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Abstract

The 2024 M,, 7.0 Wushi and 2020 M,, 6.0 Jiashi earthquakes, two recent large events in
the southern Tian Shan, provide rare opportunities for understanding the seismotec-
tonic deformation patterns in compressional orogenic regimes. Here, we utilize
Sentinel-1 satellite radar images and Differential Interferometric Synthetic Aperture
Radar techniques to map coseismic deformation fields for the 2024 Wushi and 2020
Jiashi earthquakes, occurring at the front and root of the Kepingtage fold-and-thrust
belt, respectively. A modified Bayesian nonlinear method is utilized to simultaneously
invert fault geometry parameters and slip distributions. Our findings show that both
Wushi and Jiashi earthquakes are predominantly characterized by reverse/thrust
motions with minor strike-slip components. The spatial continuity of the interferometric
fringes and coseismic deformation fields suggests shallow (< 5 km depth) folding defor-
mation in response to deeper reverse/thrust faulting. Specifically, the Wushi earth-
quake produced a high-angle fault-propagation fold, with fault-slip penetrating into
the crystalline basement, whereas the Jiashi earthquake formed a low-angle detach-
ment fold developed within the cover layer. The M,, 5.7 aftershock following the
Woushi mainshock compensated for the shallow coseismic slip deficit and generated pos-
itive flowerlike ruptures superimposed on the pre-existing mainshock fold deformation,
explaining the observed opposite dip direction of the aftershock rupture compared to
the mainshock mechanism. These two fold-type earthquakes demonstrate the domi-
nance of folding deformation in accommodating crustal shortening and orogenic
growth in the southern Tian Shan, elucidating compressional tectonic processes.
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The deformation patterns by which intracontinental compres-
sional orogens accommodate crustal shortening are critical for
understanding intraplate tectonic deformation, earthquake
generation, long-distance stress propagation, and mountain
building processes (Molnar and Tapponnier, 1975; Tapponnier
and Molnar, 1979; Avouac and Tapponnier, 1993; Yin et al.,
1998; Zhang et al., 2004; Royden et al., 2008). As a typical
intracontinental compressional orogenic belt, the Tian Shan
(“Shan” means “mountains” in Chinese) orogenic belt has
undergone substantial crustal shortening and consequent
mountain building due to far-field impact induced by the
ongoing India-Eurasia collision (Fig. 1a) (Avouac et al., 1993;
Sobel and Dumitru, 1997; Yin et al., 1998). On both flanks of
the Tian Shan, a series of nearly east-west-trending foreland
fold-and-thrust belts have developed as a result of north-south
compressional forces (Avouac et al., 1993; Sobel and Dumitru,
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These belts are deemed to accommodate most of the crustal
shortening across the Tian Shan (Yang, Li, and Wang, 2008;
Wu et al., 2023). However, the relative contributions of folding
versus faulting in accommodating crustal shortening and driv-
ing mountain uplift in the Tian Shan remain controversial.
The Kepingtage fold-and-thrust belt (FTB) is a key active
structure accommodating crustal shortening of the Tian
Shan, formed during the propagation of the orogenic belt
toward the Tarim basin (Fig. 1b,c). Previous studies suggest
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that crustal shortening is primarily absorbed by the piedmont
fold-and-thrust belts (Yang, Deng, et al., 2008; Zubovich
et al., 2010; Li et al, 2021, 2022; Wu et al., 2023). Geodetic
observations show that the Kepingtage FTB absorbs a crustal
shortening rate of 4-8 mm/yr, accounting for one-third of
the total convergence across the western Tian Shan (Yang,
Li, and Wang, 2008; Li et al, 2022; Wu et al, 2023).
Structural analyses employing balanced cross sections and seis-
mic reflection profiles consistently demonstrate that crustal
shortening in these belts is accommodated through a combi-
nation of fault-related folding and reverse/thrust faulting
(Allen et al., 1999; Yang, Deng, et al, 2008; Li et al, 2018,
2023; Lu et al., 2021), but which mechanism plays a more
critical role in partitioning crustal shortening remains poorly
understood.

Coseismic deformation investigations provide complemen-
tary tools for understanding tectonic deformation patterns
because earthquake kinematics directly reflect the slip behavior
of their causative faults and broader tectonic regimes. Two
recent large earthquakes, namely the 2024 M,, 7.0 Wushi
earthquake and the 2020 M,, 6.0 Jiashi earthquake (Fig. 1b),
provide unique opportunities to elucidate folding or faulting
contributions in absorbing crustal shortening in the Tian
Shan, for these two events ruptured the root and front of
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Figure 1. Seismotectonic framework of the study area.

(a) Tectonic configuration of the India—Eurasia collisional system.
(b) Active tectonics, Global Positioning System (GPS) velocity field
and seismic activity in the southern Tian Shan. GPS velocities are
relative to stable Eurasia and derived from Zheng et al. (2017).
Focal mechanisms are from the U.S. Geological Survey (USGS).
The hollow circles represent historical earthquakes with magni-
tudes 5+ since 1990, sourced from the USGS. The dashed rec-
tangle marks the Kepingtage fold-and-thrust belt (FTB). The area
of panel (b) is outlined by the white rectangle in panel (a). The
gray curves denote the regional active faults, referenced from
Deng et al. (2003) and Zelenin et al. (2022). AZF, Aozitage fault;
IAF, Issyk-Ata fault; KKF, Kekebuke fault; KPF, Keping fault; NLF,
Nalati fault; NRF, Naryn fault; MDF, Maidan fault; PQF, Pigiang
fault; SGF, Saergantage fault; TTF, Tataiertage fault. (c) Cross-
section P-P’ across the Kepingtage FTB showing the active
structures and underlying rock layers (modified from Turner et al.,
2010), with the cross-section location depicted in panel (b). SAR,
Synthetic Aperture Radar. The color version of this figure is
available only in the electronic edition.

the Kepingtage FIB, respectively (Fig. 1b,c). Between these
two events lie a complex imbricate fold-and-thrust system that
serves as a key region for revealing how the Tian Shan responds
to crustal shortening.
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Notably, the M,, 7.0 Wushi earthquake, on 23 January 2024,
represents the first strong earthquake with magnitude 7+ in the
southern Tian Shan over the past century (Fig. S1; Text SI,
available in the supplemental material to this article) (Li
et al., 2021; Zhao, Chen, et al., 2024). The focal mechanisms
from different organizations show that the 2024 Wushi
earthquake is triggered by reverse motion with left-lateral
strike-slip components (Table S1). Intriguingly, preliminary
Interferometric Synthetic Aperture Radar (InSAR) observations
indicate that the Wushi event caused notable surface uplift and
subsidence but produced no clear surface ruptures, as evidenced
by the smooth InSAR interference fringes and deformation
fields (Zhao, Chen, et al., 2024). However, subsequent investi-
gations discovered an ~10-km-long surface rupture, with a
maximum slip of ~0.4 m south of the epicenter (Qiu et al,
2024; Zhang, Qian, et al, 2024; Zheng et al., 2024). Current
interpretations suggest this rupture resulted not from the main-
shock but from an M, 5.7 aftershock a week later, on 30 January
2024 (Qiu et al., 2024; Zheng et al., 2024). Nevertheless, what
factors led to the Wushi earthquake initially failing to produce
surface ruptures but instead generating them during subsequent
aftershock disturbances? This concern also makes the seismotec-
tonic pattern of the southern Tian Shan subject to debate.

Here, we employ Differential Interferometric Synthetic
Aperture Radar (D-InSAR) to derive the coseismic deforma-
tion fields of the 2024 Wushi and 2020 Jiashi earthquakes,
respectively. A modified Bayesian nonlinear inversion method
is utilized to constrain the geometry parameters and slip dis-
tributions of the causative fault (Zhao, Zhou, et al, 2024). By
integrating these results with regional geological data, we aim
to clarify the seismogenic mechanisms and deformation pat-
terns of the southern Tian Shan, providing new insights into
tectonic deformation and mountain growth in compressional
tectonic regimes.

Tectonic Background

The Tian Shan is a typical intracontinental orogenic belt reju-
venated during the late Cenozoic, extending ~2500 km long
from east to west and 250-350 km wide from north to south
in central Asia (Fig. S1) (Yin et al., 1998; Xiao and Santosh,
2014; Wu et al., 2023). This orogenic belt was initially formed
by the subduction of the Paleo-Asian Ocean in the Paleozoic
(Xiao et al, 2020). The Cenozoic collision between Indian
and Eurasian plates gave rise to the intense intracontinental
deformation and orogeny in central Asia (Molnar and
Tapponnier, 1975; Tapponnier and Molnar, 1979; Yin et al,
1998; Deng et al., 2003; Xiao and Santosh, 2014). Since the
middle Miocene, north-south convergence between the Tian
Shan and the Tarim basin has generated a series of nearly
east-west-trending reverse faults within the Tian Shan and
fold-and-thrust belts along its northern and southern frontal
piedmonts (Text S2) (Yin et al, 1998; Charreau et al., 2009;
Jia et al., 2020). Global Positioning System (GPS) observations
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show the differential crustal shortening across the Tian Shan,
with the shortening rates decreasing from west to east (Shen
et al, 2001; Wang et al, 2001; Zubovich et al, 2010; Zheng
et al, 2017; Li et al, 2021; Wu et al, 2023), showing
~20 mm/yr of north-south crustal shortening in the western
Tian Shan and only 3-4 mm/yr in the eastern Tian Shan
(Shen et al, 2001; Zubovich et al, 2010; Wu et al., 2023).

The Kepingtage FIB along the southern Tian Shan front
forms an imbricated thrust nappe structure, extending
~300 km from west to east and 60-140 km from north to south.
This structure comprises five rows of east-west-trending thrust
faults and fault-related anticlines (Fig. 1b) (Yang, Deng, et al.,
2008). These thrust faults converge to the same Precambrian
basement detachment at a depth of 5-10 km (Fig. 1c) (Yin
et al., 1998; Allen et al., 1999; Yang et al., 2006; Yao et al.,
2020; Lii et al., 2021). The Kepingtage FIB exhibits thin-skinned
tectonic regimes near the frontal margin (closer to the basin)
and thick-skinned regimes near the root zone (closer to the oro-
genic belt) (Allen et al., 1999; Turner et al., 2010). GPS measure-
ments reveal a total shortening rate of 4.0 + 1.5 mm/yr across the
Kepingtage FTB, with higher rates in the east than in the west (Li
et al., 2022; Wu et al., 2023). The inconsistency of shortening
rates between the eastern and western parts is accommodated
by the north-northwest-trending left-lateral Pigiang fault in
the central Kepingtage FIB (Fig. 1b) (Yang et al, 2006;
Turner et al., 2010, 2011).

The 2024 Wushi earthquake and the 2020 Jiashi earthquake
ruptured the basin-mountain boundary fault (Maidan fault) and
the frontal thrust fault (Keping fault) in the southern Tian Shan
(Fig. 1b,c), respectively. The Maidan fault defines the topo-
graphic boundary between the Tian Shan and Tarim basin,
extending more than 400 km in length (Fig. 1b), characterized
by high-angle reverse slip with notable sinistral strike-slip com-
ponents (Wu et al., 2019; Zhao, Chen, et al., 2024). This fault has
been active since the late Quaternary and its long-term geologi-
cal shortening rate is estimated to be 1-1.5 mm/yr (Wu et al,
2019). The Keping fault, located at the southern front of the
Kepingtage FTB, results from underthrusting of the Tarim base-
ment beneath the Tian Shan orogenic belt (Fig. 1c) (Yin et al,
1998; Allen et al., 1999).

Data and Methods

Data and InSAR processing

InSAR technology has been widely utilized in monitoring sur-
face deformation induced by earthquakes or tectonic activities
based on the phase difference between radar signals reflected
from the surface before and after tectonic events (Massonnet
et al., 1993; Biirgmann et al., 2000; Fialko et al, 2005; Meng
et al., 2024; Wang, Chang, et al., 2024). This study collected
pre- and post-earthquake Sentinel-1 ascending and descending
radar images for the 2024 Wushi and 2020 Jiashi earthquakes
(Table S2). The image data were downloaded from the Alaska
Satellite Facility Data Search (see Data and Resources). We

Seismological Research Letters 639

Downloaded from http://pubs.geoscienceworld.org/ssal/srl/article-pdf/97/2A/637/7364202/srl-2025135.1.pdf by Central South University user on 25 February 2026



(a) (b) 2024 Wushi earthquake (c)

71°E

employed the software GAMMA to conduct D-InSAR process-
ing. The interferograms are multilooked with a ratio of 10 : 2
(i.e., range : azimuth) to improve the signal-to-noise ratio.
The 30 m resolution digital elevation model was utilized to sim-
ulate and correct the topographic phase. The interferograms
were processed using the adaptive filtering algorithm and sub-
sequently unwrapped via the minimum cost flow method
(Goldstein and Werner, 1998). Long-wavelength atmospheric
delays and orbital errors were removed through polynomial fit-
ting (Fournier et al., 2011; Xu et al., 2018). Finally, we utilized
SAR satellite parameters to transform the Synthetic Aperture
Radar (SAR) coordinate into the geographical coordinate system
and obtain the coseismic deformation fields (Fig. 2).
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Figure 2. Interferometric Synthetic Aperture Radar (INSAR) coseismic
deformation fields for the 2024 Wushi and 2020 Jiashi earthquakes.
(a,b) The ascending and descending track interferograms of the 2024
Waushi earthquake. (c,d) The line-of-sight (LoS) deformation fields for
the ascending and descending tracks of the Wushi earthquake.

(e,f) The east-west deformation field and the vertical deformation
field of the Wushi earthquake. (g-I) are similar to (a—f), but for the
2020 Jiashi earthquake. KPF, Keping fault; MDF, Maidan fault. The
color version of this figure is available only in the electronic edition.

Given that the 2024 Wushi and 2020 Jiashi earthquakes are
dominated by reverse or thrust motion, vertical deformation
more accurately delineates their deformation features. We
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further decomposed the line-of-sight (LoS) deformation fields
into vertical and horizontal
Currently, most SAR satellites employ near-polar orbits and
right-looking imaging modes, resulting in variations in the
accuracy of InSAR deformation monitoring in different direc-
tions, particularly rendering it insensitive to deformation in the
north-south direction. Therefore, we extracted the east-west
and vertical deformation components while neglecting the
north-south displacement (Fig. 2). By integrating the ascend-
ing and descending LoS deformation fields, we calculated the
east-west and vertical deformation fields based on the follow-
ing geometric relationship:

Dyos(ar) _ —sinfcosa,cos O || Dg (1)
Dyospr) —sinfcosa,cos 6 || Dy |

In equation (1), Dyos(aty and Dyos(pr) represent the LoS defor-

deformation components.

mation in the ascending and descending track directions,
respectively. 0 is the incidence angle, and « is the azimuth
angle. Dy and Dy represent the east-west and vertical defor-
mation components.

Inversion of fault geometry and slip distribution

The geometry parameters and slip distributions of the causative
fault inverted from InSAR-derived surface deformation
can reveal the fault kinematics, offering insights into the
seismogenic mechanisms and energy release (Massonnet et al.,
1993; Goldstein and Werner, 1998; Jénsson et al., 2002; Fukuda
and Johnson, 2010; Wang, Chang, et al,. 2024). In this study, we
employ a modified Bayesian approach (MF-J method) to simul-
taneously invert for fault geometry parameters and slip distri-
butions using Okada solutions for rectangular dislocations in
a homogeneous, elastic half-space, assuming a Poisson’s ratio
of 0.25 and a shear modulus of 30 GPa (Text S3) (Okada,
1985; Zhao, Zhou, et al., 2024). First, the MF-] method assigns
initial values following a uniform distribution for the nonlinear
parameters and estimates the initial linear slip distribution and
hyperparameters through the variance component estimation
(VCE) method (Fan et al, 2017). The nonlinear parameters
include Ex, Ey, Ez (coordinates of the fault’s upper left corner)
as well as strike and dip angles. The two hyperparameters (Sig,
and Sig,) represent the variance components of the actual and
virtual observations, respectively (Text S3; Figs. S2 and S5).
Second, the MF-] method calculates the corresponding posterior
probability density function (PDF) using the equations from
Fukuda and Johnson (2010). Third, the MF-] method perturbs
the current parameter set by adding a random step (with step
size scaled by a uniform random number) to generate a new
candidate set of nonlinear parameters and hyperparameters.
The new parameter set is used to invert the slip distribution with
the VCE method, and then the new full posterior PDF is recal-
culated. Finally, the MF-] method determines the likelihood
ratio R between the new PDF and the previous PDF and accepts
Number 2A
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the new group of linear and nonlinear parameters if min{R,1}
exceeds a random value following a uniform distribution from 0
to 1 based on the Metropolis algorithm (Metropolis et al., 1953).
After sufficient iterations, the sampling results of the parameters
are obtained. Initial samples (generally the first few thousand
iterations) are discarded as the burn-in period until convergence
is achieved. Then, we extract the stabilized samples after the
burn-in period (Text S3).

To enhance the computational efficiency of the inversion
process, we apply the quadtree sampling method for data set
downsampling (Jonsson et al., 2002). This method uses the
deformation gradient as the indicator to allow dense sampling
in the areas with large deformation gradients but coarse sam-
pling in areas with small changes, which is suitable for coseis-
mic deformation data reduction (Gao et al., 2022). We obtain
956 and 789 data points for the 2024 Wushi ascending
and descending deformation fields (Fig. S4). Based on the
empirical relationship between the fault size and moment
magnitude (Wells and Coppersmith, 1994), we set the fault
length and width to 60 and 40 km, to allow an exhaustive
search in the potential space. We discretize the fault plane
into 600 patches with a size of 2 km x 2 km (Fig. 3).
Then, we use the coordinates (78.649° E, 41.269° N) as a refer-
ence point to convert the fault’s geographic coordinates into
UTM coordinates. The initial values and bounds for the
fault’s geometric parameters are presented in Table S3. We
constrain the fault strike between 200° and 300° and limit
the fault dip between 1° and 60° based on previous studies
(Qiu et al, 2024; Zhao, Chen, et al, 2024; Zheng et al,
2024). We then execute the MF-J method for 15,000 itera-
tions, considering the first 10,000 iterations as the burn-in
period. After the burn-in period, we retain the fault geometric
parameters, hyperparameters, and slip distribution every 25
iterations to ensure sample independence. Finally, we resolve
the average and standard deviation of each parameter
(Figs. S2 and S3; Table S3).

For the 2020 Jiashi earthquake, we acquire 523 and 530 data
points for the ascending and descending deformation fields,
respectively (Fig. S7). We set the fault dimensions of 40 km
x 20 km for exhaustive parameter space exploration. The fault
plane is discretized into 200 patches with a size of 2 km x 2 km
(Fig. 4). Using the coordinates (77.27° E, 39.89° N) as the refer-
ence point, we transform the geographic coordinates to UTM.
Initial values and bounds are listed in Table S4. The strike and
dip angles are constrained to 200°-360° and 5°-30° based on
previous studies (Yao et al., 2020; Wu et al., 2024). The MF-]
inversion is conducted for 10,000 iterations (with 5,000 as
burn-in), with parameters sampled every 25 iterations.
Then, we calculate the average and standard deviation of each
parameter (Figs. S5 and S6; Table S4). The program code for
this inversion method and the processing results for the 2024
Wushi and 2020 Jiashi earthquakes are accessible on the
GitHub platform (see Data and Resources).
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Results
Coseismic deformation fields and slip kinematics
of the 2024 Wushi earthquake
The interferograms derived from ascending and descending
tracks reveal two distinct elliptical deformation zones sepa-
rated by the Maidan fault (Fig. 2a,b). The northern deforma-
tion zone exhibits significantly greater spatial extent and
magnitude compared to the southern zone. The deformation
ellipses are oriented along the east-northeast-west-southwest
direction, consistent with both the focal mechanism solutions
(Table S1) and the strike of the Maidan fault.

Both ascending and descending LoS deformation fields dis-
play similar deformation patterns (Fig. 2¢,d), indicating domi-
nant vertical motion induced by the Wushi earthquake. The
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Figure 3. Slip distributions and slip standard deviation of the 2024
Woushi earthquake. (a) 2D slip distribution of the 2024 Wushi
earthguake showing slip magnitudes and orientations. (b,c) 3D
slip distribution and slip standard deviation (uncertainty) of the
Woushi earthquake. The color version of this figure is available
only in the electronic edition.

northern side of the Maidan fault experienced uplift, while
the southern side underwent subsidence. Specifically, the ascend-
ing track measured ~0.77 m uplift and ~0.10 m subsidence,
whereas the descending track detected ~0.38 m uplift and
~0.14 m subsidence (Fig. 2¢c,d). The continuous fringe patterns
in both interferograms suggest no surface rupture occurred dur-
ing the earthquake (Fig. 2a,b). However, the denser interference
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fringes near the Maidan fault indicate a steep deformation gra-
dient along the causative fault (Fig. 2a,b).

The east-west and vertical deformation fields further dem-
onstrate that the Wushi earthquake is a primarily reverse-fault-
ing event with a significant left-lateral component (Fig. 2e,f).
The east-west deformation field indicates westward motion of
the northern block relative to the southern block, with a left-
lateral displacement of ~0.5 m (Fig. 2e). The vertical displace-
ment field reveals that the hanging wall (northern block) was
uplifted by a maximum of ~0.68 m relative to the footwall
(southern block), which subsided by ~0.12 m, yielding a total
vertical displacement of ~0.8 m (Fig. 2f). The transition
between uplift and subsidence spatially coincides with the sur-
face traces of the Maidan fault.

The Bayesian inversion yields a strike angle of 227.5° + 0.6°
and a dip angle of 53.7° £ 0.7°, dipping to northwest (Figs. S2
and S3). The slip distribution confirms that the earthquake
is dominated by reverse faulting with a notable left-lateral
component (Fig. 3a). The maximum slip amount is ~2.8 m
at a depth of ~15 km below the surface (Fig. 3a). The seismic
moment released by the rupture is 4.09 x 10* N - m, equiva-
lent to a moment magnitude M, 7.0. The root mean
square error (RMSE) between the predicted values based on
Number 2A . March 2026 -
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Figure 4. Slip distributions and slip standard deviation of the 2020
Jiashi earthquake. (a) 2D slip distribution of the 2020 Jiashi
earthguake showing slip magnitudes and orientations. (b,c) 3D
slip distribution and slip standard deviation (uncertainty) of the
Jiashi earthquake. The color version of this figure is available only
in the electronic edition.

the slip distribution model and the observed values are
~1.3 cm (Fig. $4).

Coseismic deformation fields and slip kinematics
of the 2020 Jiashi earthquake
The interferograms from InSAR ascending and descending
tracks, coupled with the LoS deformation fields, also identify
two elliptical deformation zones induced by the 2020 Jiashi
earthquake (Fig. 2g,h). The long axis of these ellipses align nearly
east-west, consistent with the strike of the Kepingtage FTB.
Although the ascending track reveals a near-symmetrical
distribution of the two deformation ellipses (Fig. 2g), the
descending track shows a larger southern ellipse compared to
the northern one (Fig. 2h).

Unlike typical earthquakes where the causative fault lies at
the intersection of deformation zones, the Jiashi earthquake
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exhibits an anomalous deformation pattern: the intersection of
uplift and subsidence does not coincide with the Keping fault’s
traces. Instead, the fault traces are distributed along the
southern margin of the entire deformation field, with the vast
majority of the deformed area being confined to its hanging
wall (Fig. 2i-1). Localized decoherence is observed along the
fault traces (Fig. 2g,h), indicating small surface displacements
along the Keping fault. Both ascending and descending LoS
deformation fields consistently indicate vertical-dominated
motion, characterized by uplift in the southern ellipse and sub-
sidence in the northern ellipse (Fig. 2i,j). The interferograms
and deformation fields demonstrate nearly continuous uplift
and subsidence variation.

The east-west and vertical deformation fields show a pure
thrust motion (Fig. 2k,1). The maximum uplift is measured to
be ~0.07 m, whereas the maximum subsidence is ~0.03 m,
yielding a total vertical displacement of ~0.1 m (Fig. 2I).
The east-west deformation field exhibits a diffuse movement
from the uplift center toward the edges, with the eastern part
moving eastward and the western part westward (Fig. 2k).

The Bayesian inversion resolves a strike angle of 276° + 1.4°
and a dip angle of 12.5° + 1.0°, dipping to north (Figs. S5 and
S6). The slip distribution model further supports dominant
thrust motion, with minor right-lateral strike-slip components
(Fig. 4a). The maximum slip amount is ~0.65 m, located at a
depth of ~6.8 km below the surface (Fig. 4a). The released seis-
mic moment is 2.32 x 10'® N -m, equivalent to a moment
magnitude M,, ~ 6.18. The RMSE between the predicted val-
ues and the observed values is ~0.43 cm (Fig. S7).

Discussion
Deformation patterns and seismogenic
mechanisms of the 2024 Wushi and 2020 Jiashi
earthquakes
The InSAR interferograms and the cross-fault deformation
profiles reveal that the surface deformation caused by the
2024 Wushi earthquake exhibits good spatial continuity
(Fig. 2a,b and 5a), indicating that this event did not rupture
the surface (Ding et al., 2024; Qiu et al., 2024; Zhao, Chen,
et al., 2024; Zheng et al., 2024). Notably, the interference fringe
density and deformation gradient of the Wushi earthquake
peak near the causative fault (Figs. 2a,b and 5a). For the
2020 Jiashi earthquake, the deformation gradient reaches
its maxima within 5-10 km north of the causative fault
(Fig. 5b), and localized subsidence was observed along the
southern margin of the Keping fault, with a width not exceed-
ing 2 km, which has been rarely reported in previous studies
(Fig. 5b) (Yao et al., 2020; He et al., 2021; Wang et al., 2022;
Zhang et al., 2023; Wu et al., 2024). Although minor localized
subsidence occurred, the Jiashi earthquake generally exhibits
nearly continuous surface deformation (Fig. 5b).

The spatially continuous deformation fields of the Wushi
and Jiashi earthquakes are interpreted as surface folding
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resulting from deep reverse/thrust faulting. Folding deforma-
tion generally refers to the bending or warping of layered rock
strata under tectonic forces, leading to the formation of
curved or wavelike surface structures (Suppe, 1983), which
are often associated with distributed, off-fault inelastic defor-
mation within the bulk crust. It is critical to acknowledge that
our inversion model, which is based on dislocations in a
purely elastic half-space (see the Data and Methods section),
is by design only capable of inferring the geometry and slip of
the underlying fault (Okada, 1985; Zhao, Zhou, et al., 2024).
Therefore, this model cannot directly quantify any potential
contribution of distributed inelastic deformation to the
observed surface folding deformation. Accordingly, we clarify
that our interpretation of the term “folding” here refers pri-
marily to the geomorphic expression and the kinematic pat-
tern of deformation, rather than to a specific mechanical
mechanism involving inelastic deformation.

The folding pattern of the Wushi earthquake shows an anti-
cline feature, with an asymmetrical anticline on the hanging
wall of the Maidan fault, featuring a gentle deformation gra-
dient on the northern limb and a steep gradient on the
southern limb (Fig. 5a). Conversely, the Jiashi earthquake dis-
plays a combination of anticline and syncline, with an anticline
near the fault and a syncline more than 8 km away from it
(Fig. 5b). The difference in fold styles between these two events
may be attributed to the different dip angles of the causative
faults. Fault geometry derived in this study suggests that the
Woushi earthquake was triggered by a high-angle reverse fault
with a dip angle of 53.7°, whereas the fault plane of the Jiashi
earthquake exhibits a much gentler dip angle of only 12.5°
(Table S1). Besides, the slip distribution of the Wushi fault
shows an upward gradual reduction of slip along the fault
plane, together with its asymmetric deformation gradient
(a steeper forelimb and a gentler backlimb), indicating that
the Wushi event conforms to the fault-propagation fold pat-
tern (Fig. 5a) (Suppe, 1983; Yang et al., 2006; Jabbour et al.,
2012). In contrast, the Jiashi earthquake slip core is concen-
trated at 6-7 km depth, consistent with the local detachment
depth (Yin et al, 1998; Allen et al., 1999; Yang et al., 2006).
Therefore, the Jiashi event demonstrates a low-angle thrusting
along the deep detachment surface, corresponding to the
detachment fold pattern (Fig. 5b). However, unlike the sym-
metrical arch observed in typical detachment folds (Yang
et al., 2006; Contreras, 2010), the Jiashi earthquake displays
a wavelike anticline-syncline complexity (Fig. 5b).

Seismic reflection profiles reveal the gradually evolving
crustal structure in the southern Tian Shan (Li et al, 2021).
The cover thickness of the Kepingtage FTB is ~5 km at its front
edge and gradually increases northward to about 8 km at its root
(Allen et al., 1999; Yang et al, 2006; Lii et al., 2021). The fault-
slip distribution inverted in this study shows that the focal depth
of the Wushi earthquake reaches up to ~15 km, far exceeding
the cover thickness. Consequently, the Wushi earthquake
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simultaneously ruptured the Paleozoic metamorphic rocks of
the Tian Shan orogen and the Precambrian crystalline basement
of the Tarim basin (Fig. 5a). Given that the Tarim basement
rocks have significantly greater strength than the sedimentary
rocks in the overlying cover (Allen et al., 1999; Yang et al,
2006), the Maidan fault is more capable of accumulating strain
compared to the Keping fault, thus generating larger magnitude
earthquakes.

In addition, the Maidan fault is the basin-mountain boun-
dary fault between the Tarim Craton and the Tian Shan oro-
gen, exhibiting better geometry linearity and a higher degree of
fault maturity (Wu et al., 2019), making it prone to triggering
longer ruptures. In contrast, thrust faults at the front of the
Kepingtage FTB are intersected by multiple northwest-trend-
ing strike-slip faults, resulting in discontinuous fault geometry
(Li et al.,, 2019; Li et al., 2021; Wu et al., 2024), thus limiting
the rupture propagation and potentially explaining why the
moderate-magnitude earthquakes such as the Jiashi earthquake
are frequently observed in the Kepingtage FTB.

Surface rupture mechanism of the 2024 Wushi
earthquake

A surface rupture was identified ~15 km south of the 2024
Woushi epicenter, stretching ~10 km in length and featuring a
maximum vertical displacement of ~0.4 m (Qiu et al, 2024;
Zheng et al., 2024; Zhang, Qian, et al., 2024). Intriguingly, the
surface rupture is characterized by a south-dipping reverse
Volume 97 « Number 2A .
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Figure 5. Deformation cross sections of the 2024 Wushi and 2020
Jiashi earthquakes. (a) Cross-section A-A’ showing the vertical
deformation of the 2024 Wushi earthquake, topographic relief,
active structures, and underlying rock layers, with the inset of the
fault-propagation fold model (modified from Yang et al., 2006).
The cross-section location is depicted by the red-dashed line in
Figure 2f. (b) Cross-section B-B’ showing the vertical deforma-
tion of the 2020 Jiashi earthquake, topographic relief, active
structures, and underlying rock layers, with the inset of the
detachment fold model. The cross-section location is depicted by
the red-dashed line in Figure 2I. The color version of this figure is
available only in the electronic edition.

faulting, in contrast to the north-dipping mechanism of the
Wushi mainshock (Zhang, Qian, et al, 2024).

To ascertain whether the surface rupture was caused by
the aftershock or mainshock, we re-extracted InSAR surface
deformation fields, encompassing the M, 5.7 aftershock solely
(Fig. 6). Both ascending and descending deformation fields
detected an ~10-km-long surface rupture (R1) on the northern
side of the Maidan fault in the aftershock deformation fields
(Fig. 6d,e), striking to the east-northeast direction, with a
maximum displacement of ~0.5 m (Fig. 6f). The southern part
of the rupture (R1) exhibits uplift relative to the northern part
(Fig. 6d,e), contrasting with the mainshock deformation pattern
(Fig. 6a,b), but consistent with the field observations (Zhang,
Qian, et al, 2024). The fault geometry inversion reveals that
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the aftershock rupture exhibits a strike of ~60°, dipping to the
southeast, contrary to the mainshock mechanism (Qiu et al,
2024; Zheng et al., 2024; Famiglietti et al., 2025). Some studies
have attributed this rupture to the broad temporal span of InSAR
observations, which may capture additional deformation result-
ing from aftershocks (Qiu et al, 2024; Zheng et al, 2024).
However, the field survey conducted one day prior to the
M,, 5.7 aftershock failed to observe the surface rupture, but
immediately discovered it in the afternoon of the day that the
M,, 5.7 aftershock occurred (Zhang, Qian, et al., 2024), sug-
gesting that this rupture was primarily induced by the
M,, 5.7 aftershock. In addition, the aftershock deformation fields
detected another minor surface rupture (R2) on the southern
side of the Maidan fault (Fig. 6d,e), with a displacement of
~0.15 m (Fig. 6f). This rupture dips to the northwest, consistent
with the mainshock mechanism (Qiu et al, 2024).

The inverted fault-slip distribution reveals that the main-
shock slip concentrated at depths exceeding 5 km below the
surface, peaking at around 15 km, whereas the aftershock slip
occurred in the shallow crust above 5 km and propagated to the
surface (Fig. S8) (Qiu et al., 2024; Zheng et al., 2024). The non-
propagation of the mainshock slip to the surface could be
attributed to variations in fault geometry, particularly the
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Figure 6. INSAR deformation fields and deformation profiles of
the M, 7.0 Wushi mainshock and the M,, 5.7 Wushi aftershock.
Panels (a—c) represent the ascending deformation field,
descending deformation field, and deformation profile C-C’ of
the M, 7.0 Wushi mainshock. Profile C—C’ locations are marked
by red and blue lines in panels (a) and (b). (d-f) represent the
ascending deformation field, descending deformation field, and
deformation profile D-D’ of the M,, 5.7 Wushi aftershock,
showing two surface ruptures (R1 and R2). Profile D-D’ locations
are outlined by red and blue lines in panels (d) and (e).

(g) Schematic diagram showing the shallow fold deformation
induced by deep mainshock slip. (h) Schematic diagram showing
surface positive flowerlike ruptures generated by shallow after-
shock slip (modified from Zhang, Li, et al., 2024). Focal mech-
anisms are from the USGS. The color version of this figure is
available only in the electronic edition.

increasing dip angles toward the surface along the Maidan fault
(Fig. 1c) (Zhang et al., 2019; L et al., 2021). Variations in dip
angles along the fault plane prevent the mainshock rupture
from propagating to the surface, while causing a slip deficit
and Coulomb stress loading in the shallow crust (Fig. S8).
Therefore, we propose a two-stage model to explain the
surface ruptures during the 2024 Wushi event (Fig. 6g,h):
Number 2A « March 2026

www.srl-online.org « Volume 97 =«

Downloaded from http://pubs.geoscienceworld.org/ssal/srl/article-pdf/97/2A/637/7364202/srl-2025135.1.pdf by Central South University user on 25 February 2026



First, the mainshock slip concentrated below 5 km caused
shallow fold deformation without notable surface ruptures,
but formed a compressive strain zone at the leading tip of
the fold (Fig. 6g), generating a slip deficit zone in the shallow
crust (Fig. S8a,c); second, the aftershock slip occurring above
5 km compensated for the shallow slip deficit, leading to
positive flowerlike ruptures in the folded strain zone
(Fig. 6h, Fig. S8b,d). This model explains why the aftershock
rupture exhibits an opposite dip direction compared to the
mainshock mechanism. In addition, because the aftershock
ruptures were superimposed on the mainshock deformation
fold, a portion of the compressive strain accumulated in the
fold was released through surface rupturing, resulting in the
actual displacement magnitude (~0.5 m) of the aftershock
being larger than the seismically calculated magnitude
(M,, 5.7) based on magnitude-displacement scaling relation-
ships (Wells and Coppersmith, 1994).

Implications for seismicity and growth patterns of
the southern Tian Shan

GPS measurements suggest that crustal shortening in the
Tian Shan orogenic belt is predominantly absorbed by the
foreland fold-and-thrust belts (Deng et al., 2003; Yang, Li,
and Wang, 2008). However, the 2024 Wushi earthquake
and recent GPS/InSAR observations demonstrate that a por-
tion of convergence strain is also absorbed within the Tian
Shan interior (Li et al, 2021; L et al., 2021; Wu et al.,
2023; Wang, Xu, et al., 2024). In spite of the limited crustal
shortening rates within the Tian Shan, the high-angle reverse
faults within the orogenic interior still have capacity to pro-
duce considerable strain accumulation and cause large-mag-
nitude earthquakes. This seismic hazard potential arises
because, under equivalent crustal shortening conditions,
steeper-dipping reverse faults accumulate greater elastic
strain than their gentler counterparts. In addition, recent geo-
detic studies have mapped the spatial distribution of interseis-
mic coupling of the Maidan fault before the 2024 Wushi event
and identified four locked segments with high seismic risks
(Wang, Xu, et al., 2024). However, although the Wushi earth-
quake ruptured only one of these segments, the remaining
three segments retain the potential to generate M 7+ earth-
quakes.

Fault-bend folds triggered by seismic events may exhibit
either elastic or inelastic deformation characteristics (Mallick
et al., 2021). Geophysical modeling suggests that distinguishing
between the elastic and inelastic responses to fault slip is
possible only during the postseismic period following large
earthquakes (Mallick et al., 2021). In the case of the Wushi
event, the shallow fold induced by deep coseismic slip
underwent partial postseismic recovery, manifested as surface
ruptures in the shallow slip deficit zone (Fig. 6). Nevertheless,
the surface deformation caused by the Wushi event remains
characterized by folding deformation because the postseismic
Number 2A . March 2026 -
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recovery produced only ~10-km-long surface ruptures, signifi-
cantly shorter than the ~50-km-long coseismic deformation
field (Fig. 6). Moreover, geodetic observations reveal that
fault-bend folding develops not only during long-lasting post-
seismic phases (Zhou et al, 2016), interseismic periods (Chong
et al, 2024), and aseismic slip episodes (Tsukahara and
Takada, 2018), but also during instantaneous coseismic phases
(Yao et al., 2020; Qiu et al., 2024), as observed in the 2024
Wushi and 2020 Jiashi events.

Both thrust/reverse faulting and folding contribute to
mountain growth and outward expansion of compressional
orogenic belts. The southern Tian Shan foreland hosts multiple
imbricated fold-and-thrust belts that accommodate regional
crustal shortening primarily through low-angle detachment
folding along a uniform décollement (Yin et al., 1998; Allen
et al., 1999; Yang et al, 2006; Turner et al, 2010; Tian
et al., 2016; Lii et al., 2021). Recent paleoseismic investigations
have identified multiple fold earthquakes within the southern
Tian Shan (Zhang, Li, et al, 2024). In this study, although
localized surface ruptures were observed in the deformation
fields, the Wushi and Jiashi events remain characterized as
fold-dominated deformation features. Thus, we suggest that
folding deformation plays a predominant role in accommodat-
ing crustal shortening in the southern Tian Shan, which is of
great significance for understanding deformation patterns and
mountain growth processes in intracontinental compressive
orogenic belts.

Conclusion

The two powerful earthquakes that occurred in the southern
Tian Shan, the 2024 M, 7.0 Wushi earthquake and the
2020 M,, 6.0 Jiashi earthquake, provide critical cases for
understanding tectonic deformation patterns in compressive
tectonic regimes. This study employed Sentinel-1 radar
images provided by the European Space Agency to capture
the coseismic deformation fields of both events and then
applied a modified Bayesian inversion method to derive the
geometry parameters and the slip distributions along the
fault planes. Our findings reveal that both Wushi and Jiashi
earthquakes exhibit shallow fold deformation caused by
deep reverse/thrust faulting. The high-angle reverse motion
of the Wushi earthquake produced a fault-propagation fold
in the shallow crust (<5 km depth), whereas the low-angle
thrusting along detachment during the Jiashi earthquake
generated a detachment fold within the sedimentary cover
layer. The surface ruptures observed in the Wushi event
resulted from positive flowerlike structures produced by
the subsequent M, 5.7 aftershock, explaining the opposite
dip direction between the aftershock and mainshock mech-
anisms. The deformation patterns of the two earthquakes
highlight the dominance of folding deformation in accom-
modating shallow crustal shortening in the southern
Tian Shan.
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Data and Resources

The Synthetic Aperture Radar (SAR) data used in this study was provided
by the European Space Agency (ESA) through the ASF Data Hub website
(https://search.asf.alaska.edu/). The earthquake focal mechanisms
were obtained from the U.S. Geological Survey (USGS; https:/
earthquake.usgs.gov), Global Centroid Moment Tensor (Global CMT;
https://www.globalcmt.org), China Earthquake Networks Centre
(CENG; https://news.ceic.ac.cn/) and National Earthquake Data Center
(NEDG; https://data.carthquake.cn/). The program code of the MF-]
inversion method and the processing results for the 2024 Wushi
and 2020 Jiashi earthquakes are accessible on the Github platform
(https://github.com/XiongZhao0303/MF-]-method-to-simultaneously-
solve-for-the-co-seismic-fault-geometry-and-slip-parameters/blob/main/
MF-J/readme.txt). Some figures were drawn by Generic Mapping
Tools (GMT; Wessel et al, 2019). All websites were last accessed in
January 2025. The supplemental material includes Text S1-S3, Figures
S1-S8, and Tables S1-S4.
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