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Abstract On 24 March 2021, an Mw 5.3 earthquake struck northwest Baicheng, located in the Kuqa
fold-and-thrust belt (FTB), northwest China. In the current study, interferometric synthetic aperture radar
(InSAR) data were used to investigate the associated fault rupture solution (dip, dip direction, and slip sense),
to determine the geometry of the seismogenic structure; the high-resolution images of the surface rupture
were obtained using an unmanned aerial vehicle (UAV). This geometric model, along with the co-seismic slip
distribution from the InSAR data, and deformation characteristics of co-seismic surface rupture revealed that:
(a) it was a shallow event, the focal depth was 0.5-2 km, and the co-seismic slip was distributed in the 0-7 km
range with high dip angles (66°, 70°). (b) A 4-km long surface rupture with obvious left-lateral strike-slip

was distributed on the surface, and the maximum strike-slip displacement and width were 0.79 and 0.7 m,
respectively. This left-lateral strike-slip event indicates that the relative motion between the Tianshan and Tarim
blocks is a continuous and diffuse deformation process. The study shows that, when evaluating the earthquake
risk of the Kuqa FTB, we should consider both the front position of the fault outburst and the internal
compressional salt-related structures, which can also produce moderate to strong earthquakes.

Plain Language Summary The northwest of Baicheng, Xinjiang was struck by an Mw 5.3
earthquake on 24 March 2021, representing the largest event in the Kuqa fold-and-thrust belt in the past

20 years. This event has several intriguing aspects (a) the surface rupture and epicenter (U.S. Geological
Survey and China Earthquake Networks Center): did not occur on a mapped fault; (b) the focal depth was
0.5-2 km, characteristic of a shallow earthquake; (c) the seismic rupture characteristics were incongruous with
regional strain. Based upon an integrative analysis for interferometric synthetic aperture radar and unmanned
aerial vehicle data, we obtained the deformation field, co-seismic slip distribution, and surface rupture.

The deformation field was found to be 16.5 km long and 7.7 km wide, while the surface rupture length was

4 km and exhibited characteristics of left-lateral strike-slip deformation. We found an isolated and shallow
compressional salt dome below the epicenter, which corresponds well with the rupture characteristics of the
source. It is, therefore, believed that the earthquake was caused by rupture of the compressed salt structure. Our
study has important implications for understanding the relative geohazard and movement characteristics of the
Tarim and Tianshan blocks.

1. Introduction

The sliding distribution of convergent orogenic belt is the key to understanding the tectonic deformation and
evolution mechanism of collision orogens (Allen et al., 2017; Alvarado et al., 2016; Beck, 1983; Fu et al., 2002;
Molnar, 1988; Thompson et al., 2017; Zhang et al., 2004). Tianshan has been reactivated by the collision of
India-Eurasia plate since the Cenozoic era (Avouac & Tapponnier, 1993; Molnar & Tapponnier, 1975; Tappon-
nier & Molnar, 1979; Yin et al., 1998; Zhang et al., 1996) and it is one of the typical intracontinental convergent
orogenic belts in Eurasia (Figure 1a). The frequent occurrence of strong earthquakes and extensive active tectonics
are evidence of strong present-day tectonic deformation in the Tianshan (Figure 1a). However, in addition to the
crust shortening deformation dominated by the foreland fold-and-thrust belt (FTB) on both sides of the Tianshan
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(Abdrakhmatov et al., 1996; Avouac & Tapponnier, 1993; Molnar & Ghose, 2000; Zubovich et al., 2010), a
series of large internal strike-slip faults also indicate that the Tianshan is undergoing shear deformation (Shen
et al., 2001; Wang and Shen, 2020; Zubovich et al., 2010). For example, the Kemin-Chilik Fault, Nikolave Line,
and Maidan Fault all have large left-lateral strike-slip faults in the NE trend (Figure 1a).

On 24 March 2021, a Mw 5.3 earthquake struck Baicheng town, located within the Kuqa Basin, a FTB in
the southern Tianshan mountains (Figure 1b). This event caused ~4 km of surface ruptures at the epicenter
(Figures 1c and 1d), massive building damage, and multiple casualties (three deaths). The focal mechanism of the
main shock estimated from the China Earthquake Networks Center (CENC) preliminary centroid moment tensor
indicated predominantly NEE left-lateral strike-slip motion with a tension component. Different groups provided
epicenter locations near 41.81°N and 81.16°E (an uncertainty of ~10 km; Table 1). The earthquake occurred in
the Kuqa FTB, located at the first-row anticline zone of Kuqa FTB.

The 2021 Mw 5.3 Baicheng event is the focus of this study, which is one of the few earthquakes with a Mw < 5.5
that produced surface rupture. As such, in the current study, we summarize the available seismologic, inter-
ferometric synthetic aperture radar (InSAR), surface geology, and seismic reflection profiles of this event,
thus providing important constraints on the geometry and co-seismic slip of the rupture fault. We then used an
unmanned aerial vehicle (UAV) to capture high-resolution aerial photographs (resolution of 2.46 cm/pix) of the
surface rupture (length = 4 km), which were subsequently interpreted. Additionally, the distribution characteris-
tics and sliding parameters of surface rupture were obtained. The results can be broadened to characterize other
salt-bearing FTBs and are important for enhancing our understanding of the seismic risk of salt-bearing FTBs.

2. Tectonic Setting
2.1. Regional Tectonics

The Tianshan are located in the hinterland of Eurasia and are the product of violent collisions between the Indian
plate and Eurasian plate since the late Cenozoic. The region experiences intense deformations and the strongest
seismic activity in the Cenozoic continental interior. Per GPS measurements (Abdrakhmatov et al., 1996; Wang
and Shen, 2020; Zubovich et al., 2010) and analyses of seismic moment release (Molnar and Ghose, 2000), the
region currently exhibits rapid N—S oriented shortening at a rate of ~20 mm/a in the western Tianshan; this rate
decreases gradually to ~5 mm/a in the easternmost Tianshan, which is consistent with clockwise rotation of the
Tarim Basin relative to the Kazakh Platform-Junggar Basin (Avouac & Tapponnier, 1993).

The Tianshan are characterized by widely distributed active thrust-faulting (Figure 1a). Within the mountains,
major active thrusts have developed along range-basin boundaries, typically exhibiting moderate-high angles
and basement-involved fault geometries (Allen et al., 1999; Ghose et al., 1998; Makarov et al., 2010; Sady-
bakasov, 1990; Thompson et al., 2002). Along the mountain front, an array of thrust and fold belts have devel-
oped due to thrusting of the mountain over the foreland basins. These active structures within and along the
mountain front have Late-Quaternary slip rates of 0.1-5.0 mm/a (Charreau et al., 2017; Saint-Carlier et al., 2016;
Stockmeyer et al., 2017; Thompson Jobe et al., 2017). In addition to the active thrust faults, several large-scale
strike-slip faults are present (Figure 1a), such as the Talas-Fergana Fault, Dzhungarian Fault, Kemin-Chilik Fault,
and Nikolave Line, which play a role in accommodating the lateral variation of the horizontal shortening of the
mountain.

Between 1812 and 1946, the Tianshan experienced a remarkable sequence of strong earthquakes (Figure 1a;
Abdrakhmatov et al., 2016; Molnar and Deng, 1984; Molnar and Ghose, 2000; Kulikova, 2016). In total, six
M > 7.5 earthquakes were recorded, including the 1812 M 8.0 Nileke, 1889 M 8.3 Chilik, 1902 Mw 7.7 Atushi,
1906 M 7.7 Manas, 1911 Mw 8.0 Chon Kemin, and 1946 Mw 7.6 Chatakal events. However, since 1947, the
mountain has been relatively free from the effects of strong earthquakes, and only one M > 7.0 event (1992 Mw
7.2 Suusamyr event) was recorded. Among these earthquakes, apart from the 1812 Nileke (M 8.0), 1885 Belov-
odskoe (M 6.9), 1889 Chilik, and 1911 Chon Kemin events that produced spectacular surface ruptures (Abdra-
khmatov et al., 2016; Arrowsmith et al., 2016; Wu et al., 2020), all other earthquakes produced only limited or
no surface ruptures.

The 2021 Mw 5.3 Baicheng event occurred within the Baicheng Basin in front of the Southern Tianshan, a fore-
land basin within the Kuga FTB (Figures 1a and 1b). The basin is bounded on its northern margin by the Southern
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Figure 1. (a) Topography, active structures, and earthquakes (M > 5.0 during 1800-2020) in the Tianshan region. The red line is the major NE trend strike-slip fault
in Tianshan. (b) Topography, active structures, and major earthquakes (M > 5.0) during 1951-2020 within the Kuqa FTB, according to the CENC seismic catalog. (c)
and (d) Satellite image and geologic map of the 2021 Baicheng earthquake epicenter and related fold. Pink circles represent aftershocks (March 24-26, 2021; data from
Xinjiang Earthquake Networks Center).
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Table 1
Focal Mechanism Solutions of the 2021 Baicheng Main Shock

Agency  Magnitude Longitude (°) Latitude (°) ¢¢1(°) 61 (°) AL(°®) ¢2(°) 862(°) 42(°) d(km)

CENC Ms =5.4 81.11 41.7 341 75 180 71 90 15 10
GFZ Mw =5.2 81.15 41.77 160 71 167 253 71 12 13
USGS Mw =53 81.155 41.812 10+1.8

Note. Ms is the surface wave magnitude; Mw is the moment magnitude; ¢i, i, and Ai (i = 1, 2) denote the strike, dip, and
rake of the two nodal planes, respectively, and d denotes the depth. The CENC data were downloaded from https://news.ceic.
ac.cn/index.html?time=1590980075. Helmholtz-Center Potsdam - German Research Center for Geosciences (GFZ) data
were downloaded from http://geofon.gfz-potsdam.de/eqinfo/event.php?id=gfz2021ftpu. U.S. Geological Survey (USGS)
data were downloaded from https://earthquake.usgs.gov/earthquakes/eventpage/us6000dvwp/origin/detail.

Tianshan Fault (STF) and on its southern margin by the Qiulitag thrust fault. The epicenter was approximately
6 km to the north of the STF, which is a north-dip thrust fault.

2.2. Kuqa Fold-and-Thrust Belt

The Kuga FTB, located in the southern piedmont of the Tianshan mountains, is predominantly composed of five
structural belts trending roughly E-W from north to south: the STF, Tuzima-Kumgeliem anticline belt, Baicheng
Basin, Qiulitag structural belt, and Kalayuergun anticline belt (Figure 1b and Gao et al., 2020; Li et al., 2012;
Tang et al., 2018; Wang et al., 2011). Two sets of thick salt-gypsum rocks have been deposited in the Kuga FTB
since the Cenozoic, namely, the Paleogene Kumgeliem Formation (E,_,, ) and Neogene Jidike Formation (N,
Izquierdo-Llavall et al., 2018; Li et al., 2012; Pla et al., 2019; Tang et al., 2018). The salt-gypsum rocks in the
study area are from the Kumgeliem Formation; these salt structures can be divided into two types: salt diapirs
and integrative salt anticlines (Li et al., 2012; Wang et al., 2011). The salt diapirs are unconformable with the
surrounding sedimentary strata, and the strata around the salt diapirs exhibit onlapping, downlapping, denuda-
tion, and unconformities. When the sedimentary structures are far from the salt diapirs, the parallel bedding of
the strata is not deformed, indicating that upwashing of the salt diapir occurs simultaneously with that of the
surrounding sedimentary strata (Giles & Lawton, 2002; Rowan et al., 2003).

Considering the abundant oil and gas resources in the Kuqa FTB, petroleum companies have constructed
numerous 2D and 3D seismic reflection profiles that reveal the characteristics of underground structures (Gao
et al., 2020; Wang et al., 2011). To better determine the seismogenic structure of the Baicheng event, we selected
a seismic reflection profile (Figure 1b, Gao et al., 2020) that passed through the epicenter. In the reflection
profile, we identified the Laohutai salt dome, the Qiulitag salt thrust, and the Miskantag salt anticline (Figures 2a
and 2b). The Paleogene Suweiyi Formation (E, ;4), Neogene Jidike Formation (N,;), and Kangcun Formation
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Figure 2. (a) Surface longitudinal section of the seismic reflection profile. (b) Geologic cross sections of the salt structure, Qiulitag salt thrust, and Miskantag
anticline, based on the seismic reflection profile (modified from Gao et al., 2020; Wang et al., 2011).
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(N, ) were punctured by the Laohutai salt dome, and then covered by the upper Neogene Kuga Formation (N,).
The thickness of the salt overlying the strata on the south side of the Laohutai salt dome can be divided into upper
and lower parts; the Paleogene to Neogene are pre-compressional sedimentary strata, and the Pliocene to Quater-
nary are compressional growth strata (Figure 2b).

3. The 2021 Baicheng Earthquake

The 2021 Mw 5.3 Baicheng earthquake occurred at 05:14 UTC on 24 March 2021 (Table 1). Its epicenter was
located in the northwest of the Baicheng Basin, approximately 6 km away from the STF in the north (Figure 1b).
Seismic parameters from different agencies indicated that this event was a left-lateral strike-slip event. The
focal mechanisms suggested by the CENC and the Helmholtz-Center Potsdam — German Research Center for
Geosciences (GFZ) were similar (Table 1): strike/dip/rake were 71-73°/77-90°/12—-15°. These solutions are
nearly parallel to the strike of the STF. Due to the sparse seismic stations operating in the region, the focal depth
was determined to be 10—13 km (Table 1).

Besides the Mw 5.3 mainshock, a total of 10 aftershocks were recorded for the period of March 24 to 25, 2021,
including 5 events with magnitudes >3.0 (data from Xinjiang Earthquake Networks Center). These aftershocks,
in map view, overlap with the co-seismic rupture patch (Figure 1c). There has been no earthquake with a magni-
tude >5.0 in the epicenter and adjacent area of the Baicheng event in the historical record (1800-2020). Notably,
an Mw 4.9 earthquake occurred in this region on 23 March 2020, and the focal mechanism solution given by the
CENC denoted that this was also a left-lateral strike-slip event (Figure 1b).

4. Co-Seismic Deformation Maps
4.1. Co-Seismic Sentinel-1 Interferograms

The two-pass differential InSAR approach (Massonnet et al., 1993; Rosen et al., 2000) was used to process the
ascending data acquired by the European Space Agency Sentinel-1A satellite (Yang et al., 2021), while ENVI/
SARscape software was used to process the SAR data (https://search.asf.alaska.edu/#/). The ascending image
pair was acquired on 20-26 May 2021, with a temporal baseline of 7 days and perpendicular baseline of 56 m. To
avoid the phase jumps between adjacent subsequent bursts and improve image pair coherence, repeated azimuth
co-registration was performed to achieve a registration accuracy better than 0.1 pixel. The 1-arc s (~30 m) reso-
lution Shuttle Radar Topography Mission digital elevation model (DEM) was used to simulate and remove the
topographic phase component (Farr et al., 2007). Adaptive filtering was then adopted for the interferograms
(Goldstein & Werner, 1998) to effectively reduce decorrelation noise. Interferogram unwrapping used the mini-
mum cost-flow algorithm (Werner et al., 2002). Finally, the line-of-sight (LOS) displacement fields in Figure 3a
were geocoded onto the WGS-84 geographic coordinate. One fringe represents half the wavelength of the C-band
SAR data, which is 2.8 cm.

The deformation range was ~16.5 km long and 7.7 km wide (Figure 3b). The deformation field showed two
deformation centers, one on each side of the fault, with larger deformation in the east than the west on both sides.
The certain degree of decorrelation near the fault indicated that the earthquake caused rupture on the surface.
The interferogram fringes far from the fault were continuous and ellipsoidal along the E-W trending seismogenic
fault. The maximum deformation was ~16 cm (Figure 3c) on both sides of the fault. The northern deformation in
the LOS was positive (moving toward the satellite), whereas the southern deformation was negative. Moreover,
there were two positive and negative deformation centers on each side, which agreed with the deformation char-
acteristics of a moderate—strong earthquake. Combined with the regional tectonic setting, it is considered that this
event may have occurred on a high-angle strike-slip fault.

4.2. Inversion for Fault Parameters and Slip Distribution Inversion

Inversion of seismic source mechanisms based on geodetic observations is an important means of understanding
seismogenic structures. The method of steepest descent (SDM) with constrained least-squares optimization was
used to conduct geodetic inversion, which minimizes the root-mean-square misfit between the observations and
the model (Wang et al., 2013). Quad-tree decomposition (Jonsson et al., 2002; Wang et al., 2014) was used to
down-sample the deformation field to improve computational efficiency and increase the signal-to-noise ratio,
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Figure 3. (a) Interferogram of co-seismic deformation from the ascending track of the European Space Agency Sentinel-1A
satellite. (b) Co-seismic deformation fields. (c) Profile of co-seismic deformation (location provided in Figure 3a). (d) Slip
distribution from joint InSAR ascending observations (7,043 points). According to the interferogram characteristics, the
inversion occurs in two sections, with inversion parameters of 70° (dip), 246° (strike), 66° (dip), and 258° (strike).

allowing important and detailed information to be retained as much as possible. Millions of InSAR pixels were
reduced to a few thousands after down-sampling, and a total of 7,043 points from the ascending track were used
to retrieve the fault geometry parameters and slip distribution.

As revealed by the interferograms, field investigations, and regional tectonic setting, the high dip nodal plane
of the focal mechanisms (U.S. Geological Survey, Helmholtz-Center Potsdam — German Research Center for
Geosciences) was the preferred initial geometry in the following InSAR-based inversion. Combined with the
aforementioned analysis, a fault model was built with two segments with the strike-changed fault plane compris-
ing 1 X 1 km rectangular sub-patches. The fault surface trace was determined by the co-seismic deformation field
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and field investigation rupture points. The geometry parameters of the fault model included a strike of ~246° for
east sub-fault 1 (SF1) and ~258° for west sub-fault 2 (SF2), lengths of SF1 and SF2 at ~11.5 and 7.5 km along
the strike, respectively, and 15-km widths along the down-dip for the two sub-faults (Figure 3d). This model was
used to estimate the optimal source parameters, including dip, strike, and rake of fault. The fault slip on each
patch was solved using the elastic half-space homogeneous dislocation model (Okada, 1985), assuming a Pois-
son ratio of 0.25. Through “forward simulation” to simulate the deformation image, and a comparison with the
observed deformation field, the parameters were adjusted constantly to obtain the geometric parameters of the
fault. The fault model, with a dip of 70° for SF1 and 66° for SF2, closely fit the InSAR observations with a 0.05
smoothing factor.

The slip distribution along the down-dip direction is shown in Figure 3d. Our best-fit inverted slip model showed
that the rupture process was controlled by left-lateral strike-slip motion, with a slight normal component and
average rake angle of 348° for SF1 and 350° for SF2. Generally, our preferred model had a single-slip asperity
pattern, with a significant slip area of ~16 km along the strike and ~7 km along the down-dip direction. The
rupture extended to the surface and the peak slip magnitude was up to 0.7 m on SF1, which occurred at ~0.5 km
with a 332° rake angle. The seismic moment magnitude estimated by geodetic data was Mw 5.9. The residuals of
the optimal slip distribution in the near field were generally <3 cm (Figure S1 in Supporting Information S1) and
the data-model correlation was as high as ~98%, indicating that the inversion result was reliable.

5. Co-Seismic Surface Rupture

In this study, we used a DJI M300 UAV (XT2 Pan-Tilt) to obtain aerial photographs (13,123 photographs) of the
surface rupture following the Baicheng event on 24-25 March 2021. Per the terrain in the aerial photography
area, the sailing height was set to 50 m, the heading overlap rate was 60%, and the lateral overlap rate was 60%.
The images were processed indoors using Agisoft Metashape Professional software to generate a high-resolu-
tion orthographic Mosaic (Figure 4a) and a DEM (resolution 14—77 cm). The detailed surface rupture zone was
then interpreted using the orthographic Mosaic map in ArcGIS software (Data Sets S1 in Supporting Informa-
tion S1, KMZ File). Because there was no control point in the aerial photography area, the deviation between the
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aerial orthographic Mosaic and the actual landform point was less than 6 m. We measured 315 surface rupture
observation points based on the orthographic Mosaic and obtained the width and strike-slip displacement distri-
bution map of surface rupture for the Baicheng event (Figures 4b and 4c), in which the observation error was
primarily derived from the image resolution. We found 41 left-lateral strike-slip displacements along the rupture
zone, using the N-S ridges as a reference (Table S1 in Supporting Information S1). A total of 274 data points were
collected for the width of surface rupture (Table S1 in Supporting Information S1). The seismic surface rupture
patterns obtained by interpretation of the high-resolution orthophoto images showed that the 2021 Baicheng
earthquake produced co-seismic surface ruptures on the piedmont alluvial fan (1,500-1,700 m above sea level,
which is now farmland) in southern Tianshan, with a total length of ~4 km. Although the surface fracture gener-
ally exhibited a linear distribution, left-lateral en-echelon traces divided by stepovers were also observed.

To define the surface rupture characteristics and co-seismic displacement more accurately, we comprehensively
analyzed the source parameters and InSAR inversion results. The surface rupture of the Baicheng earthquake was
characterized by sinistral strike-slip and tensional fractures, and the main rupture zone was a sinistral strike-slip
fault with a strike of N50-70°E. A group of E-W tensile fractures developed along 2.6 km of the rupture zone,
forming a graben with a strike of S125-135°E (Figure 4a). According to the change in the trend and its spatial
distribution, the surface rupture was divided into three sections from west to east: sections a, b, and ¢, succes-
sively (Figure 4b). Each rupture section was composed of several secondary ruptures. The surface rupture was
geometrically simple and distinguished by 13 major steps, the widest of which was ~100 m.

Section a: The rupture zone in this section reached the Muzart River to the west (Figure 1c¢), with an overall trend
of N50°E and a total length of approximately 1.6 km (Figure 4b). The rupture in this section was characterized
by a linear strike slip and was separated by three main stepovers. At observation points 5a and 5b (Figure 4a),
the north—south ridge was dislocated left-laterally, with the left-lateral displacement being 0.52-0.59 m and
0.20-0.30 m, and the depth being approximately 0.63 m (Figure 5d). Along the rupture zone, houses within a
width of 200 m were severely damaged or even collapsed (Figure 5c¢).

Section b: This section was approximately 2 km in length, with an overall trend of N70°E (Figure 4b). The rupture
in this section was dominated by tensile ruptures (Figures 6b and 6d), showing left-lateral en-echelon distribution
characteristics, separated by 10 main stepovers, and locally developed with obvious sinistral strike-slip character-
istics (Figures 6a and 6¢). At the observation point 6a (Figure 4a), the left-lateral dislocation of the rupture zone
broke the north—south ridge, and the largest left-lateral dislocation in the whole rupture zone was 0.79 + 0.1 m.
At the observation point 6b, there were a series of tensile cracks with a maximum width of ~0.7 m.

Section c: This section was located 2.6 km from the rupture zone, with a total length of approximately 0.2 km
and an overall trend of N45°W (Figures 4a and 4b). It consisted of ruptures that dipped eastward and westward,
forming a graben (Figures 7a and 7b). The tension motion's direction of this graben was N35°E, which was
nearly consistent with the motion of direction of surface rupture in section a. This showed that the northern wall
of the rupture was an active wall, which slid horizontally to the east and formed a series of left-lateral strike-slip
ruptures on the surface.

In addition, it should be emphasized that the surface rupture terminated westward on the eastern bank of the
Muzart River (Figure 1c). However, the co-seismic deformation field of InSAR (Figure 5b) indicated that this
earthquake may have caused surface rupture with a length of approximately 10 km, but we only found a surface
rupture with a length of ~4 km (Figure 5b), which was far from the results of InSAR. The main reason is that
the west side of the co-seismic deformation field is located in the bed of the Muzart River, and this part belongs
to the region upstream of the river and contains a lot of boulders. This means that even when a rupture occurs, it
can be obscured or covered by boulders, making it impossible to detect through field surveys and drone images.
In addition, due to the site effect, the 0-3 km depth zone is mostly the velocity enhancement zone, while the
3-14 km depth zone is the velocity-weakening zone; the latter generally corresponds to the high-speed slid-
ing phenomenon of seismic ruptures, while the former is not conducive to the expansion of seismic ruptures.
Therefore, if there is thick (thousands of meters) unconsolidated sedimentary cover near the surface, when it
ruptures into a velocity enhancement zone, it will be quickly or slowly transformed with a certain width and a
large wavelength, and diffusion deformation will occur with relative motion or rotation among the loose particles
(Figure 8, Bonilla, 1988; Tang et al., 2015). For example, in the 1976 Tangshan Ms 7.8 earthquake, due to the
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Figure 5. UAV images and photographs of surface rupture in segment (a). (a) The left-lateral displacement is 0.55 m. (b)
Left-lateral displacement is 0.24-0.29 m. (c) Severe damage and collapse occurred as the surface ruptured through the house.
(d) The depth of surface rupture in section a is ~0.6 m.

huge thickness of Quaternary sedimentary cover, it was difficult for the rupture to break through the surface, and
only 8 km of surface rupture occurred on the surface (Long et al., 2006).

6. Discussion
6.1. The Shallow Rupture Event

Earthquakes occur at various depths, from the shallow crust to the base of the mantle transition zone. Destructive
earthquakes are mostly shallow, concentrated in the upper crust of continents and in the shallow parts of mega-
thrust faults (Fialko et al., 2005; Kaneko and Fialko, 2011; Xu et al., 2016). Focal depth plays an important role in
the intensity of the ground motion, which determines the destructive power of similar earthquakes. Scholz (1998)
proposed that the rupture began at a deeper depth, in an environment wherein a greater stress drop could be
expected to propagate across the fault plane. Conversely, due to insufficient strain energy, fractures starting from
shallow depths with lower friction strength and stress drop were inhibited. However, moderate to large earth-
quakes can indeed occur at very shallow depths, such as the Meckering Ms 6.8 earthquake in western Australia
in 1968, where the main shock and most aftershocks were located 1-2 km below the surface (Langston, 1987).

The 2021 Baicheng event is the largest earthquake that has occurred in the past two decades in the Kuqa FTB,
causing several casualties and substantial property loss. However, previous geological and geomorphological
surveys have not found any fault traces around the epicenter of this earthquake, making it difficult to effectively
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0.79+0.02 m

Widestisurifacerupture{(=0:7m),

Figure 6. UAV images and photographs of surface rupture in segment (b). (a) The maximum left-lateral displacement is
0.79 m (the markers are ridges). (b) and (c) Surface rupture dominated by tensional stress, with widths of 0.7 and 0.5 m,
respectively. (d) Left-lateral dislocation characteristics on asphalt and cement roads. The locations are shown in Figure 4a.

determine its seismogenic structure. We projected the epicenter location, focal mechanism, co-seismic surface
rupture, and InSAR co-seismic deformation field on to the plane, and subsequently projected the seismic reflec-
tion profile and InSAR slip distribution to the plane location and depth to analyze the seismogenic structure of
the 2021 Baicheng earthquake (Figure 9a). The nucleation depth of this event was 0.5-2 km, and it propagated
upward to the surface and downward to ~7 km (Figure 3d). The maximum value of the slip distribution obtained
by InSAR inversion was 0.7 m (Figure 3d), approximately 0.5 km near the surface, which was highly consistent
with the maximum left-lateral dislocation (0.79 m) measured for the surface rupture (Figure 4c). Thus, the 2021
Baicheng earthquake was a shallow or ultra-shallow seismic event.

It is generally believed that earthquakes should only occur under velocity-weakening (Scholz, 1998). In contrast,
rock velocity-strengthening and frictional resistance increase with slip rate at depths shallower than 2-3 km,
which are not conducive to fault acceleration (Blanpied et al., 1998). However, the nucleation location and major
rupture area of the Baicheng event were located in the Laohutai salt dome, at a depth of ~1 km (Figure 2b).
Although the strength of gypsum rock is lower than that of other rocks (Li et al., 2012), this is not enough to be
the cause of rupture and earthquakes; rapid extrusion can make the relatively weak salt rock have strong friction,
and the relatively weak plastic deformation indicates high brittleness (Couzens-Schultz et al., 2003). We propose
a conceptual structural model for fault motion during the earthquake (Figure 9b). The continuous southward
movement of the southern Tianshan mountains squeezed the gypsum-salt rock in the Kuqa FTB, whereby rapid
stress accumulation led to brittle fracture of the originally weak gypsum-salt rock, resulting in an earthquake. In
the surface geological survey, we did not detect any fault traces and could not designate the seismogenic structure
by the fault name; therefore, we designated this event as a “compressional salt tectonic earthquake” (Figure 9b).
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Figure 7. UAV images of surface rupture in segment (b). (a) Tensile surface rupture; widths are 0.21, 0.32, and 0.41 m, respectively. (b) The ruptures dip eastward and
westward, forming a graben. The tension motion's direction of this graben is N35°E.
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Figure 8. Diagram illustrating the control of focal depth on surface rupture.
The velocity enhancement zone is not conducive to the expansion of seismic
rupture (modified from Tang et al., 2015).

6.2. Left-Lateral Strike-Slip Rupture Event: Clockwise Rotational
Diffuse Deformation of the Tarim Block

The collision between the Indian plate and the Eurasian plate not only caused
the uplift of the Tibetan Plateau, but also caused the Tarim Block, Tianshan,
and Junggar to continuously push northward, forming the present tectonic
framework. The northward movement of the Tibet Plateau pushed the Tarim
Block northward at 13.8 mm/a and the Junggar Block northward at 6.4 mm/a
(Wang and Shen, 2020). This differential movement was absorbed by the
shortening of the crust across the Tianshan and the clockwise rotation of
the Tarim Block. The rotation rate of the Tarim Block is approximately
0.63 + 0.017°/Ma (Wang and Shen, 2020), which is adapted to the south-
north shortening rate from the Tibet Plateau, increasing eastward, and from
the Tianshan, increasing westward.

The Tarim Block is surrounded by large strike-slip faults and thrust nappe
structures. The southern boundary of the basin is the famous Altyn-Tagh large
left-lateral strike-slip fault (~2,000 km long), and the northern boundary is
the STF (Figure 1a). A series of FTBs, such as the Kashgar FTB, Kepingtagh
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Figure 9. (a) Seismotectonic structure of the 2021 Mw 5.3 Baicheng event. Fault and surface rupture distribution are shown in Figures 1b and 4a. Stratigraphic and
fault morphology is derived from Figure 2b. (b) Conceptual structural model of fault motion during the Baicheng event.

FTB, and Kuqa FTB (Figure 1a), are distributed in the foreland basin—-mountain area. The left-lateral sliding
rate of the western and middle segments of the Altyn-Tagh Fault is 10-12 mm/a (Cowgill et al., 2009; Gold
etal., 2009, 2017). However, the STF is usually characterized by a thrust fault with a high angle (Wu et al., 2019;
Yao et al., 2018), yet the western segment (Maidan Fault) showed more obvious left-lateral strike-slip character-
istics (Figure 1a). The length of the Maidan Fault is approximately 400 km, which is a left-lateral strike-slip fault
with a high dip angle (50-60°). Since the Late Quaternary, the left-lateral strike-slip rate is 1.56 + 0.64 mm/a,
and the south-north shortening rate is 1.19 + 0.25 mm/a (Wu et al., 2019). Obviously, the activity characteristics
and slip rate of the STF are insufficient to match the Altyn-Tagh Fault to absorb the clockwise deformation of
the Tarim Block. Strike-slip faults usually act as transform structures to accommodate structural deformation
(Molnar & Tapponnier, 1975). It is worth mentioning that a series of east-west left-lateral strike-slip faults also
developed in the hinterland of Tianshan. In northern Tianshan, the left-lateral strike-slip rate of the Kemin-Chilik
Fault since the Late Quaternary is approximately 2 mm/a (Zhou, 2013), and the adjacent foreland thrust belt also
extends tens of kilometers to the Kazakh platform (Figure 1a, Goode et al., 2014; Jourdon et al., 2017; Selander
et al., 2012). The Kemin-Chilik Fault not only acts as the central structure of the north—south contractional
tectonic system of the Tianshan, but also absorbs the clockwise rotation deformation of the Tarim Block by the
left-lateral strike-slip motion. In central Tianshan, the Nikolave Line (Figure 1a) is a NEE-trending active Holo-
cene fault with a left-lateral strike-slip rate of approximately 2.5 mm/a (Wu et al., 2014) and a thrusting rate of
approximately 1.5 mm/a (Thompson et al., 2002; Wu et al., 2019). The Nikolave Line also acts as the center of
another north—south contractional tectonic system, and its left-lateral strike-slip motion also absorbed the clock-
wise rotation deformation of the Tarim Block.

The 2021 Baicheng event was a shallow earthquake caused by the rupture of compressional salt tectonics in the
Kuqga FTB. The focal depth was 0.5-2 km and the rupture reached upward to the surface and the deep rupture
reached 7 km. The co-seismic deformation field by InSAR showed that the deformation range of this earthquake
was 16.5 km long and 7.7 km wide (Figure 5b). We also found a surface rupture with a length of 4 km (Figures 1c
and 1d), with a significant left-lateral strike-slip feature and a maximum strike-slip displacement of 0.79 m
(Figures 3 and 4a). The location of the surface rupture and epicenter is not on the previously mapped fault and
is also approximately 6 km away from the STF to the north (Figure 1b). This means that there is a significant
accumulation of left-lateral strike-slip strain in the region, which is not in accordance with the stress environment
of the Kuga FTB.

As mentioned above, although the STF is the northern boundary between the Tarim Block and the Tianshan, the
clockwise rotation deformation of the Tarim Block is not completely absorbed by it, but by multiple left-lateral
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Figure 10. Schematic diagram of tectonic deformation in the Tianshan and Tarim block. The 2021 Mw 5.3 Baicheng event indicates that the relative motion between
the Tianshan and Tarim block is a continuous and diffuse deformation process.

strike-slip faults with a high dip angle distributed in the hinterland of Tianshan (Figure 10). For example: the
Maidan Fault (STF), Kemin-Chilik Fault, and Nikolave Line together regulate the clockwise rotation deformation
of the Tarim Block. The FTBs distributed at the basin-mountain junction, such as the Kashgar, Kepingtagh, and
Kuqga FTBs, absorbed the shortening deformation of the northward nappe of the Tarim Block (Figure 1a). There-
fore, the current tectonic deformation of the Tianshan and Tarim blocks are more diffuse and continuous, which
is clearly different from the more rigid blocks in the Chinese mainland, such as the Qaidam, Ordos, and Yangtze
blocks (Zhang et al., 2003). It more closely resembles the Bayan Har Block, with a diffuse and continuous defor-
mation process, and the secondary fault (Kunlunshankou—Jiangcuo Fault, Jiangcuo segment), previously thought
to be within the block, was the seismogenic structure of the Madoi Ms 7.4 earthquake in 2021 (Li et al., 2021;
Zhan et al., 2021). Obviously, the 2021 Baicheng left-lateral strike-slip rupture event represents an earthquake
case that best reflects the diffuse and continuous deformation of the Tianshan and Tarim blocks.

6.3. Implications for Seismic Risk of the Salt-Bearing FTB

The Kuga FTB experiences some of the strongest tectonic movement in the piedmont regions of the southern
Tianshan mountains, with many destructive earthquakes occurring throughout history (Zhang et al., 2003). Previ-
ous results, obtained by GPS and geological methods, show that the Kuqa FTB has been pushed southward by
~6 mm/a from the southern Tianshan (Hubert-Ferrari et al., 2007; Wang and Shen, 2020; Yang et al., 2008).
Notably, the frequency of moderate/strong earthquakes contrasts with this strong tectonic movement, indicating
that the region may be at risk from strong earthquakes.

The Baicheng event was a unique earthquake that occurred in an area with no trace of a surface fault and caused
a 4-km long rupture. This study concludes that this was a left-lateral strike-slip earthquake caused by rupture of a
buried compressional salt-related structure. Previous studies (Gao et al., 2020; Izquierdo-Llavall et al., 2018; Pla
et al., 2019; Wang et al., 2011) have researched salt tectonics in the Kuqa FTB, revealing large areas of compres-
sional salt-related structures that control the growth of multiple rows of anticlines through regional detachment
(Figure 1e) and affect the deposition and deformation of overlying strata, owing to upward fluctuations and pene-
trations caused by differences in density. Hence, the burial depth of these compressional salt-related structures
is typically shallow.

Rapid stress accumulation can cause brittle fracture of originally weak salt-gypsum rock and produce earth-
quakes (Canérot et al., 2005; Couzens-Schultz et al., 2003). Thus, the compressional salt-related structures in
the salt-bearing FTB can produce moderate and strong earthquakes. Interestingly, isolated compressional salt-re-
lated structures have developed within the salt-bearing FTB, which have accumulated large amounts of south-
ward-pushing strain in the southern Tianshan mountains. As their burial depth is relatively shallow, rupture
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may occur during shallow or ultra-shallow earthquakes. In addition to the 2021 Baicheng event, another Ms 5.0
(CENC) left-lateral strike-slip earthquake occurred in this region on 23 March 2020 (Figure 1b). Although this
earthquake did not cause surface rupture or the loss of life or property, we cannot ignore the seismic risk from
such “compressional salt tectonic earthquakes.” Among the hundreds of known salt-bearing basins with salt
structures in the world, the basins with compressional salt structures are mainly distributed near 30°N (Hudec
& Jackson, 2003). Compressional salt structures can be developed at the slope foot of the passive continental
margin (Jackson et al., 2008; Schuster, 1995; Worrall and Snelson, 1989), convergent plate boundary (Canérot
et al., 2005; Cotton and Koyi, 2000; Letouzey et al., 1995), and inversion rift basin (Letouzey et al., 1995; Roca
et al., 2006). At the convergence plate boundary, the strong extrusion causes the strata to become deformed along
the weak detachment (salt-gypsum) in the foreland area and form the thin and thick compressional salt tectonic.
In addition, foreland basins tend to be densely populated and economically developed. If a similar shallow earth-
quake occurs in this area, it may lead to immeasurable loss of life and property. Therefore, when evaluating the
seismic risk of the salt-bearing FTB, it is crucial to also consider the influence of salt tectonics.

7. Conclusions

The 2021 Mw 5.3 Baicheng earthquake is a rare example of an earthquake with a magnitude of <5 that can
produce surface rupture. In this study, we used InSAR and UAV methods to obtain the slip distribution, defor-
mation, and distribution characteristics of surface rupture. The results of this study illustrate important insights
into the seismic activity, shallow co-seismic surface rupture, and shear deformation of Tianshan. Our major
conclusions include:

1. The deformation range of this earthquake was 16.5 km long and 7.7 km wide. The focal depth was 0.5-2 km,
and the rupture reached upward to the surface and downward to 7 km, with a rupture surface dip of 66° and 70°

2. This event formed a 4-km long surface rupture zone in an area with no traces of surface faults. The rupture
zone is characterized by a left-lateral strike-slip, and the maximum strike-slip displacement and width of
surface rupture are 0.79 and 0.7 m, respectively

3. This left-lateral strike-slip rupture event indicates that the relative motion between the Tianshan and Tarim
blocks is a continuous and diffuse deformation process

Data Availability Statement

The InSAR slip model and UAV survey data are stored in Zenodo and can be accessed online (https://doi.
org/10.5281/zenodo.5348603). Sentinel-1 SAR images can be accessed from the European Space Agency
(https://search.asf.alaska.edu).
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