
1. Introduction
Understanding the interplay between seismic and aseismic fault slip is crucial for evaluating the stress accumu-
lation on a fault and for assessing the potential seismic hazard. The development of modern geodetic monitoring 
enables the exploration of aseismic slip behavior in space and time. Fault creep, as part of the steady sliding 
of a fault surface, has been observed in tectonically active continental regions worldwide, mostly on strike-
slip faults and on many subduction thrusts (Bürgmann, 2018). Creeping thrust and normal faults, however, are 
rare in tectonically active continental regions (Harris, 2017). Owing partly to few recognized creeps on dip-slip 
faults, the nature of fault creep and its role in the generation of large earthquakes remains largely unknown. 
The Chihshang fault in Taiwan serves as one of the best examples of a fault with a primarily thrust component 

Abstract Due to the lack of recognized creep on dip-slip faults, the nature of fault creep and its role in the 
generation of large earthquakes is largely unexplored. The Chihshang fault in Taiwan serves as one of the best 
examples of a thrust creeping fault in the world, exhibiting a fast creep rate of 2–3 cm/year and the capability 
of producing magnitude six earthquakes. Land-based geodetic measurements are less sensitive to fault slip with 
depth, especially for the deeper portion of the seaward dipping fault. Taking advantage of slip rates inferred 
from repeating earthquake sequences (RESs) at greater depths (up to 30 km), we present a method that embeds 
RES-derived slip rates into the neighboring fault patch for geodetic data inversion. Using the geodetic and 
seismological data from 2007 to 2011, we achieve a higher resolution of inter-seismic slip rate distribution 
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delineates a locked area corresponding to the two co-seismic slip zones of the 2003 Mw 6.8 Chengkung and 
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creeping areas appears to coincide with the post-seismic slip area of the 2003 Chengkung event. Using the fault 
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future studies of seismic hazard assessment.

Plain Language Summary Large earthquakes can occur on the creeping faults that slowly slip at 
the surface but accumulate energy at greater depth. How much different portions of the fault slip annually is 
the key question for seismic hazard assessment. However, for a seaward-dipping thrust fault like the Chihshang 
fault in Taiwan, finding the answer is difficult because the loss of resolution at the greater depth (>10 km) due 
to a lack of offshore data. Taking advantage of the slip rates inferred from repeating earthquakes that mainly 
occurred at 10–30 km depth, we present a method that embeds repeating events data into the geodetic inversion 
for higher resolution of inter-seismic slip model. We found that the areas slipped faster during the inter-seismic 
period (higher inter-seismic slip rate) coincides with the location of abundant repeating earthquakes and swarm 
events; The areas with lower inter-seismic slip rate on the other hand, correspond to the zones that slipped 
during the 2003 Mw 6.8 Chengkung and 2022 Mw 6.7 Yuli earthquakes. By calculating how much and where the 
seismic energy was released through inter-seismic slip rate, we are able to identify two separate zones on the 
Chihshang fault that is capable of generating a ∼Mw 6 event every 28 to the north and 78 years to the south of 
the fault, respectively.
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that rapidly creeps at the surface. It is known to have produced three magnitude six earthquakes during the past 
hundred years.

As an active plate boundary between the Philippine Sea Plate (PSP) and Eurasian Plate, the Longitudinal Valley 
in eastern Taiwan is an example of extreme strain concentration in an oblique collision zone (e.g., Angelier 
et al., 1997) (Figure 1a). This boundary is composed of two parallel and close-spacing structures (Figure 1b) with 
opposite dipping directions: the east-dipping Longitudinal Valley fault (LVF) to the east and the west-dipping 
Central Range fault (CRF) to the west (Shyu et al., 2005, 2007), as denoted by red and green lines in Figures 1b 
and 1c, respectively. These two opposite-dipping, reverse-dominated dip-slip faults intersect near the surface 
as a result of the ongoing suturing process and rapid exhumation of the Central Range (CeR). The seismicity 
in the study area is mainly distributed to the south of 23.5°N and north of 22.5°N (Figure 1b), which form the 
east-dipping structure underneath Coastal Range (CoR) and the steeply west-dipping structure beneath the valley, 
as revealed by the two separate earthquake clusters in Figure 1c with the denotation of red and green dashed lines 
as LVF and CRF, respectively.

Historically, LVF had ruptured intensively during the 1951 earthquake sequence (called 1951 H-T sequence) that 
is composed of 12 ML ≥ 6 events at several segments along the 150-km-long fault (e.g., Cheng et al., 1996); Three 
earthquakes occurred in this study area (M7.3 event in Yuli, two M6.0 events in Chihshang and Taitung), as indi-
cated by the red stars in Figure 1b. In the following 55 years, the study area had been quiet seismically. Since 2003, 
both the LVF and CRF have hosted several Mw ≥ 6 events (yellow stars in Figure 1b), while three events showing 

Figure 1. (a) Simplified tectonic setting of Taiwan. Tectonic units from west to east are the Coastal Plain (CP), the Western Foothills (WF), the Hsuehshan Range 
(HR), the Central Range (CeR) and the Coastal Range (CoR). The black rectangle marks the area shown in (b). (b) Map of the study area. Green and red solid lines 
indicate the Central Range fault (CRF) and the Chihshang segment of the Longitudinal Valley fault (LVF) respectively. Red and yellow stars represent the ML ≥ 6 
events occurred during 1950–1990 and 1991–2022, respectively. Open black circles and filled cyan squares represent the ML ≥ 3 background seismicity and the ML ≥ 2 
repeating earthquake sequences (RES), respectively. Fault segmentation of the LVF and CRF is from K. H. Chen et al. (2007) and W.-S. Chen et al. (2020), respectively. 
(c) Cross sections of AA′ donated in figure (a), respectively. The symbols as the same in (a). The earthquake information corresponding to each star is shown in 
Table 1.
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the LVF-CRF interaction due to the closeness of aftershock activities in space and time: 2003 
Mw 6.8 Chengkung earthquake, 2006 Mw 6.2 Taitung earthquake and the most recent 2022 Mw 
7.0 and Mw 6.5 Guanshang-Chihshang earthquake sequence (K. H. Chen, Toda, & Rau, 2008; 
Kuochen et al., 2007; S.-J. Lee et al., 2023; Mozziconacci et al., 2013; Wu et al., 2006). The 
information of historical earthquakes can be seen in Table 1. Inter-seismically, the dominant 
structures of the study area have been accommodating ∼4 cm/year shortening (e.g., Liu & 
Yu, 1990), which is mostly taken up across the east-dipping creeping segment of the LVF (the 
Chihshang fault). The western dipping CRF, however, is likely locked during the inter-seismic 
period with up to 12.8 mm/year slip rate (Shyu et al., 2006). How the closeness of the two 
fault systems complicates the inter-seismic behavior of the Chihshang fault remains unclear. 
With the attempt to establish the present-day kinematic behavior of the creeping fault, we 
hope to better explore the inter-seismic slip rate model by (a) a joint inversion using geodetic 
and repeating earthquake data and (b) a consideration of the adjacent CRF in the modeling 
configuration.

2. The Creeping Chihshang Fault
Using Global Positioning Sytem (GPS), trilateration, creepmeters, and leveling data, a veloc-
ity discontinuity of ∼3 cm/year across the Chihshang fault has been attributed to shallow 
aseismic creep.  The shortening rate across the fault measured by trilateration surveys is 
1.4–2.7  cm/year, which makes this fault account up to 24% of the total shortening across 
the Taiwan collision in the N54°W direction of relative motion between the PSP and the 
Taiwan Strait (Angelier et al., 1997). Hsu et al. (2003) inferred a creep rate of 2.8–3.3 cm/year 
at shallow depths (<8  km) and 4.8–6.2  cm/year at greater depths along a sub-horizontal 
decollement. Adding constraints from satellite synthetic aperture radar Interferometry 
(InSAR) allows for higher spatial resolution of inter-seismic slip rates near the surface. Using 
ALOS-1 satellite data from 2007 to 2011 with the Permanent Scatterer InSAR technique 
(PS-InSAR), Champenois et al. (2012) obtained the density of geodetic measurements of up 
to 50 points/km 2 in the study area. The velocity offsets across the Chihshang fault were found 
to be 1–3 cm/year along the radar line-of-sight (LOS). Using 1992–2010 GPS and ALOS-1 
PS-InSAR data, Thomas et al. (2014) obtained a coupling model to establish that the locked 
zone in the Chihshang fault coincides with the co-seismic slip area of the 2003 Mw 6.8 Cheng-
kung earthquake. They concluded that the resolution of deeper creep (>10 km depth) is quite 
limited owing to the seaward-dipping fault geometry. Despite that the numerous observational 
studies aimed at a better understanding of the inter-seismic slip behavior, a definitive resolu-
tion of how and where the fault creeps remains to be explored.

The Chihshang fault has been recognized as a listric thrust fault that ruptured during the 1951 
ML 6.0 Chihshang event (red star denoted by “1951 M6.0” near Chihshang town in Figure 1b), 
2003 Mw 6.8 Chengkung event (yellow star offshore), and 2022 Mw 6.7 Yuli event (yellow star 
in the north of the study area). The recurrence intervals and seismic moments of a repeating 
earthquake sequence (RES) have been found to provide important information of fault creep 
at the precise location of events (Bürgmann et al., 2000; Nadeau & Johnson, 1998; Nadeau 
& McEvilly, 1999). On the Chihshang fault, RESs are found to mostly occur below 10 km 
depth (cyan squares in Figures 1b and 1c), which provides an independent set of deep slip rate 
measurements in the study area (K. H. Chen, Nadeau, & Rau, 2008; K. H. Chen et al., 2009; 
Y. Chen et al., 2020). During the study period of 1991–2004, RESs were found to reveal the 
deep creep rate ranging from 2.0 to 5.1 cm/year (K. H. Chen, Nadeau, & Rau, 2008). The 
extended RESs catalog from 2000 to 2011 (Y. Chen et al., 2020) revealed the acceleration 
of deep creep rate up to 12.3 cm/year at the time of the Mw 6.8 Chengkung earthquake, then 
dropped to 4.1  cm/year until the end of 2011. Unlike the regional slip rate derived from 
RESs (Y. Chen et  al., 2020) and the kinematic model inverted solely using geodetic data 
(Thomas et al., 2014), here we aim to combine both geodetic and RESs measurements into 
an integrated inter-seismic slip model, to obtain a better resolved slip behavior on this thrust 
creeping fault. The combination of these independent data sets raises several questions: What Ti
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are the data quality assessments, sensitivity tests, and data weightings that should be considered in the inversion 
procedure? How much does the joint inversion enhance our understanding of aseismic and seismic fault slips? 
How can the consideration of both the LVF and CRF contribute to seismic hazard estimates? These questions are 
highlighted in this study.

In the following Section 3, we introduce the different data sets used in the inversion (GPS, InSAR, and RESs) 
and assess their consistency. In Section 4, we explain a modeling scheme implementing RESs observations in the 
joint inversion. In Section 5, we present the inter-seismic slip model that illustrates the along-strike variation of 
slip rate with depth. The coupling ratio is also calculated to compare it with the regional seismicity and aseismic 
slip driving seismic phenomena. In Section 6, we also demonstrate the kinematic model that considers the contri-
bution of the adjacent CRF and finally, we discuss the advantages and limitations of the inversion results and the 
implication of the inferred coupling model for regional seismic hazard assessment.

3. Data
3.1. GPS Data

The inter-seismic displacement rates were determined using data from 26 continuous GPS stations in the 
Chihshang area. The study period, 12 January 2007 to 7 September 2010, was chosen to coincide with the 
period for which InSAR data were available (detailed in Section 3.2). The raw data (time series) were originally 
processed in the GPS laboratory of the Institute of Earth Science, Academia Sinica (blue dots in Figure 2b). 

Figure 2. (a) Location of Global Positioning Sytem (GPS) stations (colored circles) used in this study. The red line represents the fault trace of the Chihshang segment 
of the Longitudinal Valley fault. Black arrows represent horizontal velocity vector in International Terrestrial Reference System (ITRF) reference frame; red arrows in 
a local reference frame. The blue arrow is the constant vector estimated from our inversion scheme and applied at each station for the transfer from ITRF to the local 
reference frame. The filled circles indicate the vertical slip rate, which is color coded by the amplitude. (b) Time series of the north–south, east–west, and vertical 
components of displacement recorded at GPS station ERPN. Vertical dashed lines represent ML ≥ 5 events in the study area. Blue dots represent the original time 
series and green dots represent the corrected time series in which co-seismic effects of the ML ≥ 5 events are removed. The numbers Vn, Ve and Vu indicate the GPS 
inter-seismic velocities estimated using linear regression denoted by red line.
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Under the International Terrestrial Reference System (ITRF2008), the station coordinates were estimated using 
the GipsyX (the new version of the GIPSY/OASIS software, https://gipsy-oasis.jpl.nasa.gov/), developed by the 
Jet Propulsion Laboratory (Bertiger et al., 2020). The velocity rate was then determined by the linear regression 
of the 500 data sets randomly chosen from the time range of 2–4 years (red lines in Figures 2b–2d). As the result, 
the ITRF velocity field is shown by black arrows in Figure 2a, while the uncertainty defined by standard deviation 
from the 500 bootstrap samples is indicated by ellipses. To confirm that the GPS data during the 4-year time span 
can represent the velocity estimate from the long-term motion, we also perform a sensitivity test in Figure S1 in 
Supporting Information S1. It shows that the velocity rate of GPS from 1994 to 2019 is highly correlated with the 
one from the study period of 2007–2011.

According to the conventional elastic dislocation model by Savage  (1983), the observed surface deformation 
during inter-seismic period is a combined effect of slip on fault, block rotation (scalar motion), and a constant 
fault creep below the bottom depth of a fault, as represented by

𝑑𝑑GPS =

[
𝐺𝐺GPS 𝐺𝐺GPS 𝐺𝐺vector

]
⎡
⎢⎢⎢⎢⎣

𝑚𝑚slip

𝑚𝑚creep

𝑚𝑚vector

⎤
⎥⎥⎥⎥⎦
, (1)

where dGPS is the observed deformation as indicated by the black arrows in Figure 2a. GGPS is the green's func-
tion (Okada, 1992) for estimating the slip at fault (mslip) and the slip at greater depth (mcreep). Gvector is a designed 
identity matrix approximated by a 2-Dimensional constant secular motion (eastward and northward motions of 
mvector) of a block model. By assuming 40 mm/year creep rate at the deeper part of the Chihshang fault (Thomas 
et al., 2014; Tsai et  al., 2015), both mslip and mvector can be inverted based on Equation 1. Note that mvector is 
resolved at each station, whereas mslip is resolved at each fault patch. We next obtained the local velocity at the 
surface (red arrows in Figure 2a) by subtracting the secular motion of the block (blue arrows in Figure 2a) from 
the raw data (black arrows in Figure 2a). The resulting local velocity transfers the ITRF reference frame to the 
local fault frame, which represents the contribution from faulting in this small area (several tens km).

3.2. InSAR Data

To increase the spatial resolution of the displacement field, we also used the InSAR data provided by Thomas 
et al. (2014) that estimated the relative fault motion following Champenois et al. (2012). In their work, SAR data 
were taken from L-band ascending ALOS-1 PALSAR images (wavelength 23.6 cm) processed using a Persistent 
Scatterer (PS) approach during the study period, 2007–2010 (Ferretti et al., 2001; Hooper et al., 2007). The total 
number of PS points in the study area was 77,133 with the relative velocity in the radar LOS direction ranging 
from −51 to 65 mm/year (Figure 3a) with uncertainty in the range 0.26–8.99 mm/year. To remove local outliers 
in the PS data and reduce the computational cost in the inversion, we downsampled the PS points through spatial 
smoothing. We smoothed the PS measurements into a regular grid with sizes of 0.01° × 0.01°, which results in 
1,077 PS grid cells (the number of PS points within a grid cell ranged from 1 to 2,553). As such, the local spatial 
variability in the original data (Figure 3a) can be largely reduced (Figure 3b), while the original trend along the 
strike of the fault remains. As shown by the cross-section A–A′ (Figure 3c), the short-distance variability in the 
original data is also diminished by the spatial smoothing. Note that >40% of the 1,077 grids contain fewer than 
10 PS points, therefore for each grid cell, we estimated the mean velocity and mean uncertainty using all  the PS 
data and multiplied the mean uncertainty by the standard error. This error is called the weighting factor as indi-
cated by the size of the circles in Figure 3b, which provides the information of velocity reliability in the following 
inversion.

To check the consistency between the GPS measurements and the InSAR results (raw point-scatterer measure-
ments), we first estimated the mean PS velocity and mean incidence angle of original PS points located within a 
500 m radius of each GPS station. The relative GPS velocity (red arrows in Figure 2a) was then projected onto 
the radar LOS direction based on the mean incidence angle in each station. Figure 4 shows the comparison of 
InSAR and GPS data, where the uncertainties are represented by horizontal and vertical and lines, respectively. 
Here the original data points are replicated 100 times by a random selection within the range of data uncertainty. 
The 100 regression lines are shown by gray lines in Figure 4, which reveals the ratio of GPS/InSAR ranging from 

https://gipsy-oasis.jpl.nasa.gov/
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0.55 to 1.0 with the mean value of 0.75 ± 0.18. This suggests that InSAR data are generally in good agreement 
with GPS measurements.

3.3. Repeating Earthquake Data

An RES is a group of seismic events exhibiting nearly identical waveforms, magnitudes, and source locations. 
The magnitude and recurrence interval of the RES are sensitive to the loading rate, which provides useful infor-
mation about how a fault creeps at depth (Beeler et al., 2001; K. H. Chen et al., 2007; T. Chen & Lapusta, 2009; 
Igarashi et al., 2003; Nadeau et al., 1995; Nadeau & Johnson, 1998; Sammis, 2001). Using the broadband seismic 
data recorded by the Broadband Array in Taiwan for Seismology (BATS, 1996), Y. Chen et al. (2020) identified 
73 M2.3–4.6 RESs in the Chihshang fault with a mean focal depth of 16.4 km from 2000 to 2011. To be compa-
rable with the InSAR and GPS data, we consider only the 36 RESs active during the study period of 2007–2011. 
They can be classified into a quasi-periodic type and an aperiodic type based on the covariance (COV) in the 
recurrence time (Tr) (K. H. Chen, Nadeau, & Rau, 2008). Given that the later type is likely associated with nearby 
moderate to large earthquakes, the quasi-periodic type (COV in Tr smaller than 0.5) is believed to better represent 
the inter-seismic slip rate over a relatively long timescale (Igarashi et al., 2003). Thus, out of the 36 RESs, seven-
teen quasi-periodic RESs composed of 65 repeating events are used for the following inversion.

3.3.1. RES-Derived Slip Estimates

An RES is the result of a re-rupture of the same patch of a fault that is driven to failure by continuous loading from 
the surrounding creeping area (e.g., T. Chen & Lapusta, 2009; Uchida & Bürgmann, 2019). The averaged recur-
rence time of repeating events in a quasi-periodic RES reflects the local creep rate in the immediate surrounding 
(Nadeau & Johnson, 1998; Nadeau & McEvilly, 1999). Therefore, cumulative slip of events from many RESs in 
a large region results from the averaged loading rate on the whole fault, while the cumulative slip of events in a 
RES corresponds to the aseismic slip history just around the RES patch. The local creep rate represents the load-
ing condition in the immediate surroundings of an RES, which will be embedded in the inversion of inter-seismic 
slip rate of this study.

Figure 3. (a) The distribution of Persistent Scatterer (PS) synthetic aperture radar Interferometry (InSAR) displacement rates along the radar line-of-sight (LOS) from 
all 77,133 PS points during the study period 2007 to 2010. Black arrows show the ascending track direction and the average incidence angle of LOS (37° relative to 
the vertical). (b) The distribution of 1,077 “smoothed” LOS displacement rates resampled on a 0.01° × 0.01° grid. Each circle represents a grid cell with the color 
indicating mean LOS displacement rates, while its size is proportional to the weighting factor used in inversion. This factor depends on the number of points within a 
grid cell and their uncertainties. The red line indicates the Chihshang fault. (c) A comparison between the raw data from (a) and smoothed data from (b) along the same 
profile A–Aʹ with the projected width of 2 km. The vertical dashed line indicates the location of the fault trace.
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Assuming that the averaged aseismic fault slip is equal to the geodetically inferred fault slip rate (𝐴𝐴 ̇̃𝑑𝑑  ), then cumula-
tive moment release (𝐴𝐴

∑
𝑀𝑀0𝑖𝑖 ) smoothed over the duration (T) of a given repeating sequence can be used to obtain 

the rupture area (A seq), as shown by Equation 2. Note that i represents the ith event in a sequence.

𝐴𝐴
seq

=

�̇�𝑀0

𝜇𝜇 ̇̃𝑑𝑑
=

∑
𝑀𝑀0𝑖𝑖

❚𝜇𝜇 ̇̃𝑑𝑑
. (2)

Here 𝐴𝐴 �̇�𝑀0 represents the average moment rate over duration T of a given RES, μ indicates the shear modulus. The 
seismic moment (𝐴𝐴 𝐴𝐴0𝑖𝑖 ) for each repeating event in this sequence can be obtained from:

𝑀𝑀0𝑖𝑖 = 1.5 × 10(
𝑀𝑀𝑤𝑤+9.1), (3)

where Mw is the moment magnitude (Hanks & Kanamori, 1979). Now we treat the average rupture area for the 
sequence (A seq) as the presentation of individual rupture area Ai. The slip (di) of individual repeating events can 
be inferred by:

𝑑𝑑𝑖𝑖 =
𝑀𝑀0𝑖𝑖

𝜇𝜇𝜇𝜇𝑖𝑖

 (4)

For an individual sequence, the cumulative slip over the preceding recurrence interval (Tr) provides the slip rate 
measurement, as listed in Equation 5.

�̇�𝑑
seq =

𝑁𝑁∑
𝑖𝑖=2

𝑑𝑑𝑖𝑖∕

𝑁𝑁−1∑
𝑗𝑗=1

𝑇𝑇𝑟𝑟(𝑖𝑖), (5)

Figure 4. The comparison between mean synthetic aperture radar Interferometry (InSAR) data and Global Positioning Sytem 
(GPS) data at each GPS site (locations shown in Figure 2a). Vertical and horizontal lines indicate the uncertainties of the 
measurements. The uncertainties for GPS and InSAR are obtained using bootstrap algorithm and standard error, respectively. 
Please see Sections 3.1 and 3.2 for details. The black dashed line represents a 1:1 relationship.
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where N is the number of events in a sequence, Tr is the recurrence interval, 
i refers to individual event and j refers to individual recurrence interval. With 
such a calculation, the cumulative slip versus time can be formulated for the 
estimates of local creep rate (𝐴𝐴 �̇�𝑑seq ) that represents the local creep condition 
in the immediate surrounding of a RES. The estimates of 𝐴𝐴 �̇�𝑑seq at each RES 
location will be embedded in the joint inversion with GPS and InSAR data, 
to obtain the inter-seismic slip rate model. The inversion method will be 
addressed in Section 4.2.

Note that in Equations 2 and 5, the recurrence intervals and seismic moments 
are the key parameters that control the local creep rate. In this study, however, 
the problematic seismic signals with clocking errors and large noise level 
may lead to incomplete RESs catalog (K. H. Chen, Nadeau, & Rau, 2008; Y. 
Chen et al., 2020), which likely results in underestimation of the local creep 
rate. To avoid the possible 𝐴𝐴 �̇�𝑑seq uncertainties introduced by missing repeating 
events, only the quasi-periodic RESs are adopted in this study. That says, the 
slip rate measurement is regarded as reliable for a sequence with a regular 
recurrence interval. To do so, only seventeen quasi-periodic sequences were 
used in the following analysis.

3.3.2. Empirical Relationship Between Slip and Moment

According to Equation  4, the slip for each repeating event (di) strongly 
depends on the choice of the assumed fault slip rate 𝐴𝐴 ̇̃𝑑𝑑  . In practice, the 𝐴𝐴 ̇̃𝑑𝑑  
can be inferred from geodetic measurements (directly at the fault surface 
or indirectly with slip inversion). Here, we adopted the fault slip rate 𝐴𝐴 ̇̃𝑑𝑑  
of 25 mm/year, which is chosen as the smallest misfit from a range of 𝐴𝐴 ̇̃𝑑𝑑  
values in order to minimize the residual between the local creep rate using 
the assumed 𝐴𝐴 ̇̃𝑑𝑑  (Equation  2) and the inverted slip rate from joint inver-

sion of RES, GPS and InSAR (Figure  5). The misfit is represented using the reduced chi-square statistic 
𝐴𝐴

(
Chi2red =

√
(residual ∕ uncertainty)

number of data

)
 . The inversion procedure will be introduced in Section 4.2.

To simplify the calculations in Equations 2–5, a scaling law between slip (di) and seismic moment (M0) is usually 
inferred in a given study area (K. H. Chen et al., 2007; Y. Chen et al., 2020; Khoshmanesh et al., 2015; Nadeau 
& Johnson, 1998; Nadeau & McEvilly, 2004; Uchida et al., 2003)

log 𝑑𝑑𝑖𝑖 = 𝛼𝛼 + 𝛽𝛽 log𝑀𝑀0, (6)

where di of the repeating event is proportional to the seismic moment M0, and α and β are fitting constants. 
Using the local creep rate derived from fault slip rate of 25 mm/year, we are able to invert the final estimate of 
inter-seismic slip rate on the fault including each RES site, using the RES, GPS and InSAR data. Here we attempt 
to examine the fitting constants α and β and discuss if there exists a regional difference. As shown by the di versus 
M0 relationship in Figure S2 in Supporting Information S1, the 17 RESs yield α = −2.72 and β = 0.18. By apply-
ing Equation 6 to infer the slip of an individual event, we summed the slips and divided by the time span of each 
RES to obtain the local creep rate.

Other than the scaling law in Equation 6, two other models commonly used to infer the slip of small earthquakes 
include (a) the standard crack model and (b) Beeler's model (Beeler et  al., 2001). The standard crack model 
assumes that the slip accommodated at the location of RES is entirely seismic (Eshelby, 1957; Kanamori & 
Anderson, 1975). The slip can be determined by

𝑑𝑑 =

𝑀𝑀0

𝜋𝜋𝜋𝜋𝜋𝜋2
, (7)

Figure 5. The misfit between the local creep rate inferred from the assumed 
fault slip rate and inverted inter-seismic slip rate as a function of the assumed 
fault slip rate in Equation 1. The optimal fault slip rate (25 mm/year) 
corresponds to the smallest misfit.
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where a indicates the rupture length which is computed by 
𝐴𝐴 𝐴𝐴 = (𝑀𝑀𝑜𝑜∕∆𝜎𝜎 × 7∕16)

1∕3 , μ is the rigidity, and ∆σ is the stress drop. Beeler's 
model (Beeler et al., 2001) on the other hand, assumes that both seismic and 
aseismic slip has been accommodating at the location of RES. The slip of an 
event in Beeler's model thus could be expressed as:

𝑑𝑑 = 𝑇𝑇𝑟𝑟𝑉𝑉𝐿𝐿 = ∆𝜎𝜎

[
1

1.81𝜇𝜇

(
𝑀𝑀𝑜𝑜

∆𝜎𝜎

) 1

3
+

1

𝐶𝐶

]
, (8)

where Tr indicates the recurrence interval, VL indicates the loading condition, 
C indicates the strain-hardening coefficient. Figure S3 in Supporting Infor-
mation S1 shows the best fit of the observed Tr and Mo with different stress 
drop assumptions. By assuming VL = 2.5 cm/year, the stress drop and C are 
chosen as 3 and 0.6 MPa/cm to better fit the observation of this study, while 
VL = 4.4 cm/year, the stress drop and C are 10 and 1.1 MPa/cm, respectively. 
The C inferred here is consistent with the range obtained in northern Japan 
(Igarashi et al., 2003; Mavrommatis et al., 2015). When the slips inferred from 
standard model and Beeler's model are plotted against Mo, to compare with 
the observed d-Mo relationship in Figure S4 in Supporting Information S1, 
we found that the Beeler's model with the assumption of VL = 4.4 cm/year, 
∆σ = 10 MPa (red line) and VL = 2.5 cm/year, ∆σ = 3 MPa (blue line with 
crosses). The standard model however, underestimates the slip, as revealed 
by two yellow lines in Figure S4 in Supporting Information S1. Such compar-
ison suggests that the slip estimates from Equations 1 to 5 can be supported 
by Beeler's model and that the slip accommodated at the location of repeater 
should be both seismic and aseismic. Note that to have crack model fit into 
the observed trend, the high stress drops up to 100 MPa is needed, as denoted 
by purple line in Figure S4 in Supporting Information S1.

If the RES reveals perfectly periodic recurrence with the same magnitude, 
using the seismic moment to infer di in Equation 6 will give the same value 
as the di in Equation 4, which requires the duration and moment release rate 
of a sequence. However, in some cases the slip values from Equations 4 to 6 
do not agree owing to fluctuation of the seismic moment and recurrence time 
of events in a sequence. The advantage of using Equation 6 is that it can be 
applied to the aperiodic RES but Equation 4 cannot. Therefore, in order to be 
potentially useful for the larger RESs data set, the refined d − M0 relationship 

from the seventeen quasi-periodic RESs is adopted for an estimate of slip for each repeating event. The colored 
circles in Figure 6 reveal the inferred slip rates of individual quasi-periodic RESs for the following joint inversion; 
The resulting slip rates have an average value of 30.7 mm/year with a standard deviation of 2.3 mm/year. The 
aperiodic RES (colored squares) however, reveals larger range of slip rates from 7 to 73 mm/year that may be 
associated the temporal fluctuation in local loading condition, which is not used in the following joint inversion.

4. Inversion Procedure
4.1. Fault Geometry

Based on the termination of the seismicity associated with the Chihshang fault, the north end of the fault is 
located at a latitude of 23.5°N. This boundary is also consistent with the discontinuity in the InSAR displacement 
field (Figure 3a). Note that this fault length is actually longer than the surface rupture during the 1951 H-T earth-
quake sequence (Shyu et al., 2005). The fault width is constrained by the hypocenters of the aftershocks following 
the 2003 Mw 6.8 Chengkung event and 2022 Mw 6.7 event shown in Figure S5 in Supporting Information S1, 
which reveals the depth range of the aftershocks from 0 to 29 km. Note that below the seismogenic zone at depths 
of 29–34 km where it is mostly freely creeping, the fault is able to simulate the long-term relative block motion. 
At the deepest zone, the slip rate is expected to be equivalent to the long-term slip rate. However, the lack of 

Figure 6. Spatial distribution of seventeen quasi-periodic repeating 
earthquake sequences composed of 65 events identified by Y. Chen et al. 
(2020). Circles indicate the quasi-periodic sequences used in this study, while 
squares indicate aperiodic sequences, color coded by the slip rates inferred 
from Equation 5.
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seismicity here fails to provide constraint on the fault geometry. To establish 
how the geometry of the fault below 29 km changes the slip rate variation in 
space, a sensitivity test was conducted and will be described in Section 5.1.

The above constraints lead to an along-strike fault length of 79 km and an 
along-dip fault width of 45 km. In our model, the fault plane is discretized 
into 1,932 small triangular fault patches with an average area of 3.2 km 2. The 
computation grid sizes on the fault plane are set to be 1 × 1 km, 2 × 2 km, and 
4 × 4 km for the shallow portion (<5 km), the middle portion (5–29 km), and 
the deeper portion (29–34 km) of the fault, respectively. The fault parameters 
for the Chihshang fault are listed in Table 2.

4.2. Method for Joint Inversion

Using the fault model described above, we conducted static inversion using 
the velocity from GPS, InSAR, and RES. The forward matrix of joint inver-
sion is expressed as:

⎡⎢⎢⎢⎢⎣

𝑑𝑑GPS

𝑑𝑑InSAR

𝑑𝑑RES

⎤
⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎣

𝐺𝐺GPS 𝐺𝐺vector 0

𝐺𝐺InSAR 0 𝐺𝐺ramp

𝐺𝐺RES 0 0

⎤⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣

𝑚𝑚slip + 𝑚𝑚creep

𝑚𝑚vector

𝑚𝑚ramp

⎤
⎥⎥⎥⎥⎦
, (9)

where dGPS (black arrows in Figure 2a), dRES and dInSAR represent the observed velocity from GPS, RES, and 
InSAR, respectively. GGPS and GInSAR represent the Green's functions for GPS and InSAR, which were computed 
from an elastic half-space dislocation solution (Okada, 1992). Gvector indicates a designed identity matrix that was 
used to model the constant 2-D vector (eastward and northward motions) of mvector (blue arrows in Figure 2a) to 
approximate the relative motion between the CeR block and the Costal Range block. Gramp represents a linear 
ramp, controlled by the parameters in mramp, that was used to remove the residual orbital errors and adjust by a 
constant InSAR to match GPS data. However, since consistency between GPS and InSAR measurements is good 
enough (Figure 4), no adjustment was needed for the InSAR measurement. That is, Gramp and mramp is assumed 
to be zero and neglected in the inversion process. GRES represents the Green's function for RES that was used for 
assigning RES slips into fault patches. In practice, each RES slip was assigned to the closest single fault patch. 
Finally, mslip represents the data prediction in each data set.

We followed the inversion method of Radiguet et al. (2011), where the least-squares formulation of Tarantola (2005) 
is applied for linear problems. The slip direction (rake) was fixed during the inversion. To determine the most 
representative rakes in each fault patch, the procedures are as follows: (a) Consider a unique “tectonic vector” 
as the projection of rake onto the mapview and counted counterclockwise from the East, which takes both strike 
and rake into account; (b) Applying the InSAR and GPS inversions using the selected range of tectonic vector; 
(c) Plotting normalized chi-square to obtain lowest misfit as the optimal value. The tectonic vector corresponding 
the lowest misfit goes to 145°, which is shown in Figure S6 in Supporting Information S1. Using the projection 
of the selected tectonic vector, the various strikes in each fault patch (details about fault geometry please see 
Section 4.1) lead to various rakes applied in the following inversion.

We also adopted a positivity constraint to fix the slip along the direction of motion to avoid any unrealistic slip 
values. The cost function for the inversion is:

𝑆𝑆(𝑚𝑚) = (𝐺𝐺𝑚𝑚 − 𝑑𝑑)
𝑡𝑡
𝐶𝐶

−1
𝑑𝑑
(𝐺𝐺𝑚𝑚 − 𝑑𝑑) + (𝑚𝑚 − 𝑚𝑚0)

𝑡𝑡
𝐶𝐶

−1
𝑚𝑚 (𝑚𝑚 − 𝑚𝑚0), (10)

where the first term represents the fit to the data, in which the data covariance matrix is a diagonal matrix (covar-
iances neglected) Cd (j, j) = 𝐴𝐴 (𝑤𝑤𝑖𝑖𝜎𝜎𝑑𝑑(𝑗𝑗))

2 associated with the data uncertainties (σd) and the weighting (wi) between 
different data sets. The second term is the proximity to the initial model (here we set it to be zero slip), while Cm 
represents the model covariance matrix, which includes spatial smoothing. The elements of the covariance matrix 
Cm(k, l) between the two sub-fault patches k and l with distance d(k, l) are given by:

𝐶𝐶𝑚𝑚(𝑘𝑘𝑘 𝑘𝑘) =

(
𝜎𝜎𝑚𝑚

𝜆𝜆0

𝜆𝜆

)2

𝑒𝑒

(
−𝑑𝑑(𝑘𝑘𝑘𝑘𝑘)

𝜆𝜆

)

𝑘 (11)

Chihshang fault Central range fault

Depth 
range

Dip 
angle

Depth 
range

Dip 
angle

Shallow layer (grid: 1 × 1 km) 0–5 km 64° 0–5 km 60°

Middle layer (grid: 2 × 2 km) 5–29 km 44° 5–19 km 60°

Deep layer (grid: 4 × 4 km) 29–34 km 2° 19–20 km 2°

Strike 22° 201°

Tectonic vector (rake) 145° (75°) 325° (75°)

Fault length 85 km 85 km

Fault width 54 km 22 km

Deep creep rate (at deep layer) 40 mm/year 13 mm/year

Table 2 
Fault Parameters Considered in This Study



Journal of Geophysical Research: Solid Earth

PENG ET AL.

10.1029/2023JB026843

11 of 21

where λ is a correlation length and λ0 is a reference length for the square root of the mean area for the sub-fault 
patches. σm is the a priori standard deviation of model parameters, which corresponds to a damping parameter. 
The optimal values of σm, λ, and wi are determined from the trade-off between slip roughness and the goodness of 
fit to the data (reduced chi-square statistic). As shown in Figure S7a in Supporting Information S1, we explored a 
large range of damping values σm for a fixed correlation length λ = 40 km, and an optimal value of σm = 10 3 mm 
(green circle) was selected as a best compromise between model roughness and data misfit through the L curve 
criterion (Hansen, 1992). We also investigated the sensitivity of λ values in Figure S7b in Supporting Informa-
tion S1. With a fixed σm = 10 3 mm, the optimal λ = 40 km was chosen to represent the termination of the dramatic 
reduction of chi-square. Note that these tests were performed without RES data in order to reduce the compu-
tation time. The weighting (wi) of individual data sets is selected in a range of 0.01–1 for the gird search. Here 
we consider the same weighing in space for each data set. As shown in Figure 7, in order to achieve the smallest 
residual represented by the reduced chi-square, the optimal weightings for GPS (wGPS), InSAR (wInSAR), and RES 
(wRES) were chosen as 0.40, 0.45, and 0.15, respectively.

5. Inversion Results
5.1. Spatial Variation of Slip Rates

After applying the above parameters selected by chi-square statistics, the GPS, InSAR, and RES data sets were 
used to invert for the inter-seismic slip of the Chihshang fault. The resulting slip model in Figure 8a shows that 
the shallow portion of the fault (above 20 km depth, denoted by the blue dashed line) has higher inter-seismic slip 
rate than the deeper portion from 20 to 29 km. The deeper zone below 20 km depth is characterized by lower slip 
rates and can be roughly divided into two zones, as separated by the white dashed line in Figure 8a; The southern 
half tends to have lower slip rate comparing with the northern half. At the deepest part (29–34 km), the slip rate 
was approximated by the maximum geodetic inferred slip rate by Thomas et al. (2014). The deepest zone plays a 
key role in accounting for the long-term slip rate. Since the geometry of the fault is not well characterized at the 
greater depths, a sensitivity test was performed to assess the impact of fault geometry and fault extension at depth 

Figure 7. Ternary diagram with each of the three apexes representing a composition of Global Positioning Sytem (GPS) 
weighting, synthetic aperture radar Interferometry (InSAR) weighting, and repeating earthquake sequence (RES) weighting. 
Color is coded by the resulting reduced chi-square. The white star indicates the optimal weighting values of wGPS, wInSAR, and 
wRES as 0.4, 0.45, and 0.15, respectively, used in the inversion.
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on the spatial variation of slip rate. This is shown in Figure S8a in Supporting Information S1, where the tested 
fault models have different dip angles (5° and 20°) and widths below the depth of 29 km (bottom depth ranging 
from 30 to 37 km). The resulting slip rates are averaged over depth and are shown in Figure S8b in Supporting 
Information S1. The along-strike variation of slip rates appears to be limited for the different geometries tested 
here, suggesting that the fault geometry below a depth of 29 km does not have a strong influence on the magnitude 

Figure 8. (a) Map of the inter-seismic slip obtained by the joint inversion. The blue dashed line indicates the approximately 
depth of 20 km. The white dashed line represents the boundary between the locked zone and creeping zone from depths 
20–29 km. The red and blue solid lines indicate the fault trace of the Chihshang fault and Central Range fault, respectively. 
(b) Global Positioning Sytem (GPS) residuals from the inversion with associated error ellipses. The circles represent the GPS 
stations and color indicates the residual from the vertical component. (c) Synthetic aperture radar Interferometry line-of-sight 
velocity residuals. Each circle represents a grid cell as in Figure 2b. (d) Residuals of slip derived from repeating sequence. 
The circles represent a repeating sequence as in Figure 6.
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of the inferred slip rate. We therefore, adopted the same dip-angle at the depth of 29 km and considered the maxi-
mum inverted slip rate (40 mm/year) at the deepest zone of 29–34 km as the initial condition in the kinematic fault 
model (e.g., Ching et al., 2007; Hsu et al., 2009).

The residuals between the observation and model for GPS, InSAR, and RES are shown in Figures 8b–8d. The 
residual of the GPS horizonal measurement falls in the range 1.5–10.3  mm/year to the north of 23.1°N and 
5.0–20.3 mm/year to the south of 23.1°N (Figure 8b); for InSAR the misfits are 4.7  and 8.5 mm/year for the 
northern and southern segments, respectively (Figure 8c). The larger residuals in the south are likely the result of 
a more complex tectonic setting not accounted for in the model, in particular the partitioning of the deformation 
between the Chihshang fault and another structure, namely the Luyeh fault (the black line in Figure 8a). The 
misfit for the RES data is 7.1 mm/year (Figure 8d), where the relatively large residual is found to be associated 
with large coefficient of variation in recurrence interval (COVTr) for RESs. This can be seen in Figure S9 in 
Supporting Information S1 where greater than 10 mm/year residuals correspond to COVTr >0.30, suggesting that 
the regular occurrence of an RES plays an important role in the reliability of the slip rate estimates.

The spatial variation of inter-seismic slip behavior is further established in Figure 9a, where the slip rates in 
various depth ranges are averaged for a given along-strike distance. There exists similar slip rate variation for all 
depth ranges—three peaks at the along-strike distance of 15, 40, and 55 km. The only exception is observed at the 
shallowest depth (<5 km, blue line), which shows the peaks at distance of 30 and 55 km with strong along-strike 
variations. In general, the shallow depths (5–10 km, light blue line) exhibit highest slip rates (up to 42 mm/year); 
At greater depths (20–29 km), the maximum slip rate reaches only 30 mm/year with much smoother variation 
along strike; The transition likely occurs at a depth of 10–20 km, where the high slip rate occupies the middle of 
the fault (distance of ∼40 km in Figure 9a). To the south (distance of 10–20 km in Figure 9a), there exists signif-
icant depth dependency: at depths greater than 10 km the slip rate is low (<20 mm/year), while at shallow depths 
(<10 km) there is a localized high slip rate. To the north (distance of 50–80 km), the slip rates at various depths 
show similar bumps around the distance of 55 km, indicating weaker depth dependency.

5.2. Inter-Seismic Fault Coupling

Given that the long-term motion of the CoR with respect to the CeR is not well constrained in the literature, the 
inter-seismic coupling (ISC) here is obtained from the assumed deep creep rate (40 mm/year at depths below 
29 km in Figure 8a), as shown in Equation 12 below. The selection of 40 mm/year is self-consistent with our 
model and close to the one inferred by Thomas et al. (2014) using another approach.

ISC = 1 − 𝑉𝑉int∕𝑉𝑉longterm, (12)

where Vint and Vlongterm represent the modeled inter-seismic slip rate and maximum geodetic inferred long-term 
slip rate, respectively. An ISC of 1 describes a fully locked patch, while ISC ≈0 describes a patch creeping at 
the long-term slip rate. The ISC resulting from the inter-seismic slip map (Figure 8a) is shown in Figure 9b. The 
co-seismic slip area of the 2003 Mw 6.8 Chengkung earthquake (pink contour) is found to be centered at a high 
coupling ratio, while the peak post-seismic slip (450 mm as denoted by the center of the green contour) occurred 
in a shallower zone (0–5 km), which has been previously documented as velocity-strengthening friction (H. Y. 
Chen et al., 2006; J.-C. Lee et al., 2006), and be penetrated into the deeper co-seismic slip zone. On 23 March 
2022, a Mw 6.7 earthquake struck along the northmost segment of the Chihshang fault, as indicated by the cyan 
star in Figure 9b. The co-seismic slip inverted by seismic data and GPS (blue contour) is distributed at the deeper 
part of the northmost segment (Hsu et al., 2009; Thomas et al., 2014), which seems to be terminated around 
where the RES and swarm events occurred (Peng et al., 2021). The coupling ratio in the source area of the 2022 
Mw 6.7 Yuli event is generally higher than average. Despite the resolution of our coupling model being relatively 
low at the edge of the fault (along-strike distances <5 km and >70 km), the correlation of the recent earthquake 
and high coupling ratio confirms that the northmost segment is likely strongly coupled.

Numerical and analytical studies and laboratory experiments suggest that RESs are formed on a small rupture surface 
(asperity) surrounded by velocity-strengthening areas (Beeler et al., 2001; T. Chen & Lapusta, 2019; Johnson & 
Nadeau, 2002) and thus are commonly regarded as indicators for aseismic slip. Earthquake swarms, although their 
mechanism is still not perfectly understood, are also considered to be related to aseismic slip (Ikari et al., 2013; Kubo 
& Nishikawa, 2020; Wang & Bilek, 2014). From the basic interpretation of ISC, aseismic transients are likely to 
occur on or near the low coupling areas. Figure 9b compares our ISC map with the hypocenter of M ≥ 3 earthquake 
swarms (green circles, Peng et al., 2021) and M ≥ 2 RESs (blue circles, Y. Chen et al., 2020). There is a strong 
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overlap between the locations of RESs and earthquake swarms (indicated by blue and green circles, respectively, in 
Figure 9b), and both occur mainly around the co-seismic slip zone of the 2003 Chengkung event. Based on quantita-
tive analysis by Peng et al. (2021), only 14% of RESs are located outside a 5 km distance from the swarms. Both these 
seismic activities are found to coincide with a low coupling ratio, suggesting an environment of aseismic creep. The 
areas of co-seismic slip during the 2003 Mw 6.8 Chengkung event and 2022 Mw 6.7 Yuli event coincide with the 
relatively large coupling ratio, as indicated by the pink and blue contours in Figure 9b, respectively. The aseismic slip 
episodes appear to take place in the surroundings of the contours through the phenomena of RESs and earthquake 
swarms. The post-seismic area denoted by the green contour, however, coincides with a low coupling ratio and 
appears to be a transition zone separating the co-seismic slip area and the low coupling ratio area at shallow depth.

5.3. Seismicity Versus Coupling Model

The spatial variability of seismicity may result from differences in the mechanical properties of a fault. As seis-
micity is an intrinsically independent observation from the coupling measurement, the earthquake behavior is 

Figure 9. (a) Along-strike variation of slip rate in our best-fitting kinematic model. Each line represents the average slip rate 
with corresponding depth range. The along-strike distance corresponds to the cross-section in Figure 8a. (b) Coupling ratio on 
the fault plane. Pink and green contours indicate the co-seismic slip and the post-seismic slip of the 2003 Mw 6.8 Chengkung 
earthquake respectively, from Hsu et al. (2009). The cyan contours indicate the co-seismic slip of the 2022 Mw 6.7 Yuli 
earthquake. Here only slips over 70% of the maximum value (denoted by the number in the center of contours) are plotted 
at contours intervals of 100 mm. The blue circles indicate the M ≥ 2 repeating events identified by Y. Chen et al. (2020). 
Green circles indicate the M ≥ 3 swarm events identified by Peng et al. (2021). Pink and cyan stars indicate respectively the 
hypocenters of the 2003 Mw 6.8 and 2022 Mw 6.7 mainshocks.
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compared with the coupling model in Figure 10a. Based on different mechan-
ical behaviors (detailed below), the Chihshang fault was separated into five 
regions along the strike from A to E. The ISC, M ≥ 2 background seismicity, 
and M ≥ 2 RESs and swarms were averaged over the depth range 5–25 km 
and at 1.25 km intervals of along-strike distance. The background seismic-
ity (black line in Figure 10a) is mainly concentrated in areas A and B and 
is consistent with the distribution of M ≥ 2 repeating earthquakes (dashed 
blue line in Figure  10a) and the M  ≥  3 earthquake swarm (dashed green 
line in Figure 10a). The spatial variation of seismicity, however, shows an 
anti-correlation with that of the ISC (areas D and E). The moderate coupling 
in area C is likely mixed with the seismic activity on the close-by Luyeh 
fault (black line in Figure 8a) and thus does not precisely reflect the coupling 
behavior on the Chihshang fault. Note that the Luyeh fault hosted a Mw 6.2 
event on 1 April 2006.

The inter-seismic moment rate deficit can be further obtained from M0deficit = 
μ∑Ai × Vlongterm × ISC, where μ indicates the shear modulus, Ai indicates the 
area of fault patch i, and Vlongterm indicates the maximum geodetically inferred 
long-term slip rate (40.1  mm/year). The total M0deficit is determined to be 
2.71 × 10 18 dyne-cm/year on the fault. The along-strike variation of M0deficit 
can be shown in Figure  10b, where the co-seismic slip seismic moments 
of the 2003 Mw 6.8 and 2022 Mw 6.7 earthquakes (red solid line and red 
dashed line, respectively) spanning areas D and E appear to coincide with 
the moment rate deficit pattern. That is, the energy accumulated over the 
study period 2007–2011 establishes that the deficit is mostly concentrated 
in area D. The moment rate deficit in this particular area was determined 
to be 2.27 × 10 17 Nm/year, which is able to generate an Mw 6.8 event every 
78.3 years. Given that the previous event occurred in 2003, we expect that 
the next Mw 6.8 event will return in 2081. The other locked area, area E, had 
been quiet for a long time but experienced an Mw 6.7 event in 2022. This area 
is capable of accumulating moment at a rate of 4.40 × 10 17 Nm/year, equiva-
lent to a return period of 28.6 years for the same magnitude event. However, 
there exists several uncertainties in the estimates of recurrence interval of 
the locked zones. First, the inferred inter-seismic slip rate in this study can 

only represent the behavior during the study period, from 2007 to 2011. The understanding of temporal evolution 
in seismic versus aseismic slip will be needed to infer the seismic potential of the Chihshang fault. Second, the 
fault interaction between the LVF and CRF may alter the recurrence behavior of the Chihshang fault, this will be 
further addressed in Section 6.1.

The coupling model in Figure 9b can be further illustrated by the conceptual model in Figure 11. In a rate-state 
friction concept, frictional properties can be expressed by the size and spatial distribution of asperities that 
correspond to the value of ISC. The areas with low ISC but no seismic event are regarded as freely creeping. 
During the inter-seismic period, the freely creeping areas tend to accumulate and release stress aseismically, 
as denoted by the orange area in Figure 11. The strongly coupled area that is characterized by high ISC, on 
the other hand, corresponds to the large asperity. Such region is capable of accumulating strain and releasing 
most of the stress through M ≥ 6 events, as indicated by gray areas in Figure 11 (Sammis, 2001; Scholz, 1998; 
Wesson & Nicholson, 1988), which corresponds to the co-seismic slip areas of the 2003 Mw 6.8 and 2022 
Mw 6.7 events (contours in Figure 11). The highest ISC corresponds to strong coupling and relatively large 
co-seismic slip, as indicated by light yellow areas. In the region that exhibits low ISC, earthquakes mainly 
occur with smaller magnitude in a repeatable or clustered manner, which is denoted as partially creeping. As 
denoted by green areas with smaller gray circles, there exists small magnitude earthquakes and RESs embed-
ded in a creeping fault. The green areas happen to separate the freely creeping (orange) and strongly coupled 
(light yellow and contoured) areas, which represent the gradual change in frictional properties from aseismic 
to seismic slip.

Figure 10. (a) Along-strike variation of seismicity, co-seismic slip, and the 
average coupling ratio at depths from 5 to 25 km on the Chihshang fault. 
The blue and green dashed lines represent respectively the number of M ≥ 2 
repeating events and number of M ≥ 3 swarm events. The red solid line 
represents the average coupling ratio. The seismicity was determined by 
counting the events within a 5 km radius of the fault patch. (b) The comparison 
between the interseismic moment rate deficit and co-seismic moment from 
2003 to 2022 events along the Chihshang fault at depths from 5 to 25 km. 
The black line represents the average moment rate deficit estimated by our 
inter-seismic slip model. The red solid line and red dashed line indicate the 
averaged co-seismic moment of the 2003 Mw 6.8 Chengkung event and 2022 
Mw 6.7 Yuli event, respectively.
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6. Discussion
6.1. Two-Fault Kinematic Model

Unlike the Chihshang fault where the fault geometry and surface slip rate has been precisely measured, the CRF in 
the south of 23.5° is less known and poorly constrained. The main reasons are the lack of geodetic data coverage in 
the mountain area (the west of CRF) and the infrequent earthquake activities. The west-dipping CRF characterized by 
∼1 cm/year long-term slip rate (Shyu et al., 2006) was suspected to be responsible for the historical ML 7.3 Yuli event 
in the 1951 H-T sequence (Shyu et al., 2006, 2023) and had been quiet until 2022. The occurrence of Mw 6.5 and Mw 
7.0 Guanshan-Chihshang earthquake sequence in September 2022 (S.-J. Lee et al., 2023) confirmed the capability 
of the CRF to produce powerful events. As shown in Figure S10 in Supporting Information S1, the two mainshocks 
and their aftershocks in this 2022 earthquake sequence are located underneath the eastern flank of the Central Range 
(CeR in Figure S10 in Supporting Information S1), separated from earthquakes on the east-dipping Chihshang fault. 
We next examine whether the consideration of CRF changes the inter-seismic slip model for the  Chihshang fault, 
hereafter referred as “two-fault model.” The fault parameters of CRF were chosen using the available co-seismic 
slip model, focal mechanism, and aftershock distribution (the detailed description please see Text S1 in Supporting 
Information S1 and Table 2). In this two-fault model, we applied a positivity constraint (Radiguet et al., 2011) and 
fixed the tectonic vector of the LVF and CRF at 145° and 325°, respectively. Here the tectonic vector of the CRF 
is assumed to follow the opposite direction to the Chihshang fault (325°) in order to minimize the slip partitioning. 
With the various strikes, the rake of the CRF ranges from 61.2° to 95.0° with the mean value of 76.3°.

Same with the modeling parameters considered in the inversion in Section 3.2, here the smoothing parameter 
(λ) is assumed to be 40 km for both faults. Given that the geodetic measurements are mostly near fault trace, 
while the RES are not observed on the CRF, the along-dip variation of inter-seismic slip rate on CRF is not well 
constrained. This leads to a need for assuming the upper bound of the slip rate around 1.3 cm/year at the depth 
below 20 km as the maximum inter-seismic slip rate inferred by Shyu et al. (2006). The modeling parameters of 
CRF are listed in Table 2. The resulting inter-seismic slip model is shown in Figure 12a, where the CRF appears 
to slip with mean slip rate of 3.2 mm/year at the depth of shallower than 19 km, where the maximum slip rate of 
22.37 mm/year occurs near the southern end of the fault (along-strike distance of 0–10 km).

Note that the slip distribution of LVF using two-fault model in Figure 12a shows a nearly identical pattern with the 
single fault model in Figure 12b, especially at the depth shallower than 20 km. Comparing with the single-fault 

Figure 11. Conceptual model of the Chihshang fault based on the seismicity and inter-seismic slip model. In the general 
setting, the fault exhibits freely creeping behavior at the lowest depth (orange zones, depths of 29–37 km) and heterogeneous 
couplings from strongly coupled (white and yellow) to decoupled (orange) at higher depths (depths of 0–29 km). Two freely 
creeping zones at the shallower depth (0–10 km) are mainly characterized by low coupling ratio and reduced seismicity. 
Green areas represent a partially creeping area that is characterized by low coupling ratio and enhanced activity of repeating 
earthquake sequences and swarm events. Red and blue contours indicate the co-seismic slip of the 2003 Mw 6.8 Chengkung 
earthquake and the 2022 Mw 6.7 Yuli earthquake.
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model, the two-fault model reveals slightly smaller slip rate at the greater depth below 20 km (difference smaller 
than 1 cm/year); the along-strike variation however, remains the same. The difference of the inverted slip rate on 
the Chihshang fault between the two fault models (hereafter referred as Diff) is shown in Figure S11 in Support-
ing Information S1. Comparing with the single fault model, the inverted slip rates on the Chihshang fault are 
reduced 2–10 mm/year at the depth below 20 km in two-faults model. The largest Diff (10.23 mm/year) occurs at 
southern, deep part of the fault (along-strike distance = 0–10 km, depth ∼20 km). To confirm whether this large 
Diff is due to the model uncertainty, we next map the model uncertainty in each fault patch by applying different 
smoothing and damping parameters, λ and σm in Equation 11. Here we compute the standard deviation using the 
16 slip rate estimates produced by λ = 30–80 km and the 21 slip rate estimates produced by σm = 10 2.5 − 10 3.5, 
which is shown in Figure S12 in Supporting Information S1. Note that the model uncertainty at the corner where 
the largest Diff occurs (Figure S11 in Supporting Information S1) is confined in a small range of 1–4 mm/year. 
The largest standard deviation, on the other hand, appears to occur at the patches characterized by extreme slip 
rates that changes significantly over different λ and smaller σm. This suggests that the large difference of the 
inferred slip rates between the two models likely reflects the real difference, which should be noted in the future 
study. Note that the interseismic moment rate deficit inferred from two-fault model is 2.43 × 10 18 dyne-cm/year, 
roughly 10% smaller than the one inferred from single-fault model. The recurrence intervals for Mw 6.8 event in 
areas D and Mw 6.7 in area E of Figure 10 would be altered to 79.4 and 31.1 years, respectively, in the two-fault 
model.

To further confirm the source of model uncertainties, the residual can be also mapped into the individual observa-
tional data sets. As shown by Table S1 in Supporting Information S1, the residual in GPS horizontal component 
(Chi-square statistics) is found to reduce slightly from 13.5 to 11.1 mm/year using two-fault model, where the 
residual in other two data sets (InSAR and RES) only changes insignificantly. Note that the uncertainties in fault 
parameters chosen for the CRF here (Table 2) remains large. The reasons are: (a) The long-term slip rate at the 
bottom of the fault is only approximated by assuming that the 1951 ML 7.3 and 2022 Mw 7.0 events ruptured 
the same fault, which is lack of geodetic constraint; (b) The fault geometry of CRF can be largely improved if 
the  relocation and focal mechanisms determination of the aftershocks is performed. Consequently, the demon-
stration of two-fault model suggests that the contribution of the CRF in the kinematic modeling of the Chihshang 
fault is notable and potentially leads to the better understanding of the regional inter-seismic deformation, which 
requires further attention through better geodetic and seismic networks in the future.

Figure 12. (a) Map of the inter-seismic slip of two-fault model obtained by the joint inversion. Blue and white dash line represent the 19 and 29 km depth of 
Central Range fault (CRF) and Chihshang fault, respectively. Below these depths, the faults are assumed to creep with a constant rate due to the lack of resolution for 
along-strike and along-dip distribution of slip behavior. The constant creep rates for the Chihshang fault and CRF are assumed to be 4.0 and 1.3 cm/year, respectively. 
(b) The inter-seismic slip model of one-fault model, the same with Figure 8a.
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6.2. Role of Repeating Earthquakes on Slip Inversion

RESs have been widely used as a simple creepmeter embedded in the fault (see the review article by Uchida 
& Bürgmann, 2019). However, there exists a long-standing debate about the applicability of the relationship 
between seismic moment (M0) and RES slip (Equation 6). As the geodetically inferred mean fault slip rate (𝐴𝐴 ̇̃𝑑𝑑  in 
Equation 2) represents the loading condition in the immediate surroundings of an RES, the slip (di in Equation 4) 
accumulated in the RES patch can thus be approximated by the fault slip rate (𝐴𝐴 ̇̃𝑑𝑑  ) multiplied by the total duration 
of the RES. The assumed fault slip rate plays a role in the determination of slip for an individual repeating event 
(di in Equation 4) and thus influences the di versus M0 relation in Equation 6.

Y. Chen et al. (2020) examined how much the assumed 𝐴𝐴 ̇̃𝑑𝑑  (geodetically inferred slip rate) changes the constants 
α and β in Equation 6. They found that α increases with increasing 𝐴𝐴 ̇̃𝑑𝑑  while β remains unchanged. This suggests 
that, when a greater loading rate on the fault (𝐴𝐴 ̇̃𝑑𝑑  ) is considered, the inferred RES slip (di) increases too. The 
dependency of seismic moment on slip, however, remains the same under various loading rates. In their study, 
the surface creepmeter acts as a constraint for determining which 𝐴𝐴 ̇̃𝑑𝑑  is more reasonable for the regional slip rate 
estimate. As the individual slip of an RES is summed in time to infer the regional slip rate, they proposed the 
resulting regional slip rate from the RES be higher than the surface slip rate from a creepmeter. To meet such a 
requirement, 𝐴𝐴 ̇̃𝑑𝑑   = 44 mm/year was adopted.

In this study, we obtained a favorable 𝐴𝐴 ̇̃𝑑𝑑  via a better agreement with the jointly inverted slip rates (Figure 5). Based 
on the minimal residual between the assumed 𝐴𝐴 ̇̃𝑑𝑑  and chi-square in the joint inversion, the resulting optimal 𝐴𝐴 ̇̃𝑑𝑑  is 
25 mm/year, which is approximately 1.7 times smaller than that used by Y. Chen et al. (2020). As in Y. Chen 
et al. (2020), the comparison with surface creepmeter data may not be sufficient to constrain the choice of 𝐴𝐴 ̇̃𝑑𝑑  . In 
addition to propose a better way for the decision of 𝐴𝐴 ̇̃𝑑𝑑  , some questions require our investigation: (a) how much 
difference does the choice of 44 or 25 mm/year cause in the inter-seismic slip model and (b) when the geodetic 
inversion is not available as in the study of Y. Chen et al. (2020), what might we misinterpret or miscalculate?

As shown in Figure S13 in Supporting Information S1, the fault slip rate of 25 mm/year (decided by the smallest 
residual shown in Figure 5) for RES analysis and 44 mm/year assumed in Y. Chen et al. (2020) lead to similar 
spatial characteristics but slightly different magnitudes of slip rate. The different outcomes of the inversions 
can be established by the along-strike variation of slip rates averaged over different depth ranges in Figure S14 
in Supporting Information S1. Note that the inversions without RES data were also performed, as indicated by 
“geodetic inversion” (gray line), while the joint inversions with both geodetic and RES data are denoted by orange 
and blue lines in Figure S14 in Supporting Information S1. At shallow depths (0–10 km), the geodetic inversion 
(gray line) and two joint inversions with 44 and 25 mm/year local slip rates for RES data (blue and orange lines, 
respectively) reveal nearly identical patterns, indicating the consistency between the three inversions. At the 
depth of 10–20 km where the majority of RES are distributed, the difference between three inversions appears. 
The geodetic inversion (gray line) peaks at the along-strike distances of 8 and 60 km, which are significantly 
different from those for the joint inversions (blue and orange lines) at distance of 40 km. The largest difference 
between the two joint inversions is found to occur at distance of 40–50 km, coinciding with where the majority 
of RESs are distributed. When the high local slip rate (44 mm/year) is introduced into the inversion, the inferred 
slip rate at this RES-rich zone is up to 40 mm/year, while the inferred value is 32 mm/year under the low local 
slip rate (25 mm/year) assumption. Such difference is mainly contributed by the spatially clustered 12 RES in this 
distance range (40–50 km). This suggests that with the constraint by the geodetic data, the assumption of local 
slip rate tend to influence the area where a larger number of RES occupied, and the inferred slip rate is close to 
the assumed local slip rate. At the bottom of the seismogenic zone greater than 20 km depth where the RES are 
relatively small in number, the three inversions reveal similar variation along the strike, but the geodetic inversion 
alone generates a higher slip rate (gray line compared with the orange and blue lines in Figure S14 in Supporting 
Information S1). The joint inversions using two different local slip rates, however, reveal very similar magnitudes 
at this depth range. There exists large difference between the geodetic (gray line) and joint inversions (orange and 
blue lines) due to the limited resolution at greater depth.

Given that RES provides the spatial variation of slip rates relative to the assumed average (loading velocity), it is 
reasonable that the different assumption of fault slip rate does not change very much in the inverted inter-seismic 
slip rate variation in space except for the localized area where the largest number of RESs are distributed. This 
sensitivity test in Figure S14 in Supporting Information S1 suggests that the complexity of slip rate variation 
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in  space can be enhanced when the RES data are considered in the inversion. The improvement is greatest at 
depths of more than 10 km, where the geodetic data alone starts to lose resolution and RES starts to increase the 
contribution. It also confirms that combining the geodetic observation and repeating earthquakes in a fault yields 
a finer understanding of slip rate behavior with depth.

7. Conclusions
We have evaluated a time-independent inter-seismic slip by combining geodetic data and seismic data. By taking 
advantage of RESs that mainly occurred below 10 km, we were able to increase the model resolution at depths 
below 10 km and establish the fine structure of the inter-seismic slip rate. Using geodetic and seismological 
data from 2007 to 2011, we demonstrated a correlation between the earthquake phenomena and the inferred 
coupling model. For regions exhibiting strong coupling (ISC > 0.5), earthquakes mainly occurred with a form 
of mainshock–aftershock sequence that agreed with the concentration of co-seismic slip for the two M6 main-
shocks in 2003 and 2022. The regions showing weak coupling (ISC < 0.5) were confined to shallow depths above 
10 km, where the inter-seismic slip rate was generally high with inactive seismicity. The inferred intermediate 
low coupling ratio (ISC ≈ 0.5) establishes an extensive creeping area that coincides with the location of abundant 
repeating earthquakes and swarm events. In between the weak and strong coupling areas, there exists a transition 
zone that hosted the post-seismic slip following the 2003 Mw 6.8 earthquake. The strong along-strike and along-
dip variations of the inter-seismic slip on the Chihshang fault led to the measurement of the inter-seismic deficit 
rate. We obtained the moment rate deficit for the areas where the 2003 and 2022 M ≥ 6 events occurred to be 
2.27 × 10 17 and 4.40 × 10 17 Nm/year, respectively, assuming a long-term slip rate of 40 mm/year. The locked area 
of the 2003 event is capable of generating the event with same magnitude every 78 years, whereas the area of the 
2022 event has a return period of approximately 28 years. We also established the role of adjacent CeR fault in 
the inter-seismic modeling. The consideration of CeR fault in the two-fault model appears to have considerable 
influence in the kinematic modeling of the Chihshang fault. The inter-seismic moment rate deficit inferred from 
two-fault model is roughly 10% smaller than the one inferred from single-fault model, leading to slightly longer 
recurrence intervals for the 2003 and 2022 locked zones as 79 and 31 years, respectively. This suggests a need for 
pursuing a time-dependent kinematic model by considering both the LVF and CRF in the future.

Data Availability Statement
GNSS data used in this study is provided by the website http://tgm.earth.sinica.edu.tw. InSAR data is processed 
and provided by Champenois et al. (2012) and Thomas et al. (2014). Repeating earthquake data is attributed to 
Y. Chen et al. (2020) which benefited from the Central Weather Bureau Seismic Network (http://gdms.cwb.gov.
tw/index.php) and Broadband Array in Taiwan for Seismology (BATS, 1996, https://bats.earth.sinica.edu.tw/). 
Figures were created through Matlab R2022b (The Mathworks Inc, 2022) and Generic Mapping Tools (GMT) 
version 5 (Wessel et al., 2013) licensed under LGPL version 3 or later, available at https://www.generic-map-
ping-tools.org/. Matlab scrips and processed data of GPS, InSAR and repeating earthquake sequence associated 
with this manuscript for the calculation of slip inversion are available at (Peng, 2023).
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