying look angles, and sur-
face deformation over time, it’s important to note that 
both DInSAR results exhibit discontinuous fringe line in 
the CoR with NNE direction that coincide with the Hsin-
she Fault and Kunghsia Fault (Fig. 2a and b). This finding 
suggests that these old faults act as barriers, limiting the 
propagation of surface deformation towards the eastern 
side of the CoR.

The primary deformation zone observed in the Sen-
tinel-1A LOS results extends across the RSF and is dis-
tributed in the LV plain and CoR (Fig.  2c). Conversely, 
the primary displacements in the ALOS-2 LOS results 
are concentrated in the CoR (Fig. 2d). Both LOS results 
indicate significant shortening displacements in the same 
region within the CoR, with values approaching 200 mm. 
To validate the LOS results, the 3D displacements 
obtained from GNSS data were projected into LOS direc-
tion for both satellite orbits, using the FLNM station as 
the reference point. The comparison between GNSS 
LOS results and both satellite LOS results demonstrates 

Table 2 The information of GNSS stations during coseismic period

GNSS station Longitude Latitude 3D displacements (mm) Projected 
to LOS 
(mm)

E-W N-S U-D Ascending 
orbit for 
Sentinel-1A

DNFU 121.48229 23.68513 37.23 − 5.32 134.59 92.66

FLNM 121.45336 23.74631 10.04 − 22.09 − 0.75 − 15.09

FONB 121.52095 23.59816 − 0.88 4.98 4.89 6.77

JPEI 121.37140 23.53160 − 3.59 − 8.15 − 3.41 0.74

Table 3 The information of GNSS stations during co‑ and post‑seismic periods

GNSS station Longitude Latitude 3D displacements (mm) Projected to LOS (mm)

E-W N-S U-D Descending orbit for ALOS-2

DNFU 121.48229 23.68513 58.43 − 23.04 85.53 105.60

FLNM 121.45336 23.74631 21.54 − 34.11 − 8.15 10.44

FONB 121.52095 23.59816 − 36.65 46.49 − 5.51 − 31.80

JPEI 121.37140 23.53160 − 8.51 − 15.08 7.67 3.01

https://tgm.earth.sinica.edu.tw
https://tgm.earth.sinica.edu.tw
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a good fit, with slope values ranging from 0.7 to 0.83,  R2 
values ranging from 0.83 to 0.99, and root mean square 
error of less than 32 mm (Fig. 2e and f ).

Additionally, both LOS results reveal a noticeable lin-
ear boundary along HSF and KHF between DNFU and 
FONB. On the eastern side of this linear boundary, LOS 
results generated by coseismic effects for the ascending 
orbit indicated movement toward the satellite, with dis-
placements of approximately 50  mm. Conversely, LOS 
results influenced by co- and post-seismic effects for 
the descending orbit show movement away the satellite, 
with displacements of around 60 mm. The records from 
the FONB station shown in Tables 2 and 3 indicate that 
the surface activity characteristics in this region vary 
between two different observation periods. The vari-
ation in surface deformation over time highlights the 

distinctive characteristics of co- and post-seismic stages 
along this linear boundary.

4  Field observation
Based on the fault geometry observed during the 2013 
Reisui earthquake event (Chuang et  al. 2014; Lee et  al. 
2014), if the low-angle westward dipping fault were to 
extend to the surface, the surface rupture should theo-
retically occur in the Pacific Ocean to the east of the CoR. 
However, the observed discontinuous interferometric 
fringe patterns from both DInSAR results were located 
within the CoR. Therefore, we propose a hypothesis sug-
gesting the presence of a high-angle fault connecting to 
the low-angle fault. This high-angle fault would extend 
westward and simultaneously surface to the east in the 
near-surface shallow area.

Fig. 2 Geodetic measurement results. a Sentinel‑1A ascending and b ALOS‑2 descending interferometric results. The dashed‑lines indicate 
the Hsinshe Fault and Kunghsia Fault. c Sentinel‑1A ascending and d ALOS‑2 descending LOS results. The warm and cold colors indicate 
the decrease and increase displacements in the LOS direction, respectively. The squares are the GNSS stations and the 3D displacements obtained 
from GNSS were projected to LOS direction, especially GNSS station—FLNM is setting as the reference point. The comparison between GNSS LOS 
data and both satellite LOS results: e Sentinel‑1A and f ALOS‑2
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The outcrop of this high-angle fault may relate to the 
northern segment of the Chimei Fault, which is close to 
the Kunghsia Fault (Hsu 1954, 1956). The strike of the 
Kunghsia Fault is NE direction, and the northwest side 
is the uplift side (Hsu 1956; Fig.  3a). Wang and Chen 
(1993) did not propose this fault in their study, possibly 
because this fault is not easily observable in the field. As 
a result, the Kunghsia Fault has remained a question-
able structure. However, the eastern linear boundary of 
the coseismic surface deformation in this earthquake is 
closely adjacent to the fault lines (Fig. 2c and d), indicat-
ing that Kunghsia Fault has the potential for reactivation. 

Detailed field investigations are required to understand 
the geometry and mechanics of the Kunghsia Fault.

Our investigation area is in the Valley of Tingtzelou 
river (Fig.  3a), is composed of Plio-Pleistocene Paliwan 
Formation, and mainly lithological composition is sand-
stone interbedded with shale (1/50,000 Taiwan Geologi-
cal Map—Guangfu, 2012). The bedding strike is 062°, 
55° dipping to the South, and the attitude changes lit-
tle. In the field, we indeed observed several high-angle 
reverse fault systems, as shown in Fig. 3. The fault trends 
are between 335° and 025° and the dip angle is between 
50 and 90 degrees, mainly westward dipping (Fig.  3a). 

Fig. 3 Field survey results in the Tingtzelou river (location shown in Fig. 1b by blue triangle). a The topographic map of the outcrop area. Our 
observation (the red faults) is very close to the location of the Kunghsia fault (Hsu 1954, 1956). bThe fault slip data and the reconstructed stress 
result. The maximum horizontal compression of the area is in the E‑W direction. c Two high‑angle faults were observed in the field; the west‑dipping 
reverse fault (fault 1) is 170, 61W, 57N (strike, dip, pitch), and the east‑dipping fault (fault 2) is 024, 65E, 55N, with a normal sense of motion. The 
orientation of bedding is 062, 55S. d A series of high‑angle steeply reverse faults of which the strike is from 345 to 015 e Re‑crystallize slickenside 
on the eastward turned fault plane. The orientation of slickenside is 015, 89E, 68S but with normal sense movement
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However, the high-angle normal faults dipping to the 
east can also be observed (Fig. 3c). In the steeply reverse 
fault systems, when the high-angle fault plane turns to 
east-dipping, the movement transforms to normal sense 
(Fig. 3d).

Based on the characteristics of re-crystallize slickenside 
on the fault plane, we get this fault plane is 015° trend and 
steeply dipping (89°) toward the east, with a normal sense 
of motion (Fig. 3e). Since these reverse faults and normal 
faults are all very steep and have very similar orienta-
tions, we infer that they belong to the same family and are 
all related to the high-angle fault mentioned before. We 
reconstruct the stress by a computer using inverse meth-
ods (Angelier 1989, 1990) and represented in stereoplots 
(Schmidt’s projection, lower hemisphere) (Fig.  3b). The 
result shows the maximum horizontal compression stress 
is in the E-W direction. The maximum principal stress 
axis (σ1) has an inclination of about 30 degrees with the 
horizontal plane, which means this steep fault has been 
tilted due to the late tectonic activity. We also calculated 
the ratio of the principal stress, Ф = (σ2−σ3)/(σ1−σ3) of 
this area, which the Ф value is 0.923 and represents that 
the σ1 and σ2 of this area are very similar; and the reverse 
fault can be changed into the strike-slip fault when the 
trends of σ1 and σ2 exchange with each other.

5  Dislocation model simulation
5.1  Tectonic model settings
Based on the integration of geodetic, seismic, and field 
survey data, we have developed a conjugated structural 
model. The key parameters of this model are summa-
rized in Table 4. The conjugated structural model spans 
a total length of 10 km with a strike angle of 30° in the 
NE-SW direction (Fig. 4a), as determined from the inter-
ferograms and LOS results obtained from Sentinel-1A 
(Fig. 2a and c), alongside focal mechanism analysis. This 
model comprises two primary fault planes: the main fault 
plane and the coupled ramp plane (Fig. 4b).

The epicenter of the earthquake occurred on the 
main fault plane at a depth of 6.8 km. The dipping angle 
of the main fault plane, set at 30°, aligns with the focal 
mechanism results. The western boundary of the main 
fault plane, determined from DInSAR results, lies at the 

convergence of the CeR and the LV plain, extending east-
ward to meet the coupled ramp plane. This fault plane 
spans a width of 10 km.

The eastern boundary of the coupled ramp plane is 
inferred from the position of discontinuous interferomet-
ric fringes in the DInSAR results, primarily occurring at 
the junction of the Hsinshe Fault and the Kunghsia Fault. 
Field investigations have established a dipping angle of 70 
degrees for the coupled ramp plane, which connects with 
the main fault plane to the west. The coupled ramp plane 
has a width of 4 km.

The depth of the coupled ramp plane ranges from sur-
face level to 3.758 km at its deepest point. This depth is 
derived from the width of the coupled ramp plane (4 km) 
multiplied by the sine of 70 degrees. Similarly, the main 
fault plane ranges in depth from 3.758  km at the bot-
tom of the coupled ramp plane to 8.758 km at its deep-
est point. This depth is calculated by adding the depth of 
the coupled ramp plane (3.758 km) to the product of the 
width of the main fault plane (10 km) multiplied by the 
sine of 30 degrees.

It’s important to note that while the LVF may intersect 
the boundary of the structural model where both fault 
planes conjugate, its influence remains constant for the 
purposes of this earthquake event. Figure  4c illustrates 
the conceptual model of the conjugated structure.

5.2  Slip displacement estimation
In Sect.  5.1, we adopted a forward approach to deline-
ate the geometric distributions and parameters of the 
conjugated structural model within our study area. In 
this section, we utilized the coseismic LOS results from 
Sentinel-1A to constrain our surface deformation simu-
lation. The goal was to estimate the slip amounts on the 
main fault plane by minimizing the misfit between the 
observed LOS data and the simulation results.

While the time period between two Sentinel-1A images 
may be interpreted as the coseismic period, we must 
consider that besides coseismic surface deformation 
induced by the main shock, the discontinuous interfero-
metric fringes indicative of fault structure activity, as well 
as subsequent aftershocks, could also influence surface 
displacement. We observed partial aftershocks on the 
coupled ramp plane, impling that slight displacements 
occurred on this plane as well. Consequently, during the 
simulation process, we converted the cumulative energy 
from the aftershocks within the CoR into slip displace-
ments on the ramp plane, averaging approximately 1 cm.

For the surface deformation simulation, we employed 
the dislocation model codes developed by Okada (1985), 
which are well-suited for capturing surface displace-
ments, strains, and tilts resulting from inclined shear and 
tensile faults in a half-space. To execute this model and 

Table 4 The geometric parameters of fault plane for the 
conjugated structural model

Plane type Length 
(km)

Width (km) Strike (°) Dip (°) Slip (cm)

Main fault 
plane

10 10 30 30 58

Couple ramp 
plane

10 4 30 70 1



Page 9 of 14Lu et al. Terrestrial, Atmospheric and Oceanic Sciences            (2024) 35:9  

account for the detailed geometric specifications of the 
faults, we utilized the GTDef software (Murekezi et  al. 
2020), which implements the algorithms predominantly 
derived from Okada’s parameterization of deformation.

By minimizing the misfit between the coseismic LOS 
results from Sentinel-1A and the dislocation model simu-
lation, we estimated the slip displacement on the main 
fault plane to be approximately 58  cm. Considering the 
size of the main plane and the fault slip with a shear mod-
ulus of 3 ×  1010 N/m2, the energy on the main fault plane 
in the simulation results aligns well with the GSMMA 
report (2022b).

Their findings, based on continuous GNSS stations, 
RTK GNSS, and leveling data, suggested a moment 
magnitude (Mw) of 6.17 for the Guangfu earthquake. 

Our estimated Mw = 6.19 closely corresponds to their 
results and falls within the same order of magnitude as 
the recorded energy released for the event (Mw = 5.94), 
indicating that the model proposed in this study provides 
a close approximation to the best-fitting fault model solu-
tion. However, it’s essential to note that this estimation is 
based on an idealized slip path on a homogenous mate-
rial and does not account for energy loss or dispersion, 
thus, a difference of under one order of magnitude is con-
sidered reasonable.

5.3  Surface deformation simulation
Figure  4d displays the 3D surface deformation of simu-
lation results. The colors represent the vertical displace-
ments, with yellow to white indicating uplift and green 

Fig. 4 The conjugated structural model and the simulation results. Viewing the geometric patches of fault planes from a above direction and b 
N30º direction. The red star is the hypocenter. c The structures model around the study area. d The 3D displacements of model simulation. The 
wormer colors and the arrows indicate the vertical uplift and horizontal displacements, respectively. The gray squares and arrows represent 
the GNSS 3D data. The black triangles represent the leveling measurement data. e The comparison of vertical uplift between simulation results 
and leveling data



Page 10 of 14Lu et al. Terrestrial, Atmospheric and Oceanic Sciences            (2024) 35:9 

to blue indicating subsidence. The length and direction 
of arrows denote the displacement value and the asso-
ciated horizontal movement, respectively. In general, 
the simulation results align with GNSS 3D data in term 
of both the direction and magnitude of displacements 
(the colors within the gray squares and the magnitude of 
gray arrows in Fig. 4d), except for the horizontal move-
ment near the FONB station, which exhibits an opposite 
horizontal direction. The maximum vertical and horizon-
tal displacements are concentrated on the western side 
of the CoR with 200 mm uplift and 100 mm horizontal 
movement.

After the earthquake event, GSMMA (2022b) con-
ducted leveling measurements to understand the vertical 
displacement of the ground during the earthquake. The 
leveling measurement data showed that the largest ver-
tical uplift occurred within the CoR on the west side of 
the HSF with 250 mm, and there was a significant vertical 
deformation gradient between the HSF and KHF, espe-
cially on both sides of the HSF fault (Fig. 4e).

Comparing our simulation results with the leveling 
measurement data, it is evident that the deformation 
trends in space are very similar between the two data-
sets. The greatest discrepancy between the two datasets 
occurs between the HSF and KHF faults. The source 
of this discrepancy may arise not only from the differ-
ent time spans between the Sentinel-1A image pair and 
the leveling measurement campaign, but also from the 
potential inaccuracies in the fault parameters set for this 
region due to other regional fault structures were not 
considered.

6  Discussion
6.1  The residual between observation and simulation
To assess the difference between observations and sim-
ulation, the 3D displacements from cosesimic surface 
deformation in the simulation were projected onto LOS 
displacements for both the ascending and descending 
orbits. The LOS results from both satellites cannot be 
directly compared due to the differences in flight direc-
tion, looking angle, and the microwave length. This com-
parison was conducted for two stages: the first stage 
corresponds to the coseismic period, while the second 
stage encompassed both co- and post-seismic periods 
(Fig. 5). The residuals in the first stage are smaller than in 
the second stage when comparing the LOS observation 
from both satellites with the LOS results of the simula-
tion coseismic deformation. This discrepancy suggests 
the presence of postseismic surface deformation.

In our model, the geological material is assumed to be 
homogeneous on the fault planes. In reality, the main 
geological material in the CoR consists of rigid igneous 
rock with low plasticity, while the LV plain is primarily 

composed of fluviatile sedimentary rock with fine parti-
cles and high compression. In the first stage, the positive 
residuals observed in the LV plain (the gray rectangle in 
Fig.  5e) can be attributed to the high-compression geo-
logical material being squeezed by the earthquake’s force, 
resulting in deformation with amplification effects. This 
phenomenon is consistent with the presence of pressure 
ridge ruptures with an extension direction of N43°E in 
the riverbed of the LV plain (GSMMA 2022a). In the sec-
ond stage, the negative residuals observed in the LV plain 
(the gray rectangle in Fig. 5f ) can be linked to a rebound 
phenomenon in surface deformation during the postseis-
mic period. In addition, the time-series records from the 
DNFU station show that while the horizontal displace-
ment of the surface continues to increase in the south-
east direction after the earthquake, there is a downward 
trend in the vertical direction starting from September 
(Fig. 6a). Therefore, the residuals in the LV plain are pri-
marily influenced by the differing material characteristics 
between the LV plain and the CoR.

Despite the first stage be defined as the coseismic 
period, the interval between the two Sentinel-1A images 
also recorded the surface deformation occurring 10 days 
after the main shock. The location of negative residu-
als in the CoR (the red circle in Fig. 5e) corresponds to 
areas where five aftershocks of magnitude greater than 4 
and depth less than 10 km occurred. During the simula-
tion procedure, we assumed the slip displacement from 
the total energy of these aftershocks on the couple ramp 
plane. However, in reality, the fault slip behavior exhib-
its anisotropy. In addition, the aftershocks can reduce the 
coherence of radar image pairs in vegetated areas, leading 
to phase unwrapping errors.

In the second stage, the negative residuals with ten cen-
timeters in the CoR (the red circle in Fig. 5f ) are situated 
on the boundary between the Paliwan Formation and 
the Tuluanshan Formation (Wang and Chen 1993) and 
along the Hsinshe Fault and Kunghsia Fault. The time-
series data from the FONB station show that the hori-
zontal surface deformation continues to increase in the 
northwest direction after the earthquake, while the ver-
tical surface displacement transitions from slight uplift 
during the coseismic period to slight subsidence in the 
postseismic period (Fig. 6b). Furthermore, the long-term 
geodetic observations near the past 15 years indicate the 
surface deformation moving at a rate of 3 cm/year in the 
NW direction with 1  cm/year subsidence in this region 
(Chen et  al. 2021). Consequently, the characteristics of 
the postseismic surface deformation within the CoR may 
not solely be controlled by the lithologic difference, but 
may also be influenced by the NW force, driving subsid-
ence along the couple ramp fault, and resulting in the 
negative LOS residuals for both stages.
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6.2  The fault features derived from field survey data 
in the CoR

The Guangfu earthquake’s focal mechanism and hypo-
center bear a resemblance to the tectonic structure 
observed during the 2013 Ruisui earthquake (Chuang 
et al. 2014; Lee et al. 2014). However, if we use geodetic 
observations to constrain fault parameters based on a 
similar structural model from the 2013 Ruisui earth-
quake, there could be uncertainties and mismatches with 
the actual geological setting. Even with the assistance 
of geophysical data, such as seismic waves and seismic 
tomography (Huang et  al. 2014), to help the inversion 
model obtain reliable parameters, the geometry of the 
fault plane near the surface would still be limited due to 
the spatial resolution of the data. Therefore, it becomes 
essential to consider detailed and accurate field survey 
data. Our field investigations indicated that Kunghsia 
Fault exists in a steeply reverse fault system. When the 

high-angle fault plane turns to east-dipping, the move-
ment transforms to a normal sense. This characteris-
tic is consistent with the significant negative residuals 
observed on the eastern side of Kunghsia Fault during the 
second stage (the red circle in Fig. 5f ).

Furthermore, although the field survey report 
(GSMMA 2022a) recorded primary surface cracks along 
the LVF, the total displacements of these surface cracks 
do not match the LOS displacement observed from DIn-
SAR results. Additionally, there is no obvious difference 
in surface displacement on both sides of the LVF (Fig. 2c 
and d). The maximum surface deformation is concen-
trated in the western part of the CoR in both stages. Peak 
ground acceleration data from the P-alert Strong Motion 
Network (https:// palert. earth. sinica. edu. tw) recorded 
values higher than 150 gal distributed in an ellipse shape 
that matches the area of fringes observed in the DIn-
SAR results (Fig. 2a). Moreover, Huang and Wang (2022) 

Fig. 5 The InSAR model fitting. The observed InSAR results from a Sentinel‑1A and b ALOS‑2. The simulated InSAR results from c Sentinel‑1A 
of ascending orbit d ALOS‑2 of descending orbit. The residuals between simulation and e Sentinel‑1A and f ALOS‑2. The RSF is Ruisui Fault; The HSF 
is Hsinshe Fault; The KHF is Kungshe Fault; The CMF is Chimei Fault. The red star is the hypocenter. The gray rectangles and the red circles indicate 
the obvious residuals in the LV plain and CoR, respectively. The gray arrows indicated the connection between Chimei Fault and Kunghsia Fault

https://palert.earth.sinica.edu.tw
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argued that a westward dipping structural boundary 
exists beneath the CoR, and suggested a tectonic model 
in which the CeRF cuts across the LVF in the middle 
segment of the LV. Therefore, it is likely that the surface 
cracks along the LVF were caused by ground shaking. The 
primary surface deformation is influenced by the activity 
of the CeRF, which triggers other older faults within the 
CoR, even develop the west dipping thrust fault with high 
angle and reach the ground surface within the CoR, such 
as the Kunghsia Fault. In this case, the field survey data 
not only help define the fault features in the CoR but also 
control the fault geometry near the surface, ultimately 
improving the reliability of simulation results.

6.3  The significance of Kunghsia Fault between two fault 
systems

In the northern side of the Tingtzelou River, Wang and 
Chen (1993) described that the Hsinshe Fault as a reverse 
fault with similar strike and dip angles to the Chimei 
Fault. Both faults indicated that the Tuluanshan Forma-
tion (igneous rocks) thrusted on the top of Paliwan For-
mation (sandstone interbedded with shale) from east 
to west. On the other hand, the Kunghsia Fault, located 
between Hsinshe Fault and Chimei Fault, lies on the 
Paliwan Formation, and its dip direction is opposite 
to both Hsinshe Fault and Chimei Fault, leading to the 

consideration that Hsinshe Fault and Chimei Fault are 
independent systems.

Nevertheless, based on the interferometric results 
(Fig. 2a and b) and simulation residuals (the gray arrows 
indicated in Fig. 5e and f ), the distinct linear features in 
the CoR seem to suggest that Chimei Fault is connected 
to Hsinshe Fault through Kunghsia Fault. This linear con-
nection is consistent with both the features and the spa-
tial distribution of the Chichi Fault was proposed by Hsu 
(1956). Therefore, these three old faults within the CoR 
appear to exhibit interconnected characteristics.

Shyu et  al. (2006b) proposed a fault-bend fold model 
and explained the existence of a high-angle fault plane 
with eastward dipping in the near-surface geometry of 
the LVF beneath the CoR. This suggests that there are 
multiple angular variations in the near-surface structural 
planes of the LVF. Areas with such angular variations 
are often more fractured and fragile, making it easier for 
the CeRF to create a conjugate structure with LVF while 
moving eastward in a thrusting manner. During this pro-
cess, CeRF can cut through LVF and continue to develop 
along old fault planes until reaching the surface, forming 
as Kunghsia Fault.

Based on such structural conditions, when older 
faults within the CoR are influenced by the interaction 
between the active CeRF and LVF, it is plausible that 

Fig. 6 The time‑series displacement from continuous GNSS. a DNFU station and b FONB station. Both 3D displacements are projected 
onto the LOS displacements of ALOS‑2 satellite for descending orbit
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the original Tuluanshan Formation situated along these 
older faults may have undergone increased fracturing 
compared to other areas with the Tuluanshan Forma-
tion. This heightened fracturing could render it more 
susceptible to erosion by the Tingtzelou River, even-
tually leading to its replacement by the Paliwan For-
mation, which is the result of sedimentation from the 
Tingtzelou River. Both tectonic activity and weather-
ing processes could be contributing factors to why the 
Kunghsia Fault is positioned on the Paliwan Formation.

In summary, the findings suggest that the Guangfu 
earthquake was primarily caused by the activity of the 
CeRF, and the pre-existing fault planes belonging to 
the LVF system within the CoR exhibited characteris-
tics of reactivation in response to earthquake-triggered 
processes.

7  Conclusion
This study presents a comprehensive analysis of the 
2022 Guangfu earthquake, shedding light on its under-
lying fault mechanisms and associated surface defor-
mations. The major findings and contributions of this 
research are as follows:

(1) The primary active fault responsible for the 
Guangfu earthquake is identified as the west-dip-
ping CeRF beneath the CeR in the eastern Taiwan.

(2) During the Guangfu earthquake, the CeRF exhib-
ited approximately 58  cm of eastward reverse slip 
on its main fault plane. This fault cuts across the 
LVF beneath the CoR in the middle segment of the 
LV, and developed a coupled ramp plane along the 
pre-existing fault planes of the LVF. The combined 
effect let to approximately 20 cm of vertical surface 
deformation within the CoR.

(3) Field investigations were instrumental in providing 
crucial geometric parameters that facilitated the 
constraint of near-surface fault planes associated 
with the coupled ramp plane.

(4) The observation of a linear connection between the 
Hsinshe Fault, Kunghsia Fault, and Chimei Fault 
aligns with the distribution of coupled ramp planes. 
This suggests that old faults within the CoR exhibit 
characteristics of reactivation in response to mod-
erate earthquake-triggered processes.

(5) The study’s insights into the conjugate mechanisms 
of the CeRF and LVF enhance our understanding 
of subsurface structural activity in the middle seg-
ment of the LV. This knowledge holds the potential 
to improve regional seismic hazard assessment and 
mitigation efforts in the future.

In summary, this research provides a valuable contribu-
tion to the field of seismology and tectonics by unraveling 
the complexities of fault interactions during the Guangfu 
earthquake. It underscores the importance of consider-
ing both deep and near-surface fault structures when 
assessing seismic hazard and highlights the significance 
of detailed geological investigations in advancing our 
comprehension of earthquake sources and their surface 
impacts.
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