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Abstract: Characterizing the coseismic slip behaviors of earthquakes could offer a better understand-
ing of regional crustal deformation and future seismic potential assessments. On 18 December 2023,
an Mw 6.0 earthquake occurred on the Lajishan-Jishishan fault system (LJFS) in the northeastern Ti-
betan Plateau, causing serious damage and casualties. The seismogenic fault hosting this earthquake
is not well constrained, as no surface rupture was identified in the field. To address this issue, in this
study, we use Interferometric Synthetic Aperture Radar (InSAR) data to investigate the coseismic
surface deformation of this earthquake and invert both ascending and descending line-of-sight
observations to probe the seismogenic fault and its slip characteristics. The INSAR observations
show up to ~6 cm surface uplift caused by the Jishishan earthquake, which is consistent with the
thrust-dominated focal mechanism. A Bayesian-based dislocation modeling indicates that two fault
models, with eastern and western dip orientations, could reasonably fit the INSAR observations. By
calculating the coseismic Coulomb failure stress changes (ACFS) induced by both fault models, we
find that the east-dipping fault scenario could reasonably explain the aftershock distributions under
the framework of stress triggering, while the west-dipping fault scenario produced a negative ACFS
in the region of dense aftershocks. Integrating regional geological structures, we suggest that the
seismogenic fault of the Jishishan earthquake, which strikes NNE with a dip of 56° to the east, may
be either the Jishishan western margin fault or a secondary buried branch. The optimal finite-fault
slip modeling shows that the coseismic slip was dominated by reverse slip and confined to a depth
range between ~5 and 15 km. The released seismic moment is 1.61 x 10'® N-m, which is equivalent
to an Mw 6.07 earthquake. While the Jishishan earthquake ruptured a fault segment of approximately
20 km, it only released a small part of the seismic moment that was accumulated along the 220 km
long Lajishan-Jishishan fault system. The remaining segments of the Lajishan—Jishishan fault system
still have the capability to generate moderate-to-large earthquakes in the future.

Keywords: 2023 Mw 6.0 Jishishan earthquake; INSAR; coseismic deformation; finite-fault slip model;
Lajishan-Jishishan fault system

1. Introduction

A coseismic slip directly delineates the focal mechanism of earthquakes, the spatial
complexity of strain release, and the segmentation of rupture, thereby playing an important
role in understanding the seismotectonic aspects of crustal faults [1,2]. Seismological
and geodetic observations over the past few decades have yielded extensive datasets,
including seismic wave records and surface displacements, which are widely used to
invert the finite-fault slips of moderate-to-large (M > 6.5) earthquakes [3], thus advancing
our understanding of the kinematic behavior of faults. However, mapping the coseismic
faulting behaviors of medium-small earthquakes is often challenging, which arises from
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their limited magnitudes, resulting in a low signal-to-noise ratio in observational data,
and from the fact that the rupture of these earthquakes often does not reach the surface,
leading to significant uncertainty in characterizing their seismogenic faults. With the
rapid development of space geodesy, particularly Interferometric Synthetic Aperture Radar
(InSAR), mapping the surface deformation caused by medium-small earthquakes and
inverting their slip characteristics have become important methods for studying buried
slipping earthquakes [4]. The 2023 Mw 6.0 Jishishan earthquake, which occurred on the
Lajishan-Jishishan fault system (LJFS) in northeastern Tibet, serves as a notable example of
such cases.

The LJFS, located in the northeastern margin of the Tibetan Plateau, consists of two
arcuate compressional-reverse fault zones protruding to the northeast [5,6]. Since the
neotectonic movement and plateau uplift occurred, the LJFS has exhibited a combination
of thrusting and strike-slip movement and evolved into the boundary of late Cenozoic
basins, i.e., the Xunhua Basin and Linxia Basin (Figure 1) [5,7-11]. The LJFS connects
the right-lateral Riyueshan fault to the west and the left-lateral western Qinling fault to
the south [5,12], forming a tectonic transfer belt in northeastern Tibet with significant
crustal deformation. With apparent lateral variations in strikes, the LJFS is divided into
the northern and southern segments, which are referred to as the Lajishan fault and the
Jishishan fault, respectively. According to the historical earthquake catalog, more than
20 M > 5 moderate earthquakes have occurred in this region [5], but they all occurred before
modern instrumental records; hence, the seismogenic structure in this region remains to be
revealed through earthquakes.
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Figure 1. Regional tectonic setting of the Lajishan—Jishishan fault system. Black curves represent
mapped active faults. Blue arrows denote interseismic GNSS velocities with respect to the stable
Eurasian plate, with error ellipses showing 70% confidence levels [13]. Black focal mechanisms show
that major earthquakes have occurred in this region since 1970 (United States Geological Survey).
The red focal mechanism corresponds to the 2023 Mw 6.0 Jishishan earthquake. Gray circles show
aftershocks within two weeks following the mainshock. The inset shows the location of the study
region. Red polygons represent the ground coverage of the Sentinel-1A images from ascending (T128)
and descending (T135) tracks. LJS-NF: Lajishan northern margin fault; L]JS-SF: Lajishan southern
margin fault; JSS-EF: Jishishan eastern margin fault; JSS-WEF: Jishishan western margin fault; DTH-
LXF: Daotanghe-Linxia fault; WQL-NF: western Qinling northern margin fault. ATF: Altyn Tagh
fault; HYF: Haiyuan fault; KLF: Kunlun fault; GZYU-XSHF: Ganziyushu—Xianshuihe fault; JLF: Jiali
fault; LMSF: Longmenshan fault.

On 18 December 2023, an Mw 6.0 earthquake struck Jishishan County in Gansu
Province, northwest China. The hypocenter of this earthquake, reported by the China
Earthquake Network Center (CENC), was located at 35.70°N, 102.79°E, with a depth of
10 km. The focal mechanism of the earthquake is dominated by thrust faulting [14]. This
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earthquake resulted in landslides and building collapses, causing serious damage and
casualties. Field surveys were carried out immediately after the earthquake. However,
no obvious surface rupture was identified in the field, suggesting a buried slip of this
earthquake. According to the focal mechanism (Figure 1), the seismogenic fault may be
either the EEN- or SSW-dipping plane, which potentially correspond to JSS-WF and JSS-EF,
respectively [9,15]. It is also plausible that a blind fault is responsible for the coseismic
slip. The aftershock distribution may provide clues to characterize the seismogenic fault;
however, most of the relocated aftershocks were clustered around the epicenter, with only
a few extending along the NNW direction for approximately 20 km, offering a potential
orientation but not sufficiently accurate information to delineate the seismogenic fault
(Figure 1). Consequently, whether the seismogenic fault of the Jishishan earthquake is the
surficial identified faults (JSS-WF or JSS-EF) or a blind fault remains unclear. Additional
observational evidence is needed to resolve this issue. In addition to the above-mentioned
scientific issue, as the largest event that occurred on the LJSF in nearly one century, the 2023
Mw 6.0 Jishishan earthquake provides a rare opportunity to investigate the seismogenic
structures of this region.

Here, in this study, we use InSAR data to investigate the coseismic deformation and
the seismogenic fault of the 2023 Jishishan earthquake. In the following, we first introduce
the InNSAR data and processing. Then, we explore the optimal geometric parameters of
the seismogenic fault using a Bayesian-based dislocation model. Subsequently, we con-
duct finite-fault slip modeling of the earthquake and calculate the coseismic Coulomb
stress changes (ACFS). Integrating coseismic deformation, aftershocks, ACFS, and regional
geological structures, we finally discuss the most plausible seismogenic fault of the Jishis-
han earthquake.

2. InSAR Data and Processing

We used Sentinel-1A images from the ascending track 128 and descending track
135 (Figure 1), freely provided by the European Space Agency, to extract the surface
displacement induced by the 2023 Mw 6.0 Jishishan earthquake. The TOPS module within
the InSAR Scientific Computing Environment (ISCE) software (Version 2.3) [16] was utilized
to process the interferograms. The precise orbit data and the spectral diversity approach
were applied to refine the accuracy of the coregistration [17]. We generated multi-looking
(20 in azimuth and 5 in range) and created a phase adaptive filter for interferograms [18].
The 1 arc-second Shuttle Radar Topography Mission (SRTM) digital elevation model was
employed to reduce the contribution of the topographic phase [19]. Finally, we unwrapped
the interferometric phase using SNAPHU and masked pixels, with a coherence below 0.3 [20].

Figure 2a,d show the coseismic deformation from unwrapped interferograms for
ascending and descending tracks, respectively. The regions that are far from the epicen-
ter exhibit significant atmospheric noise; hence, we employed the Generic Atmospheric
Correction Online Service for INSAR (GACOS), which can generate high-spatial-resolution
zenith total delay maps for correcting the interferometric phase, to improve the quality of
the interferograms [21,22]. Figure 2b,e show the coseismic deformation after atmospheric
correction, with most of the atmospheric perturbations in the far field reduced to a negligi-
ble level (Figure 2¢,f). On both the ascending and descending interferograms, we observed
up to ~6 cm of ground motion in the direction of the line of sight (LOS), which corresponds
to a ground motion towards the satellite and, hence, an uplift surface deformation. The
coseismic surface deformation suggests that the 2023 Jishishan earthquake was dominated
by reverse slip, which is consistent with its focal mechanism. Since only two tracks of
InSAR images were processed, and given the thrusting focal mechanism of the Jishishan
earthquake, deriving three-dimensional (3D) displacements requires either additional ob-
servations or strong assumptions such as neglectable north—south displacement. We tried
to obtain the pixel offset induced by this earthquake, but we did not obtain high signal-
to-noise ratio results due to the small surface deformation. In addition, we adopted the
assumption that a neglectable north-south displacement may introduce bias to the resolved
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3D displacements. Therefore, we did not resolve the 3D displacements but instead utilized
the LOS data for the following finite-fault slip inversions.
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Figure 2. Coseismic LOS displacements induced by the 2023 Mw 6.0 Jishishan earthquake. (a,d)
represent the unwrapped interferograms without atmospheric correction. (b,e) are the unwrapped
interferograms after GACOS correction. Positive LOS displacements correspond to ground motion
toward the satellite. (c,f) show the comparison of LOS displacements before and after atmospheric
correction along the AB profile in (a,d).

3. Fault Geometry Exploration

No surface ruptures were identified in the field, and the aftershocks could not charac-
terize the seismogenic fault [23]. Given this, searching for the optimal geometrical fault
parameters using non-linear inversion, integrated with the distribution of aftershocks and
local geological structures, provides a plausible way to probe seismogenic structures [24-27].
To do so, we employed a non-linear inversion algorithm, implemented in the Geodetic
Bayesian Inversion Software (GBIS, Version 1.1) [28], to build the maximum posterior
probabilities of fault parameters (i.e., length, depth, width, strike, dip, position, and slip).
The algorithm allows for the characterization of the posterior probability density functions
of source model parameters through the Markov chain Monte Carlo method (MCMC). In
the inversion, a rectangular fault with uniform slip, embedded in a homogeneous elastic
half-space, is utilized, with a Poisson’s ratio of 0.25 [29]. Because no additional informa-
tion is available for the seismogenic fault, we did not impose tight constraints on these
parameters. A total of 3 x 10° samples were generated for each parameter, of which the
first 5% were removed to mitigate the effects of initial values and the autocorrelation in the
MCMC process [30]. To account for the possibility of east dipping and west dipping of the
seismogenic fault, we employed both scenarios for the inversion.

The parameter settings and the optimal solutions are provided in Table 1. The posterior
probability distributions of these fault parameters are shown in Figure 3. Both scenarios
yield pure thrust slip for the Jishishan earthquake, which is consistent with its focal mech-
anism. In addition, compared to the west-dipping fault that dips at 33.3° and has a slip
amplitude of 0.2 m, the east-dipping fault exhibits a higher dipping angle (55.9°) and larger
slip (0.32 m). In the following, we utilize both fault geometries for the finite-fault slip
inversion and ACFS calculation.
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Table 1. Prior and optimal source parameters for the 2023 Mw 6.0 Jishishan earthquake.
. . X Y Strike Di
i1 i 200 o P
Length/m  Width/m  Depth/m  Dip '/ Dip */ Strike/ Center/m  Center/m Slip/m Slip/m
Lower 5000 5000 2000 0 -90 90 10,000 —20,000 —0.5 -1.0
Upper 20,000 20,000 20,000 90 0 360 20,000 —10,000 0.5 1.0
Optimal ! 13,162 10,963 15,025 55.9 \ 320.4 18,474 —12,678 —0.01 0.32
Optimal 2 13,123 12,326 4585 \ —33.3 134.6 13,828 —16,092 0.03 —0.20
X and Y are the horizontal shifts of the mid-point of the top/bottom edge of the mainshock fault plane with
respect to the reference point (102.6°E, 35.9°N). ! indicates the east-dipping fault with a positive dip angle, and
the mid-point is located at the bottom edge. 2 indicates the west-dipping fault with a negative dip angle, and the
mid-point is located at the top edge.
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Figure 3. The marginal posterior probability distributions of the source parameters for (a) the east-
dipping fault model and (b) west-dipping fault model. Red curves in each panel represent the
Gaussian function that best fits the parameter samples.

4. Finite-Fault Slip Modeling

Based on the fault geometries that were resolved in Section 3, we inverted the LOS
observations for the coseismic fault slip distributions of the Jishishan earthquake. We
employed a constrained least-squares algorithm, implemented in the Steepest Descent
Method (SDM) [31], to conduct the inversion. This method has been widely applied
to invert coseismic and aseismic slips [32-34]. To sufficiently accommodate the entire
coseismic slip zone, we extended the upper boundary of the seismogenic fault to the
surface and extended the fault plane to 30 km in length and width. The fault plane was
discretized to 2 x 2 km patches along the strike and dip, resulting in 225 patches in total.

We downsampled the InSAR pixels for ascending and descending tracks using a
quadtree approach while maximizing the resolution on the fault plane [35]. Here, the
quadtree approach uses a deformation gradient threshold to divide the window into
different sizes [36], which results in dense pixels in the region of large coseismic deformation
and parse pixels in the far field. To account for the potential uncertainty of the fault trace,
we excluded InSAR data points within 1 km of the fault.
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For the east-dipping fault scenario, we adopted a smoothing factor of 0.06 based on the
L-curve between the InNSAR data misfit and model roughness, aiming to avoid unrealistic
variations in the slip between adjacent patches. The finite-fault slip model indicates a pure
thrust motion for the Jishishan earthquake (Figure 4). The coseismic slip is concentrated at a
depth range between ~5 and 15 km, with a maximum slip of 0.31 m. The root-mean-square
(RMS) values for the residuals of both ascending and descending observations are less than
1 cm (Figure 4e,h). Assuming a shear modulus of 30 GPa, the released seismic moment
is 1.61 x 10'® N-m, which is equivalent to an Mw 6.07 earthquake. For the west-dipping
fault scenario, the finite-fault slip model suggests that this earthquake is dominated by
thrust slip with a slight right-lateral slip (Figure 5). The maximum slip of 0.25 m at a
depth of ~7 km is smaller than that of the east-dipping scenario. The seismic moment
(1.55 x 10'® N-m) corresponds to an Mw 6.06 earthquake. It is apparent that both fault
models could reasonably explain the surface observations. To determine the most plausible
seismogenic fault, we calculated ACFS using both slip models and compared them with
aftershock distributions.
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Figure 4. Coseismic slip model for the east-dipping fault model of the 2023 Mw 6.0 Jishishan
earthquake. (a) Surface projection of the coseismic slip model of this earthquake. The black line
represents the surface trace of the seismogenic fault. (b) Depth projection of the coseismic slip
model. Black arrows indicate the slip direction. The black star shows the depth of the mainshock.
The inset shows the trade-off curve between the INSAR data misfit and fault model roughness.
(c-h) Comparison of observations and predictions of LOS displacements for both ascending and
descending tracks.
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Figure 5. Coseismic slip model for the west-dipping fault model of the 2023 Mw 6.0 Jishishan
earthquake. The rest of the caption is the same as in Figure 4.

5. Discussion

Identifying the geometric structure of seismogenic faults contributes to a better un-
derstanding of regional tectonics. Coseismic geodetic data, however, may suffer from
ambiguity when determining seismogenic faults, especially for buried thrusting earth-
quakes [37]. In our case here, we identified two fault models to explain the coseismic slip of
the 2023 Jishishan earthquake, both of which could reasonably fit the INSAR observations
(Figures 4 and 5). Therefore, a comprehensive analysis is needed to determine the most
plausible fault plane for the Jishishan earthquake.

A coseismic slip could generate ACFS on the seismogenic fault and its surroundings,
which may trigger aftershocks. Hence, checking the correlation between the ACFS and
aftershock distributions provides a plausible way to probe the seismogenic fault, on the
basis that the majority of aftershocks are triggered by coseismic Coulomb failure stress
loading [38—43]. Following this criterion, we used the Coulomb 3.3 software to calculate
the ACFS in the depth range of 0 to 20 km, utilizing both the east- and west-dipping slip
models as input. Referencing previous studies [29,38,44,45], we employed a homogeneous
crust with a Poisson’s ratio and friction coefficient of 0.25 and 0.4, respectively. Relocated
aftershocks in the two weeks following the mainshock were collected, as shown in Figure 6a.
Since no aftershocks with a magnitude larger than 5 had occurred, we considered that the
ACFS was dominated by the mainshock.
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Figure 6. Coseismic Coulomb failure stress changes (ACFS) induced by the 2023 Mw 6.0 Jishishan
earthquake along a cross-section. (a) Colored circles represent the spatial distribution of aftershocks
over time. Dashed lines are the surface traces of the two fault models obtained in this study. Black
curves are the active faults. The magenta line denotes the profile. (b) ACFS on the east-dipping
fault. (c¢) ACFS on the west-dipping fault. Black dots in (b,c) represent the depth projection of the
aftershocks. The brown star is the epicenter of the mainshock.

Figure 6b shows the ACFS as a function of depth along the AB profile, where the
east-dipping fault slip model is utilized as the input. To avoid the impacts of an arbitrary
fault geometry on the distribution of ACFS, the optimally orientated faults were set as the
receiver faults. It is apparent that most of the aftershocks, which are selected within 2 km
of the profile, are scattered within the positive ACFS lobe, suggesting triggering effects. At
the hypocentral depth, the ACFS is negative, indicating that the stress in this region has
been sufficiently released, which is also supported by the fact that few aftershocks occurred
in this region. However, in the west-dipping fault scenario, where the west-dipping fault
slip model was utilized as the input, the majority of aftershocks are located in the region of
negative ACFS (Figure 6¢), which seems implausible unless an additional mechanism is
involved to explain the distribution of aftershocks [39,40,46].

In addition to the comparison between the aftershocks and ACFS, we provide ad-
ditional evidence to examine the seismogenic fault from the perspective of the regional
geological structure. The 2023 Jishishan earthquake occurred near the Jishishan fault, which
is divided into eastern and western branches, with different fault slip rates, and poten-
tially includes secondary buried faults [12,15]. The JSS-EF dips southwestward at ~60°,
presenting as a linear steep cliff in the surface [15,47]. Projecting the 33° westward-dipping
fault plane that was resolved in this study onto the cross-fault profile, inconsistence is
apparent among this fault plane and the JSS-EF (Figure 7). In contrast, the JSS-WF dips
northeastward at ~50-70°, which is overlayed by Quaternary loose deposits and exhibits
predominantly reverse faulting characteristics [5,15]. Projecting the ~56° eastward-dipping
fault constrained by InSAR onto the same fault-crossing profile shown in Figure 7, it seems
that this fault plane could match the JSS-WF at depth. Integrating the above observation
that ACFS induced by the east-dipping fault better explains the distribution of aftershocks,
we suggest that the seismogenic fault of the 2023 Jishishan earthquake might be the JSS-WFE.
Nevertheless, it is also possible that a secondary branch of the JSS-WF was responsible
for the Jishishan earthquake. Detailed geophysical observations in the future may help to
better determine the fault structures at depth.
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Figure 7. Schematic diagram of the deep structure of regional faults. The red dashed lines show the
two fault models resolved by INSAR observations. Colored circles represent the aftershocks. The red
focal mechanism corresponds to the 2023 Mw 6.0 Jishishan earthquake.

The 2023 Jishishan earthquake has crucial implications regarding the seismic potential
around the LJFS region. The most apparent feature of the finite-fault slip model is that the
seismic slip is concentrated at a depth of 5-15 km, leaving the shallow crust unruptured.
While it is possible that the shallow part of the fault exhibits a velocity-strengthening
property, the possibility that the upper-most 5 km fault plane ruptures in the future cannot
be ruled out. This is what we observed in the 2008-2009 Qaidam earthquake sequence [48].
In addition, since JSS-WF and JSS-EW form a flower-shaped structure, the seismic potential
along the main structure, i.e., JSS-EF, should not be overlooked. Furthermore, geodetic
observations indicate that the LJFS not only exhibits a slip rate of ~1.2 mm/yr but also
experiences apparent uplifting at a rate of ~1.7 mm/yr [12,49], suggesting that the fault
system is active and accumulating the necessary elastic strain for earthquakes. Compared
with the whole LJFS, which spans about 220 km, the 2023 Jishishan earthquake only released
a small part of the accumulated strain, as only a 20 km long fault section ruptured during
this earthquake. Hence, the remaining segments might still have the capability to generate
moderate-to-large earthquakes. In summary, the seismic potential along the LJFS requires
intense attention, which is crucial for its surrounding densely populated towns and areas
such as Jishishan County.

6. Conclusions

In this study, we investigate the coseismic surface deformation and the seismogenic
fault of the 2023 Mw 6.0 Jishishan earthquake, which occurred in the northeastern Tibetan
Plateau, using InSAR data. Both ascending and descending line-of-sight observations show
up to ~6 cm surface uplift caused by the Jishishan earthquake, which is consistent with the
thrust-dominated focal mechanism.

We determine that two fault models, with eastern and western dip orientations,
could reasonably fit the INSAR observations using a Bayesian-based dislocation model.
By calculating the ACFS induced by both fault models, we find that the east-dipping
fault case could reasonably explain the aftershock distributions under the framework of
stress triggering, while the west-dipping fault case cannot. Integrating regional geological
structures, we suggest that the seismogenic fault of the Jishishan earthquake, which strikes
NNE with a dip of 56° to the east, was either the Jishishan western margin fault or a
secondary buried branch.

Based on the optimal fault model, the coseismic slip was dominated by reverse slip
and confined to a depth range between ~5 and 15 km. The released seismic moment
was 1.61 x 10'® N-m, which is equivalent to an Mw 6.07 earthquake. While the Jishishan
earthquake ruptured a fault segment extending approximately 20 km, it released only a
small part of the energy accumulated along the 220 km long Lajishan—Jishishan fault system.
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The remaining segments of the LJFS still have the capability to generate moderate-to-large
earthquakes in the future.
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