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along the deformation front from onshore 
to offshore SW Taiwan
Wen‑Nan Wu1*   , Jing‑Yi Lin1, Wen‑Bin Doo2, Chung‑Liang Lo1 and Shu‑Kun Hsu1 

Abstract 

Accurately imaging seismogenic structures is crucial for seismic hazard assessment. This is especially important 
around the deformation front (DF) region off SW Taiwan, where seismic potential is high but the fault structure 
and seismic activity are still poorly understood. Here, we present a comprehensive delineation of seismogenic 
structures along the onshore and offshore DF of SW Taiwan, utilizing hypocenter relocations and first-motion focal 
mechanism solutions from January 1991 to March 2019. Five distinctive seismogenic structures are delineated. 
Particularly, the energetic seismic activity initialled after the 2017 Mw5.3 Tainan earthquake and migrated northeast‑
ward along the western side of the DF. The offshore trace of the DF could serve as a boundary delimiting the seismic 
activity driven by the flexural stress of the subducted Eurasia Plate to the west of the DF. This observation could con‑
strain the magnitude estimation of future earthquakes offshore SW Taiwan. Meanwhile, the areas with higher seismic 
moment release are located near the DF rather than known faults, indicating that the DF may dominate the seismic 
moment release. However, further study is warranted into the intricate relationship among seismic strain variation, 
the structure of DF, and seismic activity to further understand the seismic potential. Our first-motion focal mechanism 
solutions show that several earthquakes in SW Taiwan were characterized by P-axis orientations parallel to the strike 
of the Taiwan orogeny. Those events are preferably explained by the lateral compression induced by the ongoing col‑
lision between the Eurasia and Philippine Sea plates.

Key Points 

•	 The deformation front has high seismic potential but seismogenic structure remains unclear.
•	 The deformation front confined seismic activity and released relatively large seismic moments.
•	 The role of the deformation front must be considered in seismic hazard assessment.

Keywords  Manila Trench, Taiwan orogeny, Deformation front, Seismogenic structure, Seismic hazard assessment

Introduction
Taiwan, located within an active convergent orogenic 
belt, results from the collision between the Eurasia Plate 
(EP) and the Philippine Sea Plate (PSP). In southern Tai-
wan, the EP subducts beneath the PSP along the Manila 
Trench, while in NE Taiwan, the PSP subducts under the 
EP along the Ryukyu Trench. This convergence, driven by 
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about 80 mm/year of northwestward motion of the PSP 
relative to the EP (e.g., Tsai et al. 2015b; Yu et al. 1997), 
leads to frequent disastrous earthquakes (Fig.  1a). It is 
obvious that seismic activity is more pronounced off NE 
Taiwan. Previous studies have suggested the potential 
for a large (Mw ≥ 7.5) earthquake in NE Taiwan (Hsu 
et  al. 2012; Chen et  al. 2022). In contrast, the seismo-
genic structure off SW Taiwan, particularly in areas near 
the deformation front (DF) that marks the front limit of 
the Taiwan orogen’s fold-and-thrust belt (Liu et al. 1997; 
Yang et  al. 2016; Yu 2004), has received relatively less 
attention due to its historically lower seismicity. Remark-
ably, no recorded earthquakes with M > 5 occurred off 
SW Taiwan during the period from January 1991 to Feb-
ruary 2017 (Fig. 1b). Nonetheless, previous studies (e.g., 
Wu et al. 2021) have demonstrated the potential for sig-
nificant seismic hazards offshore SW Taiwan.

In particular, a series of low-to-moderate magnitude 
earthquakes have successively occurred near the western 
boundary of the DF since the Tainan earthquake on 10 
February 2017, with hypocenter parameters cataloged by 
the Central Weather Administration (CWA) of Taiwan: 
17:12:52.56 UTC, ML = 5.71, 22.8657°N, 120.1432°E, at 
a depth of 16.15  km (Fig.  1c), hereinafter referred to as 
the 2017 Tainan earthquake. This unusual progression in 
seismic activity raises questions and suggests a complex 
interplay of tectonic stress and local tectonics. Recently, 
Wu et al. (2021) used joint travel time data from a tempo-
ral deployment of ocean-bottom seismometers and per-
manent inland seismographs to relocate 2 week worth of 
aftershocks following the 2017 Tainan earthquake. Their 
findings indicated that most aftershocks form an NE–SW 
striking seismogenic structure approximately parallel to 
the surface trace of the DF, unlinked to any known faults 
in SW Taiwan. In addition, they identified a conjugate 
fault system comprising an SW-dipping NE–SW striking 
fault and an SE-dipping NW–SE striking fault. However, 
it is important to note that these aftershocks occurred 
within a short time frame after the mainshock, which 
likely predominantly represented the main characteris-
tics of the mainshock’s rupture, lacking detailed insights 
into the pre- and post-seismic evolution and seismo-
genic structure of fault slip. Of particular interest is the 

remarkable increase in seismic activity along the DF fol-
lowing the 2017 Tainan earthquake (Fig. 1c).

In this study, we comprehensively analyze relocated 
hypocenters and P-wave first-motion focal mechanisms 
catalogs spanning about three decades to explore the 
spatiotemporal evolution in seismogenic processes and 
associated deformation patterns along the DF from off-
shore to onshore. This long-term perspective allows us 
to understand better and characterize seismogenic struc-
tures in our study area. Most importantly, mapping the 
distribution of newly occurred events may unveil previ-
ously unrecognized seismogenic characteristics, which is 
crucial for seismic hazard assessment.

Data and methods
Travel time and first‑motion polarity data
Our analysis relies on P- and S-wave arrival times and 
P-wave first-motion polarity data from the CWA of Tai-
wan earthquake bulletin. We use data from January 1991 
to March 2019, excluding ocean bottom seismometer 
data analyzed by Wu et al. (2021) to mitigate short-term 
bias in earthquake relocation from variations in network 
geometry and station density. The accuracy of hypocenter 
locations relies heavily on station distribution. Due to the 
absence of long-term ocean-bottom seismometers, we 
rely on seismic stations on the Penghu Islands to improve 
location accuracy off SW Taiwan. Data from Penghu dat-
ing back to 2002 and CWA equipment upgrades in 2012 
have improved earthquake detection. Seismic ray paths 
between events and stations confirm good station cover-
age near the southwestern coast (Fig. S1), validating the 
data set’s suitability for our study objectives.

Absolute hypocenter relocation and optimal 1‑D velocity 
models
We adopt an earthquake relocation scheme following Wu 
et  al. (2021), which consists of two steps to obtain reli-
able spatiotemporal distribution of seismicity. First, we 
simultaneously invert absolute hypocenter locations and 
1-D P- and S-wave velocity models using the VELEST 
program (Kissling et  al. 1994; Lin 2013). These inverted 
optimal models are then used for relative hypocenter 
relocations employing the shrinking box source-specific 

(See figure on next page.)
Fig. 1  Tectonic background and distribution of the seismic stations and earthquakes. a Tectonic setting of the Taiwan mountain belt. Topography/
bathymetry data of the region comes from version 25.1 of the global marine bathymetry database (Sandwell and Smith 1997). An open arrow 
denotes the direction of plate motion of the Philippine Sea Plate relative to the Eurasia Plate (Tsai et al. 2015a; Yu et al. 1997). Our study area 
is delineated by the box. Open circles represent hazardous earthquakes occurring between 1900 and 2022, as reported by the Central Weather 
Administration (CWA) of Taiwan (https://​scweb.​cwa.​gov.​tw/​zh-​tw/​page/​disas​ter). Triangles represent seismic stations, and all are used in this study. 
DF is the deformation front. The distribution of seismicity used for analysis in this study, indicated by solid circles, is shown both before (from 
January 1991 to February 2017) and after (from February 2017 to March 2019) the 10th February 2017 Tainan earthquake (a star) in (b) and (c), 
respectively. The minimum magnitude of the used earthquakes is 0.5

https://scweb.cwa.gov.tw/zh-tw/page/disaster
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Fig. 1  (See legend on previous page.)
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station term (SSST) method (Lin 2018; Lin and Shearer 
2005).

Since seismic station density and data quality of the 
CWA increase with time, we slightly revised our earth-
quake relocation scheme for taking care of data with 
relatively less constraint, as follows. First, we select the 
well-constrained events and use them to simultaneously 
determine optimal Vp and Vs 1-D velocity models as well 
as absolute hypocenter locations with minimum root 
mean square (RMS) of the travel time residual using the 
VELEST program. Then, these optimal velocity models 
are used to relocate absolute hypocenter locations of the 
rest of events (less-constrained events) in our data set. 
Finally, we perform relative hypocenter relocation for all 
events by using the shrinking-box SSST method. In this 
way, we can obtain the velocity models without being 
polluted by the relatively less-constrained travel time 
data and thus ensure reliable velocity models and hypo-
center locations.

The well-constrained events are defined as having at 
least four P- and four S-arrivals with level ≤ 2 (level 0 
means best and level 4 means worst) as well as an azi-
muth gap angle of ≤ 180°. The rest of the earthquakes in 
the routine catalog are defined as less-constrained events. 
We have 1186 well-constrained events and 2888 less-
constrained events for the analysis. The well-constrained 
events contributed 416,828 P-wave arrivals and 271,523 
S-wave arrivals, and the less-constrained events yielded 
748,422 P-wave arrivals and 520,231 S-wave arrivals.

To obtain an appropriate 1-D reference velocity 
model, we follow a flowchart by Wu et al. (2021) to first 
test different initial 1-D velocity models from the CWA 
1-D velocity model (Chen and Shin 1998), average 1-D 
velocity models extracted from 3-D velocity models 
of Kuo‐Chen et  al. (2012) (Kuo-Chen 1-D model) and 
Huang et  al. (2014) (Huang 1-D model). We found that 
the inversion result of the CWA 1-D velocity model has 
a smaller RMS (0.431  s) than the Kuo-Chen 1-D model 
(0.543  s) and Huang 1-D model (0.436  s) based on the 
data set of the well-constrained events. Thus, we use the 
CWA 1-D Vp and Vs velocity models as the reference 
velocity model. To further reduce the effect of the refer-
ence velocity model on the inversion result (e.g., Wu et al. 
2021; Wang et  al. 2019; Hicks et  al. 2014), we generate 
2000 initial velocity models by randomly perturbing ± 5% 
of each layer of the 1-D Vp and Vs CWA velocity models 
(Fig. 2a).

From these, we obtained 2000 sets of inverted veloc-
ity models, hypocenter locations, and RMS travel time 
residuals by performing the VELEST program. Averaging 
the RMS travel time residuals from these sets provided 
us with the mean RMS (0.446 s) and a standard deviation 
(0.035  s) (Fig.  2b). We identified 319 optimal solutions 

by selecting sets with an RMS travel time residual lower 
than the mean minus one standard deviation. These solu-
tions comprised 319 optimal velocity models (Fig.  2c) 
and 319 corresponding hypocenter locations for each 
earthquake. The distribution of 4074 events located by 
the CWA is shown in Fig. 3a. We further determined the 
optimal relocated location for each earthquake by aver-
aging the hypocenter locations from these sets and cal-
culated the location error as the standard deviation of 
distances between individual hypocenter locations and 
the averaged hypocenter location. The absolute hypo-
center location is referred to as the VELEST relocation 
result (Fig.  3b). Subsequently, the 319 optimal velocity 
models have been utilized for hypocenter relative relo-
cation with the shrinking-box SSST method, yielding 
another 319 sets of relative relocation results. Similar to 
the VELEST stage, we averaged the hypocenter locations 
from these sets to obtain the optimal relative hypocenter 
relocation result and the corresponding location error, 
namely the SSST result (Fig. 3c).

Our inverted optimal velocity models show a relatively 
low-velocity upper crust compared to the 1-D veloc-
ity model provided by the CWA. Within the study area, 
numerous mud diapirs and mud volcanoes have been 
observed (e.g., Doo et al. 2015; Chen et al. 2014), poten-
tially linked to the low velocities we have inferred. How-
ever, as noted in the previous study (Wu et al. 2021), the 
1-D velocity structure represents an average model of 
ray paths between events and stations. To gain a clearer 
insight into the origins of the low-velocity layer, a more 
detailed and high-resolution 3-D velocity model is essen-
tial. Besides, the velocity reduction in the upper crust is 
significantly slower than the model from Wu et al. (2021). 
This could be because the previous study only focused on 
2 weeks, and these earthquakes were concentrated in the 
source area of the 2017 Tainan earthquake. In contrast, 
the current data spans a longer period and originates 
from a wider range of earthquake locations.

Relative hypocenter relocation
It is crucial to highlight that during the shrinking-box 
SSST relocation processes, each event’s updated hypo-
center location is influenced by other events (Lin and 
Shearer 2005). To reduce the effect of less-constrained 
events on the overall relocation result, we modified 
the shrinking-box SSST program to take the quality 
of travel time readings as a weighting factor. The lower 
reading quality is assigned a lower weight in the reloca-
tion processes. Furthermore, after a set of experiments 
with different values of the control parameters (e.g., 
Wu et  al. 2021) (Table  S1), we determine optimal con-
trol parameter values to obtain the result with a smaller 
error (0.255 ± 0.001  s). When comparing the aftershock 
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hypocenter relocation locations of the 2017 Tainan 
earthquake with the constraints from ocean-bottom seis-
mometers (Wu et  al. 2021) (Fig. S2), the overall earth-
quake distribution patterns are similar. However, the 
earthquakes with ocean-bottom seismometer constraints 
show a more concentrated distribution of hypocent-
ers. We also observed an anomalously deep location for 
a less-constrained event, highlighting the importance of 
constraints provided by ocean-bottom seismometers in 
relocating offshore earthquakes.

First‑motion focal mechanism determination
We determine focal mechanism solutions by applying the 
HASH software (Hardebeck and Shearer 2003) to P-wave 
first-motion polarity data. The first-motion focal mecha-
nism solution is computed via a grid search perturbating 
the ray azimuth and take-off angle with a resolution of 
5°. The quality of the first-motion focal mechanism solu-
tion is dependent on the reliability of first-motion read-
ings, earthquake locations, and seismic velocity models 

(Hardebeck and Shearer 2003; Kilb and Hardebeck 2006). 
To enhance the reliability of our focal mechanism solu-
tions by minimizing the influence of event location and 
velocity model uncertainties, we first use events satisfy-
ing the following selection criteria, such as the number 
of P-wave first-motion polarities exceeding eight, maxi-
mum source-to-station azimuth gap less than 90°, and 
maximum take-off angle gap less than 60° (e.g., Lin and 
Okubo 2016). Then, for each used event we compute 
the ray azimuth and take-off angle from the shrinking-
box SSST relative hypocenter location with 319 optimal 
P-wave velocity models. The HASH software computes a 
set of acceptable mechanisms for each event and classi-
fies the quality from A to E in decreasing quality based on 
the probability, RMS fault plane uncertainty, average mis-
fit, and station distribution ratio (Hardebeck and Shearer 
2003). We use the default values in the HASH program 
to evaluate the quality of the focal mechanism solution. 
Finally, when multiple acceptable solutions exist for a 
given event, the one with the highest quality is selected. 

Fig. 2  a Initial 2000 bootstrap resamples (gray lines) of 1-D P- (left panel) and S-wave (right panel) velocity models used for inversion. These models 
were constructed with a variability of ± 5% relative to the CWA 1-D P- and S-wave reference velocity models. b Presentation of the room-mean 
square (RMS) travel time residuals associated with the initial velocity models. The red solid line represents the mean value (0.446 s) of the RMS 
travel time residual, and the gray band indicates the confidential interval within one standard derivation (0.035 s). Black solid circles are the optimal 
velocity models where the RMS travel time residuals fall below the mean RMS value minus one standard derivation. c Inverted P-wave (left 
panel) and S-wave (right panel) velocity models are represented by black lines, based on the optimal velocity models. Red lines in (a) and (c) are 
the P-wave (left panel) and S-wave (right panel) of the CWA 1-D reference velocity models
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In total, we have obtained first-motion focal mechanism 
solutions for 441 earthquakes, categorized as 21 quality 
A, 35 quality B, 36 quality C, and 349 quality D. To ensure 
accurate tectonic interpretation, only events with qual-
ity A and B (the average polarity error < 0.2°, the root-
mean-square uncertainty in the fault plane solution < 35°, 
station distribution ratio > 0.4, and the mechanism 

probability > 0.6.) were used for interpretation (Table  S2 
and Fig. S3).

Results and discussion
Relocation uncertainty and quality
Our relocation results, along with associated errors 
from the VELEST and shrinking-box SSST methods, are 

Fig. 3  a Distribution of seismicity reported by the CWA. b Distribution of relocated seismicity by the VELEST software is represented by solid circles 
scaled with colors, along with statistical errors in depth (ERZ) and horizontal (ERH). c Similar to Fig. 3a, this panel displays the inversion results 
obtained using the shrinking box source-specific station term (SSST) method. d Relocation quality assessment for the shrinking box SSST method 
(Text S1). Approximately 99% of the location quality measurements exceed 0.5, with the majority falling within the range of 0.7–0.8. Instances 
of poorer location quality primarily result from factors such as a limited number of seismic stations available for early events or their offshore 
locations, which pose challenges for precise localization
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presented in Fig. 3b, and c. We further classify relocation 
quality (Text S1) on a scale from 0.0 to 1.0, with increas-
ing values indicating higher quality. This classification 
considers azimuth gap angles, the number and quality of 
P- and S-phase readings, distance to the closest station, 
and the RMS of the travel time residual (e.g., Husen and 
Hardebeck 2011). The value of quality ranges from 0.40 
to 0.92, and a predominant concentration is between 0.7 
and 0.8 (Fig. 3d).

Seismogenic structures revealed by relocated seismicity 
and focal mechanisms
Based on the spatiotemporal pattern of the shrinking-box 
SSST relocated hypocenters and focal mechanism solu-
tions (Figs.  4 and 5), we delineate five distinct seismo-
genic zones, labeled A, B, C, D, and E (Fig.  4). Each of 
these zones exhibits unique seismic activity patterns and 
deformation characteristics.

Zone A situated in the northwestern periphery of the 
study area and displays significant seismic activity, par-
ticularly during the period from 1991 to 1999 (Figs. 4a–c 
and S4a). Subsequently, seismicity conspicuously 
declined after 2005 but was resurgent in 2017 (Fig. S4a). 
In this area, earthquakes tend to manifest at depths shal-
lower than 15 km (Fig. 5a, d), and their genesis is intrin-
sically linked to the 12 March 1991 Chiali earthquake 
(CWA catalog hypocenter parameters: 06:04:06.14 UTC, 
ML = 5.67, 23.2457°N, 120.0745°E, 12.26 km) (Figs. 4a–c). 
We must point out that the Chiali earthquake, which 
falls beyond the spatial boundaries of our current study, 
serves as a foundational event in comprehending the 
seismic activity of Zone A. Nevertheless, the exhaustive 
examination of the Chiali earthquake sequence is beyond 
the scope of the present study. Due to the limited data 
set consisting of only two high-quality focal mechanism 
solutions available (Fig.  5b, d), it is not appropriate to 
make definitive inferences regarding the tectonic defor-
mation pattern in this area.

Zone B encompasses the inland segment of the DF and 
is characterized by pronounced seismic activity observed 
throughout our study period (Figs.  4, S4b, and S5.) 
Within this region, seismicity is widespread throughout 
the entire crust, with a marked concentration of earth-
quakes primarily occurring at depth ranges of 10–20 km 
(Fig. 5). The focal mechanism solutions for the majority 
of these events are typified by strike-slip faulting (Fig. 5a, 
d and g), while certain instances of normal faulting and 
thrust faulting earthquakes with discernible strike-slip 
components (Fig. 5e, f and h). Upon analysis of the fault 
orientations derived from these strike-slip earthquakes, 
coupled with the spatial distribution patterns of the relo-
cated events, it becomes apparent that a complex conju-
gate fault system exists, exhibiting orientations both in 

the NE–SW and NW–SE directions. However, based on 
visual examination, the distinct definition of a specific 
conjugate fault system remains challenging, necessitating 
further evidence for conclusive determinations. Employ-
ing the matching filtered technique (e.g., Essing and Poli 
2022; Chamberlain et  al. 2021) or artificial intelligence 
algorithms (e.g., Mousavi et  al. 2020; Zhu et  al. 2023) 
or both for the detection of smaller earthquakes holds 
promise for enhancing our ability to identify the conju-
gate fault system, and this will be a central focus of our 
forthcoming research efforts.

Zone C had experienced minimal seismic activity 
before the 6 February 2016 Meinong earthquake, docu-
mented in the CWA catalog with hypocenter param-
eters as follows: 19:57:26.08 UTC, ML = 6.60, 22.922°E, 
120.5438°N, 14.64  km (Figs.  4a–i and S4c). While the 
Meinong earthquake fell outside our study area, seis-
mic activity within Zone C surged immediately follow-
ing the Meinong earthquake and subsequently subsided 
(Figs. 4i–k and S4c). Consequently, a significant propor-
tion of these events could be categorized as the Meinong 
earthquake aftershocks. Most of the earthquakes in this 
region occurred at depths ranging from 15 to 40 km and 
are characterized predominantly by strike-slip faulting 
mechanisms (Fig.  5). Furthermore, as shown in Fig.  5j, 
there are four earthquakes (events 35, 36, 38 and 40) 
wherein the orientation of the P-axes aligns parallel to 
the strike of the Taiwan orogeny, exhibiting an NE–SW 
trending pattern. Similar events also were found in other 
subareas (events 2, 12, 32, 43, 46 and 54; Fig. 5a, d and g). 
These earthquakes are characterized by smaller magni-
tudes (ML), ranging from 2.9 to 4.6, with depths ranging 
from 7.6 to 23.1  km, distributed throughout the entire 
crust. Such kinds of events have also been reported in the 
study of the 2010 Jiashian earthquake sequence in south-
ern Taiwan by Rau et al. (2012). Due to the distribution of 
events across various regions and different periods, it is 
reasonable to ascribe these events to reflect the collision 
between the PSP and EP (e.g., Rau et al. 2012; Kao et al. 
1998). This finding provides additional evidence to dem-
onstrate that the southern region of Taiwan, where the 
collision has just commenced (Huang et al. 1997, 2000), 
has already experienced the lateral compression induced 
by the collision.

Zone D occupies a significant position within the 
advanced collision region (Huang et  al. 1997, 2000), 
where seismic activity has exhibited a heightened level of 
activity (Fig. S4d). The hypocenters in this zone have pre-
dominantly clustered within a depth range of 10–20 km 
(Fig.  5). Furthermore, the prevailing faulting type for 
these events is largely characterized by normal faulting 
(Fig. 5f, g), which may be intricately linked to the flexural 
bending of the subducted EP (e.g., Wu et al. 2021).
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Fig. 4  a–k Spatiotemporal distribution of relocated seismicity using the shrinking-box SSST method across different periods indicated 
by the numbers at the top of each panel. l Distribution of all earthquakes during the study period. Five distinct seismogenic zones A–E (ellipses 
outlined with purple color) are defined. Seismic events with a relocation quality score of ≥ 0.6 are represented by colored circles, while those 
with a relocation quality score of < 0.6 are shown as gray circles. Known fault lines, as reported by Lin et al. (2021), are depicted by orange thin lines, 
with the DF denoting the deformation front. Open star 1 in (a) represents the 1991 Chiali earthquake; open star 2 in (i) marks the 2016 Meinong 
earthquake; open star 3 in (j) denotes the 2017 Tainan earthquake
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Zone E, corresponds to the focal area of the 2017 
Tainan earthquake sequence, which is within the outer-
rise region (Wu et  al. 2021). Before September 2015, 

this area was characterized by a scarcity of seismic 
events (Figs.  4a–h and S4e). Following the 2017 Tainan 
earthquake, seismic activity remarkably increased and 

Fig. 5  Spatial distribution of our relocated seismicity by the shrinking-box SSST method and first-motion focal mechanism solutions determined 
by the HASH algorithm. Strike-slip events with relocated seismicity at 0-10 km (a), 10-15 km (d), 15-20 km (g), 20-40 km (j); normal faulting 
at 0-10 km (b), 10-15 km (e), 15-20 km (h), 20-40 km (k); thrust faulting at 0-10 km (c), 10-15 km (f), 15-20 km (i), 20-40 km (l). Only earthquakes 
with a relocation quality score of ≥ 0.6 are depicted as opened circles. The focal mechanisms are displayed in a lower-hemisphere projection. 
Symbols are the same as that in Fig. 4. Red lower-hemisphere projections represent earthquakes with NE–SW oriented P-axis; black ones denote 
other orientations. Dots indicate P-axis (black or red) and T-axis (white)
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migrated in a northeastward direction, progressing 
toward the coast of SW Taiwan along the western side of 
the DF surface trace (Figs. 4i–k and S6–9). These earth-
quakes were spread out across the crust, with most of 
them occurring in the depth range of 10–40 km (Fig. 5). 
Focal mechanism solutions exhibit a combination of 
normal faulting with strike-slip components (Fig.  5a, 
e and h), which is attributed to the flexural bending of 
subducted EP (Wu et al. 2021). Based on these observa-
tions, it seems reasonable to suggest that the offshore 
trace of the DF may act as a boundary, marking an area 
to the west where seismic activity is primarily induced by 
the flexural stress of the subducted EP. In this case, we 
may further determine the bending moment of the sub-
ducted slab (e.g., Sandiford and Craig 2023) and estimate 
the maximum magnitude of potential earthquakes that 
may occur within this region. Moreover, regarding our 
observation of northeastward migration of seismic activ-
ity along the western flank of the DF, previous studies 
have frequently associated such seismic migrations with 
fluid processes or post-seismic slip (e.g., Ross et al. 2017; 
Hatch et al. 2020). The mechanism underlying this seis-
micity migration along the DF falls beyond the scope of 
this study and will be explored in detail in our upcom-
ing research. In addition, the absence of well-constrained 
thrust-faulting focal mechanism solutions makes it hard 
to characterize the interplate thrust zone off SW Taiwan, 
implying a relatively low degree of interplate coupling 
within this region (e.g., Lo et al. 2017).

Spatiotemporal distribution of cumulative seismic moment 
release
Since the seismic moment is physically clear and related 
to seismic strain release (e.g., Chen et al. 2012; Wu et al. 
2017; Lin and Wu 2012), we further determined the 
spatiotemporal distribution of the cumulative seismic 
moment release to provide an alternative perspective of 
seismic activity. In practice, we began by converting the 
local magnitude (ML) of the shrinking-box SSST reloca-
tion events to seismic moment (M0 in dyne-cm) through 
the two empirical relations: Mw = 0.87ML + 0.23 (Jian 
et  al. 2018) and logM0 = 1.5Mw + 16.1 (Hanks and Kan-
amori 1979). Subsequently, we divided the study area into 
grid nodes spaced at 0.05° apart and calculated the cumu-
lative seismic moment encompassing all events within a 
0.05° × 0.05° rectangle centered at each node for different 
periods. As displayed in Fig. 6, the regions with compara-
tively high seismic moment release are predominantly 
near the surface trace of the DF. Notably, two subareas, 
which are distant from the DF, exhibit significant seis-
mic moment release. One of these subareas links to the 
1991 Chaili earthquake (Fig. 6a), while the other is asso-
ciated with the 2016 Meinong earthquake (Fig. 6i). These 

observations highlight the heterogeneous distribution of 
seismic strain release within the study area.

One of the striking features in the seismic moment 
release pattern is that Zone B has repeating energy bursts 
(Figs.  6, S4b, and S5). During three significant periods 
of high cumulative seismic moment release (1994–1996, 
2000–2002, and 2006–2008) in Zone B, events were pri-
marily associated with strike-slip faulting (Fig. 5b, d and 
f ). As shown in Fig. S5, between 1994 and 1996, two seis-
mic swarm sequences were identified in 1995 and 1996, 
characterized by multiple earthquakes with similar mag-
nitudes ranging between 4.0 and 4.5, indicating earth-
quake swarm sequences (Vidale and Shearer 2006). From 
2000 to 2002, the largest earthquake occurred toward the 
end of 2000, followed by a rapid decrease in earthquake 
magnitudes, indicative of a mainshock and aftershock 
sequence. Similarly, the earthquakes observed in 2006 
within the 2006–2008 period also displayed characteris-
tics of a main- and after-shock sequence. These findings 
highlight the complex nature of seismicity in the region. 
The complexity arises from the varying patterns of earth-
quake occurrences, including both swarm sequences and 
mainshock–aftershock sequences, which suggest differ-
ent triggering mechanisms and fault interactions. This 
variation in seismic behavior points to a more intricate 
and dynamic tectonic environment than a region exhib-
iting a single type of seismic activity. Therefore further 
comprehensive investigations into the underlying mech-
anisms are necessary to fully understand these seismic 
complexities.

It is important to emphasize that the areas near the 
surface trace of the DF release a higher seismic moment 
release when compared to known faults reported by the 
Geological Survey and Ming Management Agency, Min-
istry of Economic Affairs, Taiwan (Lin et al. 2021). How-
ever, this disparity does not necessarily imply a reduced 
seismic hazard potential for active faults. There is a plau-
sible scenario in which the active faults in SW Taiwan 
progressively accumulate strain energy without substan-
tial release during our study period, potentially resulting 
in an elevated seismic threat. Besides, for the observation 
of the DF exhibiting a higher seismic energy release, on 
one hand, higher strain release might hint at its ongo-
ing activity and the potential for a large earthquake. On 
the other hand, it could also signify that the stress in the 
area has been gradually diffusing over time, reducing the 
potential for a large rupture. This ambiguity highlights 
the intricacies and uncertainties that surround seismic 
risk assessment, particularly in areas prone to tectonic 
activity. Given these uncertainties, caution is imperative 
when dealing with active fault zones. Furthermore, note 
that in this study the delineation of the inland surface 
trace of the DF in SW Taiwan is based on the endpoints 
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of a series of westward-dipping ramp anticlines (Liu et al. 
1997), rather than active faults. Thus, understanding the 
mechanisms behind the DF’s (anticlines) enhanced earth-
quake moment release and its impact on stress patterns 
in the surrounding areas is important. This knowledge 

contributes to a comprehensive understanding of the 
dynamics of the fault system and aids in the evaluation of 
potential future seismic events. Therefore, it is crucial to 
incorporate the DF into future seismic hazard assessment 
models.

Fig. 6  a–k Spatiotemporal distribution of cumulative seismic moment release with focal mechanism solutions across different periods indicated 
by the numbers at the bottom of each panel. l Spatial variation in the total cumulative seismic moment release for the entire study period. Symbols 
are the same as that in Figs. 4. Two blocks outlined by cyan lines that were defined by Ching et al. (2011) are the Tainan Fault Block (T) and the Meilin 
Fault Block (M), respectively
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In addition, Ching et  al. (2011) conducted simula-
tions of the Tainan Fault and Meilin Fault block move-
ments and found that the Tainan Fault and Meilin 
Fault exhibit significant slip rate deficits of 18.8  mm/
yr and 33.9  mm/yr, respectively. This indicates that 
the slip rates on these fault lines are much lower than 
expected, suggesting incomplete release of geological 
strain. The Tainan Fault block encompasses the DF 
transitioning from offshore to onshore (Fig. 6), includ-
ing a portion of the seismic zone D, showing relatively 
higher seismic energy release. Similarly, the Meilin 
Fault block, located at the southeastern boundary of 
our study area, covers seismic zone C and also exhib-
its relatively higher seismic energy release. The com-
bination of significant accumulated seismic moment 
release and notable slip rate deficits suggests that 
despite frequent seismic activity, geological strain has 
not been fully relieved, increasing the likelihood of 
larger earthquakes in the future. However, note that 
not all segments of the Tainan Fault block and the 
Meilin Fault block are situated in areas with high seis-
mic energy release, so any specific conclusions should 
be deferred until more solid evidence emerges.

The role of the deformation front in seismogenic processes
As delineated in literature, the DF represents the lead-
ing edge of a fold-thrust belt in western Taiwan (e.g., 
Liu et al. 1997; Huang et al. 2004; Han et al. 2017; Yu 
2004). According to this conceptual framework, one 
would anticipate a prevalence of thrust faulting earth-
quakes along the eastern flank of the DF, while normal 
faulting earthquakes should be more common on the 
western side. Nevertheless, our observations deviate 
from this expected pattern. Specifically, as shown in 
Figs. 5 and S10–12, we discern a dominance of normal 
faulting and strike-slip faulting events near both the 
offshore and inland segments of the DF, respectively. 
Moreover, only a few well-constrained thrust faulting 
events occurred in the vicinity of the inland DF. This 
distinctive distribution pattern of focal mechanism 
solutions may be ascribed to the intensified collision 
between the EP and the PSP in SW Taiwan. Under the 
pronounced east–west compression resulting from the 
collision, the recurrent occurrence of normal faults 
may be hindered, instead manifesting as pre-existing 
weakness zones that become activated as reverse faults 
or strike-slip faults (e.g., Yang et al. 2016; Ruh and Ver-
gés 2018; Chin et  al. 2019). However, the activation 
mechanism is not well understood and warrants fur-
ther study in detail, as it will provide crucial insights 
for earthquake hazard assessment.

Conclusions
We used 28-year earthquake data to accurately relocate 
hypocenters and determine focal mechanism solutions 
bracketing the 2017 Tainan earthquake sequence along 
the DF from onshore to offshore SW Taiwan. This exten-
sive data set allowed us to understand better the long-
term spatiotemporal variation in seismic activity and 
deformation pattern, which ultimately leads to character-
izing five distinctive seismogenic structures in this high 
seismic potential area.

Remarkably, following the 2017 Tainan earthquake, 
seismic events primarily concentrated to the west of the 
DF and migrated northeastward. We propose that the 
offshore portion of the DF serves as a boundary, demar-
cating an area to the west of the DF, where seismic activ-
ity is primarily dominated by the flexural stress induced 
by the subducted EP. This pivotal observation may fur-
nish the critical constraints for estimating the maximum 
magnitude of potential future earthquakes offshore SW 
Taiwan. As for the northwestward migration of seismic 
activity, the underlying mechanism remains unclear and 
will be the subject of our upcoming research endeavors.

Further examination unveiled that the areas with the 
highest cumulative seismic moment release were located 
near the surface trace of the DF rather than along known 
faults. This observation indicates the non-uniform distri-
bution of seismic strain accumulation within the study 
area. In light of the debate surrounding whether the seis-
mic strain release inherently possesses the potential for 
large earthquakes or conversely diminishes such likeli-
hood, it is necessary to further comprehensively study 
the relationship between spatial–temporal distributions 
of seismic strain and seismic activity and the DF. In any 
case, it would be prudent to incorporate the DF into the 
seismic hazard assessments.

In addition, we identified serval earthquakes with the 
P-axis orientations parallel to the strike of the Taiwan 
orogen, which may provide new evidence to support the 
presence of collision-induced lateral compression within 
the subduction termination zone of southern Taiwan.
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