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S U M M A R Y 

On 2024 January 22, an M W 

7.0 earthquake struck the southern sector of the Tian Shan 

Mountains in Wushi County, nor thwester n China, causing damage and casualties. In this 
study, using Interferometric Synthetic Aperture Radar measurements (Sentinel-1 satellites), we 
constrained the geometry of the fault segment responsible for the seismic event, the coseismic 
slip distribution, and the source of the subsequent M W 

5.7 aftershock deformation. Finally, we 
e v aluated the potential state of stress of the unruptured portions of the causative fault as well as 
of adjacent fault segments, using the Coulomb stress failure function variations. Our findings 
indicate rupture along a transpressive left-lateral NNW dipping high-angle fault, associated 

with the Southern Tian Shan Fault alignment, likely the Maidan fault, with slip up to 3.5 m 

only occurring between 10 and 20 km depth. The position of the hypocentre with respect to 

our estimated slip distribution supports the evidence of a marked bilateral ENE–WSW rupture 
directivity during the mainshock. The modelling of the post-seismic deformation that includes 
the M W 

5.7 aftershock occurred on 2024 January 29, and that is located about 15 km to the 
south of the mainshock, indicates a main patch with up to 90 cm of slip that may have occurred 

on a shallow back-thrust segment, in agreement with the observed surface breaks. We propose 
a potential structural and/or lithological influence on the coseismic rupture extent, consistent 
with observations from other intracontinental earthquakes. Finally, based on the Coulomb 

stress distribution computation, we find that the M W 

5.7 aftershock was likely triggered by 

the preceding mainshock and that the Wushi earthquake also increased the stress level at both 

terminations of the modelled fault plane, particularly along the southwestwards continuation of 
the Maidan fault. In addition, we also find that a wide up-dip fault patch remained unruptured, 
and considering that these areas have been dynamically loaded it could represent potential 
further aseismic deformation and/or future significant ruptures, posing a continuing seismic 
hazard to Wushi County and surroundings areas. 

Key words: Radar interferometry; Asia; Numerical modelling; Earthquake hazards; Earth- 
quake source observations. 
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.  I N T RO D U C T I O N  

he 2024 Wushi seismic sequence started on 2024 January 22
18:09 UTC) with an M W 

7.0 e vent, followed b y dozens of af-
ershocks, striking the southwestern sector of the Tian Shan Moun-
ains in Wushi County (nor thwester n China) (F ig. 1 ), character -
zed by high geodetic strain rates (Wang & Shen 2020 ; Li et al.
021 ). According to the United States Geological Surv e y (USGS),
C © The Author(s) 2025. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
he earthquake’ s h ypocentre w as approximatel y 13 km deep, lo-
ated in the Southern Tian Shan Mountains, about 130 km north-
est of the city of Aykol. The earthquake was felt near the epi-
entre and across western Xinjiang Province, parts of eastern Al-
aty Region in Kazakhstan, and eastern Kyrgyzstan, resulting in

amage and casualties. The subsequent seismic sequence included
umerous aftershocks (eight events with magnitude between 5.0
nd 5.7), located both ENE and WSW of the mainshock (USGS
oyal Astronomical Society. This is an Open Access 
 https://creati vecommons.org/licenses/b y/4.0/ ), which 
 the original work is properly cited. 941 
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Figure 1. Seismotectonic framework. Solid barbed lines denote major tectonic lineaments (Wu et al. 2024 ). Seismicity: dots indicate all instrumental 
earthquakes occurring between January 22 and February 26 without any selection based on magnitude or depth from the United States Geological Surv e y 
catalogue (USGS 2024 ); red stars represent significant shocks ( M > 5), including the 2024 January 22, M W 

7.0 mainshock; the green star marks the 2021 
M W 

5.3 Baicheng transpressive earthquake, occurring NE of the 2024 seismic sequence on a high-angle fault segment along the front of the southern Tian 
Shan mountains (Yushan et al. 2022 ); the yellow stars are large ( M > 7) historical events. Arrows show the GPS velocity field in a Eurasian reference frame, 
illustrating the relative motion of the Tarim basin compared to the Kazakh platform (Wang & Shen 2020 ). The upper inset presents a tectonic sketch of western 
China, with the box indicating the area of the main figure. The dashed box indicates the area of Figs 2 and 3 (upper panels). Abbreviations: KFTB = Kepingtage 
Fold-and Thrust Belt; STF = Southern Tianshan Fault. 
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database). The focal mechanism solution for the main events in- 
dicate transpressional faulting with reverse dip-slip and left-lateral 
kinematic components (USGS 2024 ), in agreement with the direc- 
tion of active shortening of about 10 mm yr −1 in this sector of 
the Tian Shan Mountains (Molnar & Ghose 2000 ; Wang & Shen 
2020 ). In addition, a recent study (Zhang et al. 2024 ) has high- 
lighted a zone of surface ruptures (extending for about 2 km), 
possibly associated with a SE-dipping fault (thus dipping in the 
opposite direction compared to the mainshock fault plane) that 
might be related to the M W 

5.7 largest aftershock occurred on 29 
January. 

The Tian Shan Mountains are a convergent orogenic belt within 
the Eurasia continent, reacti v ated in response to the India–Eurasia 
collision (e.g. Avouac et al. 1993 ), and characterized by an intense 
present-day tectonic deformation. The epicentral area is marked by 
the presence of several ENE–WSW trending reverse and left-lateral 
strike-slip fault systems parallel to the range (e.g. Thompson et al. 
2002 ), in both the piedmont region and the interior of the mountain 
(Fig. 1 ). In particular, foreland thrust faults and folds, such as the 
Kepingtage Fold-and-Thrust Belt (KFTB), accommodate most of 
the crustal shortening on the southern side of the Tian Shan orogen 
(e.g. Avouac et al. 1993 ; Shen et al. 2001 ; Huang et al. 2015 ), while 
the faults located in the interior mountain range are characterized by 
a component of strike-slip motion, like the Southern Tianshan Fault 
(STF) which includes in the epicentral area the Maidan fault seg- 
ment. The latter is a sinistral reverse fault extending for more than 
400 km, and representing at depth the crustal boundary between the 
Tarim Basin and the southwestern Tian Shan. The contemporaneous 
activity of KFTB and STF are a consequence of the slip partitioning 
due to the oblique Indo-Eurasian convergence and reacti v ation of 
inherited structures within the Tian Shan crustal block. 

In this study we present a comprehensive data set of Interfero- 
metric Synthetic Aperture Radar (InSAR) measurements (Sentinel- 
1 satellites), including five interferograms covering the earthquake 
and parts of the post-seismic period and provide a combined anal- 
ysis of the 2024 Wushi seismic sequence. In particular, using elas- 
tic dislocation models, we estimate the geometry and the distri- 
bution of slip during the main seismic event, and investigate the 
source of the subsequent aftershock deformation. We incorporate 
information on aftershock distribution and on known geological 
structures of the area for v alidation. Additionall y, we examine 
static Coulomb stress changes induced by the mainshock, assess- 
ing their contribution to aftershock triggering during the 2024 
Wushi sequence and to the possible loading of the unruptured 
portions of the coseismic fault plane as well as of adjacent fault 
segments. 

2 .  T E C T O N I C  S E T T I N G S  A N D  

S E I S M I C I T Y  

Wushi County in Xinjiang (nor thwester n China) sits at the central 
southern sector of the Tian Shan mountain chain along the Tuoshi- 
gan valley (Fig. 1 ). Although the India–Eurasia plate boundary is 
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ore than 1000 km away, the local stress field is strongly influ-
nced by the Himalayan collision. The combination of the induced
tresses with the existence of a Palaeozoic suture zone (e.g. Yin
010 ) caused a strong deformation and the rapid uplift of the Tian-
han Range since ca. 26 Myr (Li et al. 2013 ). The pro gressi ve
onvergence of the relati vel y rigid continental blocks of the Tarim
asin, to the south, and the Kazakh Platform and Junggar Basin,

o the north, generated a double vergence orogen associated with
he reacti v ation of man y inherited structures. Along the southern
ide, the convergence rate is still approximately 10 mm yr −1 (Wang
 Shen 2020 ). As a consequence, the Tian Shan Mountains form
 seismicall y acti ve intracontinental mountain belt, stretching ap-
roximately 2500 km in an ENE–WSW direction north of the Tarim
asin (Fig. 1 ). Due to the oblique orientation of the stress trajectories

elative to the range, a diffuse slip partitioning developed within the
rustal volume undergoing deformation as it is clearly documented
y the contemporaneous activity of both low-angle thrust fault sys-
ems in the piedmont region (Zubovich et al. 2010 ) and high-angle
inistral reverse faults in the mountain interior (Shen et al. 2001 ;

u et al. 2019 ; Qiu et al. 2022 ). 
Seismic activity in the southwestern Tian Shan primarily stems

rom large ( M > 7) historical and paleo- earthquakes generated by
ow-angle foreland folds and thrust faults, situated approximately
0–100 km south of the high-angle STF. Notably, three significant
vents occurred in the western Tian Shan region (Fig. 1 ): the 1889
8.3 Chilik thrust event in the nor ther n piedmont (Kr üger et al.

015 ), the 1902 M S 8.3 Artux earthquake located within the accre-
ionary wedge in the southwestern piedmont (K ulikov a & Kr üger
017 ), and the 1911 M S 8.2 Kemin oblique slip event in the nor ther n
ian Shan (K ulikov a & Kr üger 2015 ). 
On the contrary, in the epicentral area of the 2024 earthquake,

vents with a magnitude of 7 or greater are likely infrequent, lacking
ny historical record associated with the Maidan fault segment of
he STF, where only few earthquakes of magnitude M > 6 were
ecorded. In a recent geological study, Wu et al. ( 2020 ) suggest
owever that the Maidan fault is still active and indeed generated
arge earthquakes during the Holocene, therefore being associated
ith a high seismic hazard. Accordingly, the 2024 January 22,
 W 

7.0 earthquake represents the most powerful instrumentally
ecorded event along the high-angle Southern Tian Shan Fault in
or thwester n China. Actual Global Navigation Satellite Systems
GNSS) data confirm that deformation across the southern Tian
han is still active, accommodating about 4.0 mm yr −1 NNW–SSE
riented crustal shortening between the foreland and the Kepintage
hrust belt, and about 2.2 mm yr −1 of crustal shortening across the
igh-angle STF (Zubovich et al. 2010 ). 

.  S E N T I N E L - 1  S A R  DATA  

e used SAR data acquired by the Sentinel-1 (C-band) satel-
ites from the European Space Agency in Terrain Observation
 y Pro gressi ve Scans mode, to analyse the coseismic displace-
ent field caused by the 2024 January 22, M W 

7.0, earthquake.
pecifically, we utilized two interferometric pairs (ascending and
escending) from tracks A056 and D034 to measure the coseis-
ic displacement (T1) (Fig. 2 upper panels; and Fig. S1 mid-

le panels, Table S1 , Suppor ting Infor mation ), and an additional
escending interferogram from track D136 to capture cumulative
round displacement (T1 + T2) resulting from the mainshock and
he subsequent post-seismic phase ( Fig. S1 , upper panels; Table S1 ,
uppor ting Infor mation ), including the M W 

5.7 aftershock occurred
n 2024 January 29. We also examined two other interferograms
from tracks A056 and D034) to study aftershock deformation (T2)
riggered by the mainshock (Fig 2 ; and Fig. S1 bottom panels,
able S1 , Supporting Information ). This data, with different inci-
ence angles and temporal frames, enabled us to comprehensi vel y
nalyse both the M W 

7.0 earthquake and M W 

5.7 aftershock dis-
lacement fields, as well as generate a cumulative deformation map
 Figs S2 , S3 and S4 , Suppor ting Infor mation ), hence to better con-
train the source modelling of the causative faults as well. 

All interferograms were processed using classical two-steps SAR
nterferometry (e.g. Famiglietti et al. 2022 ) implemented in the
ARscape R © software, part of the ENVI package. A Digital Ele-
ation Model (DEM) with 30 m spatial resolution from the ALOS
orld 3D catalogue was employed to account for topography dur-

ng processing (Takaku et al. 2014 ). To enhance SAR image quality
nd reduce speckle noise, a 4 × 1 multilook factor was applied to
entinel-1 data, resulting in a final pixel dimension of 15 m on the
 round. Interferog rams were filtered using the Goldstein method
Goldstein et al. 1998 ) to enhance signal-to-noise ratio. In particu-
ar, the adaptive filtering approach used, an extension of the Gold-
tein method, significantly improved fringe visibility and reduced
oise introduced by temporal or baseline-related decorrelation. In
his configuration, the ‘alpha’ parameter depends on the coherence:
ncoherent areas were filtered more than coherent zones. This mini-
ized signal loss while strongly reducing noise levels. To optimize

ts performance, the ‘alpha’ parameter, which determines the filter’s
trength, is adapti vel y adjusted based on the local scene coherence
Ghulam et al. 2010 ). Then, phase unwrapping was performed us-
ng the Delaunay Minimum Cost Flow algorithm (Costantini 1998 ),
ollowed by geocoding of the unwrapped phase using the DEM in
he UTM WGS84 reference system. This method is similar to the
raditional Minimum Cost Flow method, with the primary differ-
nce being that the grid does not necessarily cover all image pixels,
ut only those above the ‘Unwrapping Coherence Threshold’ (in
his study = 0.3). Additionally, it uses a Delaunay triangular grid
nstead of a square one. As a result, only points with good co-
erence are unwrapped, without any influence from low-coherence
ixels. The utilization of Delaunay triangulation is especially advan-
ageous when multiple low-coherence areas are scattered through-
ut the image; in such cases, other unwrapping approaches might
roduce phase jumps, whereas the Delaunay approach minimizes
hese jumps (Reigber & Moreira 1997 ). 

The unwrapped coseismic (T1) and the cumulated (T1 + T2)
nterfero grams re veal ground displacement tow ard the satellite,
oncentrated in the hanging wall of the mainshock with an ENE–
SW striking deformation lobe along the STF (Fig 3 ; Figs S2 ,

3 and S4 , Supporting Information ). Displacement in E–W and
ertical directions was also estimated from ascending and de-
cending interferograms ( Fig. S5 , Supporting Information ). Uplift
cross the oblique thrust fault is significant ( Fig . S5 , left panels,
uppor ting Infor mation ), with a maximum LOS (Line-of-Sight)
isplacement of about 70 cm SW of the epicentre. The observed
eformation suggests a blind rupture consistent with one of the
ainshock’s focal mechanisms, possibly indicating rupture along
 steep NNW-dipping fault, and thus consistent with the transpres-
ional mechanisms of the STF. 

Post-seismic interferograms (Fig 4 ; Figs S2 and S3 , Supporting
nformation ), covering about 1 month of post-seismic deformation
ollowing the mainshock and including the M W 

5.7 aftershock on
024 January 29, show a small lobe of LOS displacements to-
ard the satellite, with a maximum LOS of more than 20 cm.
he clear LOS deformation gradient observed particularly in the
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Figure 2. Sentinel-1 wrapped interferograms of the 2024 January 22, M W 

7.0, Wushi mainshock and the 2024 January 29, M W 

5.7 aftershock. The red and 
yellow stars are the mainshock provided by USGS and Liang et al. ( 2024 ), respecti vel y, with its focal mechanism. In the bottom panels, the smaller red and 
yellow star represents the M W 

5.7 aftershock that occurred on January 29 provided by USGS and Liang et al. ( 2024 ), respecti vel y, with its focal mechanism. 
Solid lines are the major faults of the area (Wu et al. 2024 ). The black box in the upper panels indicates the area of the bottom panels. The grey dashed line in 
the post-seismic (T2) interferograms indicates the location of the observed surface ruptures (Zhang et al. 2024 ). 
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ascending interferogram ( Fig. S2 , Supporting Information ) and the 
orientation of this deformation lobe, well coincide with the trace of 
the observed surface ruptures (Zhang et al. 2024 ). The distinct spa- 
tial positions of mainshock and aftershock displacement patterns 
suggest therefore different slip locations associated with the main- 
shock and aftershock along the same rupture fault, or the acti v ation 
of a different and shallower structure during the M W 

5.7 after- 
shock. Finally, the cumulated descending interferogram (T1 + T2) 
illustrates the combined effects of the mainshock and subsequent 
aftershock deformation (Fig. 3 , bottom panels, and Fig. S1 , upper 
panels, Supporting Information ). 

4 .  G E O D E T I C  M O D E L L I N G  

We performed the source modelling using rectangular dislocations 
embedded in an elastic, homogeneous and isotropic half-space 
(Okada 1985 ), to image the fault geometry and slip distribution 
of the 2024 January 22, M W 

7.0 Wushi earthquake and the source 
of the following deformation associated with the M W 

5.7 aftershock, 
using a standard two-steps procedure (e.g. Atzori et al. 2009 ; Ch- 
eloni et al. 2010 , 2024 ; Golshadi et al. 2023 ): (1) We inverted the 
LOS displacements to retrieve the fault geometry, and then (2) the 
best-fit uniform slip fault solution is used as a-priori for the es- 
timation of the coseismic slip distribution. Before modelling, the 
InSAR displacement maps were down-sampled using a resolution- 
based down-sampling scheme (Lohman & Simons 2005 ). 

In the first step, we carried out a nonlinear optimization of the 
fault geometry responsible for the mainshock by using a simulated 
annealing algorithm (Corana et al. 1987 ). Then, to estimate the 
confidence intervals of the retrieved model parameters we used a 
Monte Carlo simulation technique (Press et al. 1992 ) which applies 
the best-fitting technique to a large number of synthetic data sets 
(500), each one derived from adding synthetic realizations of data 
noise to the actual data set. The individual model parameters appear 
to be well resolved with compact formal 95 per cent confidence in- 
terv als; howe ver, despite this formal resolution, there are trade-offs 
between the model parameters, which may lead to an underesti- 
mation of the standard deviations ( Fig. S6 , Supporting Information 
and Table 1 ). Moreover, real geological complexities may introduce 
additional uncertainties that go beyond those accounted for in our 
formal calculations. Features such as non-planar faults and crustal 
heterogeneity are indeed difficult to quantify precisely and could 
significantly contribute to larger uncertainties. The best-fitting uni- 
form slip solution of the 2024 January 22, M W 

7.0 Wushi earthquake 
is described by a 230 ◦ striking and 62 ◦ NW dipping oblique thrust 
(rake about 47 ◦) 36 km × 12 km fault plane passing through the 
hypocentral location (Fig. 5 , black box) and in good agreement 
with the steeply dipping plane of the seismological focal solution 
(strik e/dip/rak e 235 ◦/45 ◦/42 ◦) (USGS 2024 ). The average uniform 

slip is 2.7 m, which assuming a value of 30 GPa for rigidity, yields 
an estimated seismic moment of 3.61 × 10 19 Nm, equi v alent to a 
M W 

7.0 earthquake. 
In the second step, to estimate a more realistic coseismic slip 

distribution on the fault plane, we extend the uniform slip fault in 
order to capture the area af fected b y aftershocks (60 km × 30 km) 
and subdivide the fault into small patches of variable size, with 
increasing patch size with depth to maintain a good model resolu- 
tion at the deeper portions of the fault (Cheloni et al. 2016 ). The 
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Figure 3. Displacement maps of the 2024 January 22, M W 

7.0, Wushi earthquake sequence. Observed (left panels), modelled (middle panels) and residuals 
(right panels) InSAR Sentinel-1 ascending and descending unwrapped interferograms based on our best-fit model. The black box represents the best-fit uniform 

slip solution. The red and yellow stars are the mainshock provided by USGS and Liang et al. ( 2024 ), respecti vel y, with its focal mechanism. In the bottom 

panels, the smaller red and yellow star represents the M W 

5.7 aftershock that occurred on January 29 provided by USGS and Liang et al. ( 2024 ), respecti vel y, 
with its focal mechanism. The dashed box in panel (a) indicates the area of Fig. 4 . Other symbols as in Fig. 2 . 
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hallower patches are 1.25 km × 1.25 km, while the deeper ones
re approximately 4.3 km × 4.3 km. Additional terms consisting
f a linear ramp for each InSAR displacement map are also in-
luded in the inversion to minimize the effect on the solution of any
esidual long-wavelength orbital signal in InSAR images. We also
ppl y positi vity constraints (Stark & Parker 1995 ) and regularize the
inear inversion by applying spatial smoothing (using the Laplacian
perator), choosing the optimal smoothing weight factor by exam-
ning a trade-off curve of weighted misfit versus model roughness
 Fig. S7 , Supporting Information ). 

To further e v aluate the consistency of the model and to pro-
ide a benchmark for comparison, we calculated the theoretical
isplacements at the three nearest GNSS stations using the best-
tting coseismic slip distribution. This calculation was also aimed
t encouraging the owners of raw GNSS data or derived displace-
ent vectors to make these observ ations av ailable, either to confirm

he prediction or, implausibly, to claim to invalidate it. The results
F ig. 5 , w hite arro ws) sho w that the predicted displacements are
n the order of a few centimeters for the closest station, and they
ecrease rapidly with distance. 

To qualitati vel y assess the model resolution, we performed a set
f synthetic tests ( Figs S8 and S9 , Suppor ting Infor mation ) in which
e imposed slip at different depths and particular configurations of
lip on the fault plane (i.e. checkerboard tests). The input slip mod-
ls were then used to generate synthetic InSAR displacements. The
nversion of synthetic surface displacements produced with the dif-
erent input slip models show that long wavelength slip features are
ell resolved at each depth range ( Fig. S8 , Supporting Information ),
nd that our InSAR data set is able to discriminate between shallow
nd deep portions of the fault that may have slipped coseismically.
he checkerboard tests show that 10 km wavelength features are
ell resolved in the upper and central portions of the fault plane,
hereas input slip features appear significantly smeared at down-dip
epth > 20 km ( Fig. S8 , Supporting Information ). 

.1. Different hypotheses on the geometry of the source of 
he M W 

5.7 aftershock deformation 

s we state in paragraph 2, the distinct spatial positions of co-
eismic and post-seismic displacement patterns (Figs 2 , 3 and 4 )
uggest different depths and locations of coseismic and after-
hock slip. The observed post-seismic displacement could have
appened either on the shallower portions of the same coseismic
upture plane, or on a different structure, as for example a shallower
play. 
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Figure 4. Displacement maps of the 2024 January 29, M W 

5.7 aftershock. Observed (left panels), modelled (middle panels), and residuals (right panels) 
InSAR Sentinel-1 ascending and descending unwrapped interferograms based on our best-fit model. The black and violet boxes represent our best-fit uniform 

slip solutions for the mainshock and aftershock, respecti vel y. The grey dashed line indicates the observed surface ruptures (Zhang et al. 2024 ). The red and 
yellow stars are the M W 

7.0 mainshock and the M W 

5.7 aftershock provided by USGS and Liang et al. ( 2024 ), respectively, with their focal mechanism. Other 
symbols as in Fig. 2 . 
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Moreover, as already noticed in Yu et al. ( 2024 ), the post-seismic 
NE-trending deformation lobe that includes the M W 

5.7 aftershock 
(T2), is consistent with the displacement of the surface rupture that 
w as recentl y identified b y Zhang et al. ( 2024 ) from a field geolo gical 
expedition. This surface rupture zone has a general trend of N60 ◦E 

and extends for about 2 km, just in the correspondence of the ob- 
served maximum post-seismic deformation gradient (Figs 2 , 4 , 6 ; 
and Fig. S2 , Supporting Information ). According to the authors, 
the characteristics of this rupture zone (displaying a maximum ver- 
tical offset of about 1 m) are mainly controlled by a SE-dipping 
reverse fault, that is, opposite in dip direction to the causative fault 
of the mainshock. Although, the authors (Yu et al. 2024 ; Zhang 
et al. 2024 ) speculated that the seismogenic fault of the aftershock 
(and of the associated surface deformation) was this thrust fault, 
the y nev er actuall y full y explored this possibility and the InSAR 

post-seismic data have never been inverted to test this hypothesis. 
For this reason, in this section, we explore different possible 

geometries of the fault segment responsible for the observed post- 
seismic deformation, that includes the M W 

5.7 aftershock. To this 
end we performed a number of joint inversions varying the ge- 
ometry and the position of the possible source of the post-seismic 
deformation to investigate how this might affect our results. In par- 
ticular, we explored three different hypotheses, assuming additional 
slip occurring on the major coseismic fault, on a synthetic thrust 
(NW-dipping) and on a back-thrust (SE-dipping), respecti vel y. 

Both the results of the first and second models (Fig. 6 ) show a 
main patch of slip located up-dip with respect to the mainshock 
hypocenter, with maximum slip of about 100 cm, equi v alent to 
a moment magnitude of about M W 

5.9. In the first model, the slip 
occurred on coplanar patch of the coseismic causative fault (Fig. 6 a), 
whereas the second model implies that slip occurred on a synthetic 
thrust (strik e/dip/rak e 238 ◦/55 ◦/93 ◦) (Fig. 6 b), but very close to the 
main fault plane. The last model is assuming further slip on an 
SE-dipping fault (i.e. a back-thrust) (Fig. 6 c), fixing its position 
based on the surface ruptures observed in the field. Also in this case, 
the model shows a main patch of slip shallower than the hypocentre 
mainshock, with maximum slip of about 90 cm, potentially reaching 
the surface just in correspondence of the observed surface breaks 
(Fig. 6 c). Since the RMS of the data is similar in all three cases 
( Table S3 , Supporting Information ), but the last model also aligns 
with the field observations, we therefore favour the assumption that 
this slip occurred on a fault antithetic to the mainshock rupture 
plane. Another possibility is that both the SE-dipping fault and 
the synthetic fault mov ed. By inv erting the data for three faults 
(the main one and the two secondary ones during the post-seismic 
deformation), the misfit on the data does not improve compared 
to the two-fault model, with the maximum slip concentrating on 
the SE-dipping secondary fault. Thus, we adopt as our final model 
a main fault plane composed by an NW-dipping steep fault, and 
b y onl y a secondary fault dipping in the opposite direction (i.e. 
SE-dipping). 

4.2. Coseismic slip on the STF oblique thrust and 

aftershock slip on a shallow back-thrust 

The results of the joint inversion for mainshock and aftershock 
slip distributions on the main oblique thrust fault and on the minor 
back-thrust are shown in Figs 5 , 6 and 7 . The inversion of the 
displacement maps of the two deformation frames (T1 and T2) 
satisfactorily reproduces the observed InSAR displacements (Figs 3 
and 4 ; RMS values in Table S2 in the Supporting Information ). In 
our model, the January 22 mainshock (T1) occurred on a segment 
of the STF, releasing a seismic moment of 3.96 × 10 19 Nm (using a 
value of 30 GPa for rigidity), equi v alent to an M W 

7.03 earthquake 
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Figure 5. Geodetic model of the 2024 January 22, M W 

7.0 Wushi earth- 
quake. Panel (a) depicts fault geometry and coseismic slip distribution of the 
mainshock. Solid lines represent major faults (Wu et al. 2023). Seismicity is 
indicated by magenta circles (aftershocks between January 22 and February 
26 from USGS catalogue) and yellow circles ( M > 4 events from Liang 
et al. 2024 ), with stars denoting the largest events of the seismic sequence 
(red stars from USGS, yellow from Liang et al. 2024 ). Beach-balls display 
mainshock and greatest aftershock focal solutions from USGS catalogue. 
The black box represents the best-fit uniform slip solution. The blue line 
represents the Tuoshigan River. Arrows show the expected coseismic dis- 
placements at the nearest GPS stations, as computed by our geodetic model. 
The dashed box indicates the area of Fig. 6 . The inset (b) shows a cross- 
section perpendicular to the fault strike, displaying slip distribution at depth. 
Note: many hypocentres were fixed at 10 km depth from USGS location. 
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 Table S3 , Supporting Information ). The slip pattern is similar to
hat found in the preliminary finite-fault model as provided by the
SGS (USGS 2024 ), showing a main coseismic asperity (up to
.5 m of slip) occurred in horizontally elongated patches roughly
ocated across the centre of the plane, up-dip and WSW and ENE
ith respect to the mainshock hypocentre, thus implying a bilateral
irectivity for the Wushi mainshock which left unbroken the upper
art of the reacti v ated tectonic structure. 

For the deformation associated with the M W 

5.7 aftershock (T2),
ur preferred model assumes slip on a secondar y back-thr ust fault
strik e/dip/rak e 70 ◦/41 ◦/90 ◦) whose surface trace has been con-
trained by the observed surface ruptures (Zhang et al. 2024 ), which
eleased a total seismic moment of 0.07 × 10 19 Nm, equi v alent to
 M W 

5.85 earthquake ( Table S3 , Supporting Information ). Esti-
ated aftershock slip occurred on one main patch reaching the

opographic surface with a maximum slip of 90 cm occurring at a
epth of ∼1.5–2.0 km, with the maximum slip located just beneath
he observed surface ruptures (Fig. 6 c). 

.  S TAT I C  C O U L O M B  S T R E S S  C H A N G E  

t is now well established that coseismic slip after a major earthquake
an lead to changes in static stress, potentially triggering further
arthquakes and aseismic slip episodes on nearby faults or unbroken
egments of the causative fault itself (e.g. Lin & Stein 2004 ; Lin et al.
011 ; Cheloni et al. 2016 ). In this context, to assess hazard in the
tudy area and to investigate the potential triggering relationships
etween the mainshock and the greatest aftershock, it is crucial to
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Figure 6. Geodetic models of the post-seismic deformation including the 
2024 January 29, M W 

5.7. (a) Assuming that slip occurred on the same 
coseismic plane, (b) on an NW-dipping splay and (c) assuming slip on a 
SE-dipping fault. The estimated fault plane (yellow box) and coseismic slip 
of the 2024 January 22, M W 

7.0 Wushi mainshock is shown for comparison 
(contours in cm, in grey). The green dashed line indicates the observed 
surface ruptures (Zhang et al. 2024 ). The insets show the different fault 
models (red lines) as a function of depth for the different assumed acti v ated 
thrust segments. Also shown is the position of the coseismic fault plane 
(dashed grey line). Other symbols as in Fig. 5 . 
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e v aluate: (1) the stress state of unr uptured par ts of the main causative 
fault, (2) the state of stress of the secondary fault induced by the 
mainshock, and (3) which other faults in the southwestern Tian Shan 
region might be brought closer to failure by stress changes from the 
2024 earthquake. 

In the both case, we calculated the Coulomb stress change in- 
duced by the mainshock using our preferred slip distribution (Figs 5 
and 7 ) assuming an ef fecti ve friction coefficient of 0.4, as is com- 
monly used in stress interaction studies (e.g. Freed 2005 ; Akinci & 

Antonioli 2013 ). As expected, on the main fault we find increased 
stresses in the upper and lower parts of the fault plane surrounding 
the coseismic rupture area (Fig. 7 b). On the secondary SE-dipping 
fault the shape of the slipped area corresponds well with the pat- 
tern of increased stresses (Fig. 7 d), suggesting that the aftershock 
deformation event was possibly triggered by the preceding January 
22 M W 

7.0 earthquake. 
Finally, we computed Coulomb stress changes from our pre- 

ferred slip distribution on (a) NW-dipping fault segments with the 
same mechanism of the largest aftershocks [i.e. with a more re- 
verse rake angle (Liang et al. 2024 )], and (b) on SE-dipping thrusts. 
We observed increased Coulomb stress at both terminations of the 
modelled fault plane at hypocentral depths (Fig. 8 a), particularly 
along the southwestwards continuation of the Maidan fault. Ad- 
ditionall y, increased stress w as found on the Toxkan fault located 
north of the Maidan fault (Fig. 8 ). On the southern Wensubei re- 
verse fault, decreased stress was noted especially southwards of the 
epicentral area. Examining cross-section A–A 

′ in Figs 8 (a) and (b), 
it is evident that a blind coseismic rupture increases the stress over 
much of the upper crust, especially along its up-dip continuation for 
both NW-dipping and SE-dipping reverse faults. These near-surface 
regions of stress increases are sometimes relieved by secondary sur- 
f ace f aults (Lin & Stein 2004 ). In fact, secondary surface faulting 
was observed following the 2024 M W 

7.0 Wushi earthquake (Zhang 
et al. 2024 ), exactly in a region of increased Coulomb stress (Fig. 8 ), 
where our secondary SE-dipping fault is located (see green line in 
section A–A 

′ of Fig. 8 b). 

6 .  D I S C U S S I O N S  A N D  C O N C LU S I O N S  

The 2024 January 22, M W 

7.0 Wushi earthquake in northwestern 
China represents the largest seismic event recorded with modern 
geodetic measurements in the southern Tian Shan Mountains. We 
performed joint inversions of a comprehensive geodetic data set 
for distributed slip during the January 22 mainshock and the fol- 
lowing M W 

5.7 aftershock occurred on 2024 January 29, to de- 
termine which segment of the Southern Tian Shan Fault was ac- 
ti v ated b y the 2024 mainshock, and the source of the aftershock 
deformation. 

The dislocation modelling of InSAR data has revealed that the 
January 22 M W 

7.0 mainshock was caused by the rupture of a ∼60 ◦

NNW-dipping, ∼36 km-long oblique-slip fault, which exhibits both 
reverse and left-lateral movements (rake ∼47 ◦), with a major slip- 
ping patch in the middle of the plane, in good agreement with 
previous inversions of geodetic data (Guo et al. 2024 ; Nai et al. 
2025 ; Yu et al. 2024 ) and moment tensor solutions (Liang et al. 
2024 ; USGS 2024 ). According to the different authors and to our 
solution, the InSAR-derived coseismic fault plane should corre- 
spond to a segment of the Eastern Maidan Fault. Ho wever , it should 
be noted that, apart from the northeast and southwest terminations 
of the geodetic-derived fault models, the position of the central part 
of our fault plane slightly deviates from the mapped surface trace 
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Figure 7. Slip distribution on the modelled fault planes and Coulomb stress changes. (a) Coseismic slip distribution (T1). (b) Changes in Coulomb stress on 
the main fault plane induced by the January 22 mainshock, assuming an effective friction of 0.4 as commonly used in stress interaction studies (e.g. Freed 
et al. 2005 ; Akinci & Antonioli 2013 ). (c) Slip distribution of the January 29 aftershock (T2). (d) Changes in Coulomb stress on the secondary SE-dipping 
plane induced by the mainshock. Contour lines (in cm) indicate mainshock (in panels a and b) and aftershock (in panel c) slip distribution, respecti vel y. The 
star marks mainshock hypocentre (USGS 2024 ). Arrows in panels (a) and (c) indicate slip direction. 
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f the Maidan Fault (Wu et al. 2024 ; Fig. 5 ), being located about
0 km southwards. As this could be due to the simplified planar ge-
metry assumed for the dislocation model, we further investigated
his issue by fixing the top of our model in correspondence of the
urface trace of the Maidan Fault and inverting the data again. The
esults show that fixing the top of the fault in this way ( Fig. S10 ,
uppor ting Infor mation ), regardless of the dip angle, the InSAR
ata cannot be adequately reproduced (the RMS increases signifi-
antly; Table S3 model-A and Fig. S11 , Supporting Information ),
s the fault plane is located too far north relative to the observed

eformation field. m  
Prior to the 2024 seismic sequence, the Maidan Fault had not
xperienced historical ruptures, but paleoseismological evidence
uggested the presence of a potential seismic gap (Wu et al. 2020 ).
his finding supports the hypothesis that significant shortening still
ervades the Tian Shan orogeny. Although an in-depth analysis and
odelling of the interseismic deformation of the area is not the sub-

ect of our work, by comparing topography, coseismic deformation
nd GNSS velocities projected along a profile roughly perpendic-
lar to the Maidan Fault ( Fig. S12 , Supporting Information ), it is
ossible to observe that the interseismic GNSS velocities show a
arked reduction of approximately 4 mm yr −1 across the Maidan
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Figure 8. Coulomb stress changes produced by the 2024 January 22 M W 

7.0, Wushi earthquake. The Coulomb stress changes are computed at a depth of 
10 km. Coulomb stress profiles: perpendicular to the modelled fault, showing stress imparted by our preferred solution on (a) NW-dipping thrust faults, and 
on (b) SE-dipping thrust faults together with aftershocks. Seismicity: magenta circles are aftershocks from USGS catalogue (USGS 2024 ); yellow circles are 
M > 4 events from Liang et al. ( 2024 ); the stars are the largest events of the seismic sequence (the red ones are from USGS, while the yellow one is from 

Liang et al. ( 2024 )). The beach-balls display the mainshock and greatest aftershock focal solutions from the USGS catalogue (USGS 2024 ). The grey line in 
sections A-A 

′ and B-B 

′ represent our best-fit coseismic model, while the green line in section A-A 

′ of panel (b) is SE-dipping secondary fault modelled in the 
post-seismic deformation. Other symbols as in Fig. 5 . Note that many hypocentres were located at a fixed depth of 10 km from the USGS location. 
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fault, in agreement with the recent work of Guo et al. ( 2024 ). In this 
context, our preferred fault plane and coseismic slip distribution 
would be located approximately at the top of the interseismic dis- 
location model imaged by the modelling of the interseismic GNSS 

data (Guo et al. 2024 ), confirming that the 2024 earthquake occurred 
in correspondence of the highest strain-rate sector of the transect. 
The comparison between the surface expression of our fault model 
and the topography (Fig. 9 and Fig. S12 , Supporting Information ) 
reveals that most of the activity along the Maidan Fault is concen- 
trated near the relief margin, where the Tarim Basin intersects with 
the foothills of the southern Tian Shan Mountains. Observing the 
topographic profiles (Fig. 9 ), one can note how a step is present 
along the maximum and minimum profiles (especially along sec- 
tions C–C 

′ , D–D 

′ , E–E 

′ ), likely representing the long-term activity 
of the Maidan Fault. In the case of the 2024 earthquake, the rupture 
w as blind, as clearl y shown b y the continuity of the InSAR fringes 
and the slip distribution in the geodetic model. Ho wever , it is ob- 
vious that repeated linear morphogenic earthquakes ( sensu Caputo 
2005 ) have occurred along this major tectonic structure to progres- 
si vel y and cumulati vel y create this marked topographic step. This 
finding confirms that high-angle transpressive faults accommodate 
some shortening at the intersection between the relief margin and 
the adjacent basin in the western Tian Shan. 

The calculated seismic moment release for the mainshock of 
3.80 × 10 19 Nm, equi v alent to a moment magnitude ( M W 

) of 7.02, 
aligns well with magnitude estimates independently provided by dif- 
ferent institutions, such as the USGS in 2024 and previous studies 
(Guo et al. 2024 ; Nai et al. 2025 ; Yu et al. 2024 ). This agreement 
emphasizes the reliability and robustness of the geodetic inver- 
sion methodology also in estimating seismic moment release. The 
geodetic inversion results provide valuable insights into the slip dis- 
tribution characteristics of the mainshock documenting that most 
of the coseismic slip was concentrated on a prominent ENE–WSW 
oriented asperity, where slip reached a peak of approximately 3.5 m, 
suggesting a bilateral directivity of the Wushi mainshock rupture 
propagation. This concentrated slip pattern suggests a focal area 
of intense strain release within the fault system. Interestingly, the 
slip distribution analysis indicates that most of the slip appears to 
have occurred in horizontally elongated patches, primarily confined 
below depths of 10 km, in agreement with previous geodetic stud- 
ies (Guo et al. 2024 ; Nai et al. 2025 ; Yu et al. 2024 ). As a matter
of fact, the slip during the January 22 earthquake did not reach 
the surface, however there is paleoseismological evidence of large 
surface-rupturing events (Wu et al. 2020 ) during the Late Quater- 
nary period, with the Maidan Fault indeed associated to linear mor- 
phogenic earthquakes (Caputo 2005 ) also during the Holocene. We 
suggest, therefore, that the Maidan fault could release accumulated 
tectonic strain through a wide range of magnitudes. 

The observed slip arrest in the shallower sections of the fault may 
be attributed to various factors. Studies on reverse faulting earth- 
quakes have in fact indicated the potential influence of lithological 
and/or structural controls, such as up-dip slip segmentation, on the 
depth extent of rupture propagation in intracontinental settings (e.g. 
Elliott et al. 2011 , 2015 ; Copley et al. 2015 ; Mackenzie et al. 2016 ). 
In this regard, up-dip slip segmentation may introduce complexities 
in the rupture process, potentially delaying rupture propagation be- 
tween different segments of the fault, as observed globally in recent 
years (e.g. Elliott et al. 2011 ). Therefore, as already suggested by 
previous studies (Guo et al. 2024 ), it is possible that part of the 
stress released during the 2024 sequence was absorbed by folding 
of the sedimentary units or by means of aftershocks and/or afterslip 
on unruptured portions of the coseismic fault plane. Considering 
these areas have been dynamically loaded resulting in a positive 
Coulomb stress change (Fig. 7 b), new asperities and/or secondary 
faults, either synthetic and antithetic ones, could potentially serve as 
sites for future r uptures. This obser vation could have an important 
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Figur e 9. Topograph y, active structures and topographic swath profiles. In the main figure, the violet box represents our best-fit uniform slip model, while 
the b lue bo x is the aftershock source. The yellow dashed line shows observed surface ruptures. Solid red lines denote major morphotectonic lineaments 
characterizing the area (modified from Wu et al. 2024 ). The right panels show topographic data (from the 30 m shuttle radar topography mission (SRTM) DEM) 
(maximum, minimum and average altitudes) projected onto the N139 ◦ direction from 10 km wide swaths. The grey dashed line indicates the up-dip projection 
of the geodetic fault that ruptured during the 2024 Wushi earthquake, while the red one is the geological splay. The blue line represents the back-thrust (BT). 
Violet and green arrows show the geodetic-inferred main fault and splay trace intersection along the profiles, while the yellow arrow indicates surface ruptures. 
The inset shows the relationship between the 2024 coseismic rupture fault, the geological splay and topography. MF: Maidan Fault. Other symbols as in Fig. 1 . 
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mpact on the seismic hazard assessment of the region, highlighting
he importance of considering both shallow and deep segments of
eismogenic faults in seismic risk mitigation strategies. 

As regards the source of the post-seismic deformation, that in-
ludes the January 29 M W 

5.7 event, we performed several inver-
ions varying the geometry and position of the structure responsible
or the post-seismic deformation to discriminate between possible
andidates. The dislocation modelling of InSAR data has revealed
hat the observed deformation was caused by the rupture of a shal-
ow ∼40 ◦ SE-dipping, ∼10 km-long back-thrust (rake ∼90 ◦), with
 maximum slip of about 90 cm, and the rupture reaching the surface
n correspondence with the observed surface breaks (Zhang et al.
024 ), confirming that the M W 

5.7 aftershock occurred on a distinct
ource with respect to the mainshock one. The calculated seismic
oment released in this case (0.07 × 10 19 Nm, equi v alent to an
 W 

of 5.85) aligns well with magnitude estimates ( M W 

5.7–5.8)
rovided b y dif ferent studies for the January 29 aftershock (Liang
t al. 2024 ; USGS 2024 ). 

We also calculated the static Coulomb stress changes from our
referred coseismic model to investigate the potential triggering
elationship between mainshock and aftershock deformation, as
ell as the state of stress on other faults in the southwestern Tian
han region. Coulomb stress changes suggest that the M W 

5.7 af-
ershock on the back-thrust was likely triggered by the preceding
anuary 22 mainshock, with the reacti v ated slip plane correlating
ell with a volume of maximum stress change. The same analysis
lso indicates an increase of the Coulomb stress at both termina-
ions of the major rupture surface at hypocentral depth, as well
s on the parallel Toxkan fault located northwards of the Maidan
ault. 

In conclusion, the analysis of the 2024 Wushi seismic sequence
nderscores the critical role of dense, high-quality geodetic sur-
ace displacements in accurately estimating the location and the
oseismic behaviour of seismogenic faults. The exceptional quality
f the coseismic interferograms (Fig. 2 ), notable for their coher-
nce and the clarity of the interferometric fringes, has allowed for
 well-constrained determination of the coseismic model parame-
ers (Table 1 ). Within this framework, our modelling reveals robust
eatures, including the position and depth of the upper edge of the
ainshock fault, as well as the absence of significant shallower

lip during the investigated earthquake. Taking into account pale-
seismological and morphotectonic evidence clearly documenting
he frequent occurrence of linear morphogenic earthquakes (i.e.
upturing up to the topographic surface), our results suggest that
he interseismic deformation accumulated on the fault was not en-
irely released during the Wushi earthquake. Moreover, we had the
ossibility to observe the occurrence of notable deformation on a
hallow back-thrust that underwent significant surface rupture in
ontrast with the main coseismic rupture that was blind. These ob-
ervations should be carefully taken into account when trying to
orrelate surf ace f aulting evidence with the main coseismic rup-
ure plane at depth because the latter could be blind and the former
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could occur on secondary relati vel y shallow tectonic structures. In 
an y case, extensi ve documentation of Late Quater nar y surface rup- 
tures along the Maidan Fault (Wu et al. 2020 ), combined with GNSS 

studies indicating that the fault is currently locked without evidence 
of significant creep deformation (Li et al. 2022 ), suggests that the 
upper portion of this fault still poses a considerable seismic hazard. 
In conclusion, our findings indicate that further aseismic deforma- 
tion and/or significant earthquakes in both the shallow and deeper 
sectors of the Maidan fault cannot be ruled out in the future and this 
should be considered for a better mitigation policy of the seismic 
hazard affecting the Wushi County and its surrounding areas. 
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K ulikov a , G. & Kr üger, F., 2015. Source process of the 1911 M8.0 Chon- 
Kemin earthquake: investigation results by analogue records, Geophys. J. 
Int., 201 (3), 1891–1911. 
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