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a b s t r a c t

On January 8, 2022, a 6.9 magnitude earthquake occurred in Menyuan County, Qinghai Province, with the
epicenter located at the intersection of the Tuolaishan Fault and the Lenglongling Fault, which are part of
the QilianeHaiyuan fault zone. This study investigated the sliding characteristics and seismic mechanism
of the earthquake to understand the activity and seismic risk of the fault on the northeastern margin of
the QinghaieTibet Plateau. This paper analyzed Sentinel-1 synthetic aperture radar images to obtain the
coseismic deformation field of the earthquake, which was then used to invert the slip distribution of the
seismogenic fault and the coseismic Coulomb stress on the surrounding faults caused by the earthquake.
It was found that the earthquake was primarily characterized by sinistral strike-slip movement. Along
the satellite line of sight, the south wall of the fault had a maximum deformation of 0.62 m, and the north
wall had a maximum deformation of 0.48 m. The coseismic slip distribution results indicated that the
maximum slip of the earthquake was 4.51 m, and the moment magnitude was MW6.7. The Coulomb
stress analysis showed that the 2016 Menyuan earthquake promoted the occurrence of the 2022
Menyuan earthquake.
© 2023 Editorial office of Geodesy and Geodynamics. Publishing services by Elsevier B.V. on behalf of
KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

An MS6.9 earthquake with a focal depth of 10 km occurred in
Menyuan County (37.77 �N, 101.26 �E) in Haibei, Qinghai Province,
at 1:45 a.m. (Beijing time), on January 8, 2022, according to the
China Earthquake Networks Center website (https://news.ceic.ac.
cn). The earthquake occurred in a remote area with high altitude,
harsh geological and climatic conditions, and poor working and
transportation conditions, 54 km from Menyuan County. After the
earthquake occurred, different mechanisms provided various focal

mechanism solutions (Table 1), indicating that the seismogenic
fault of the earthquake was a high-dip strike-slip fault.

In terms of regional tectonics, this earthquake occurred at the
intersection of the Lenglongling fault and the Tuolaishan fault in
the middle of the Qilian Mountains (Fig. 1), which is part of the
QilianeHaiyuan fault, the most critical strike-slip fault system in
the high northeastern margin of the QinghaieTibet Plateau. The
Tuolaishan fault and the Lenglongling fault share a high number of
sinistral strike-slip transport [1,2]. The Tuolaishan fault starts from
Hala Lake in the west and ends at Liuhuanggoukou under Len-
glongling in the east, with a general trend of NWWand a tendency
of SW, totaling approximately 280 km in length. The fault is pri-
marily sinistral strike-slip, with a late Quaternary sliding rate of
1e3 mm/yr in the western section and 4e6 mm/yr, in the eastern
section, characterized by pronounced thrust properties [3,4]. The
western section of the Lenglongling fault is connected to the Tuo-
laishan fault, and the eastern section is connected to the Jinqianghe
fault. Its length is approximately 120 km, and the linear feature is
relatively pronounced. Since the late Quaternary, the Lenglongling
fault has been predominantly characterized by left-handed strike-
slip movement with a thrust component ranging from 19 ± 5 mm/
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yr to 3.35e4.62 mm/yr [3,5e7]. Many researchers have used
geodetic methods to study the current sliding rates of the Tuo-
laishan fault and the Lenglongling fault. Zheng et al. (2013) ob-
tained the sliding rate for the Tuolaishan fault, which was
approximately 4 mm/yr, using the GNSS velocity field from 1999 to
2007 [3]. Li et al. (2016) used the negative dislocation model to
calculate the sliding rate and locking degree of the QilianeHaiyuan
fault and found that the sinistral strike-slip rate for the Tuolaishan
section to the Lenglongling section gradually decreased from
5.5 mm/yr to approximately 4.5 mm/yr. Based on the block model
[2], Li et al. (2018) calculated the slip rates of the faults in the
northeasternmargin of the QinghaieTibet Plateau [8]. The slip rates
of the western section of the Tuolaishan section were approxi-
mately 2.9 mm/yr, while those of the eastern section were
approximately 5.8 mm/yr. The slip rates of the Lenglongling
faulteJinqianghe FaulteHaiyuan fault were approximately 5.3 mm/
yr. Synthetic aperture radar interferometry (InSAR) has been used
to study the Haiyuan fracture in detail, and its sliding rate has been
determined to be between 4.2 mm/yr and 11.5 mm/yr [2,9e11].
Overall, there is a considerable difference between the Quaternary
slip rate of the Menyuan earthquake seismogenic fault and the
current geodetic slip rate.

Historical seismic data has shown that earthquakes of magni-
tude 6 or higher near the epicenter of this earthquake include the
1986 Menyuan MW6.0 earthquake, the 2016 Menyuan MW5.9
earthquake, and the 1927 Gulang MW7.7 earthquake [6,12e18]. In
1986 and 2016, two Menyuan earthquakes occurred on secondary
faults on the north side of the Lenglongling fault [12,13,19e33].
Their focal mechanism solutions were low-dip thrust earthquakes,
which were inconsistent with the left-lateral strike-slip nature of
the Lenglongling fault [7,13]. The 1927 Gulang earthquake occurred
on the HuangchengeShuangta fault, which is relatively far from the

epicenter. Therefore, none of these earthquakes are characteristic
seismic events for the Lenglongling fault. The strike-slip property of
the 2022 Menyuan earthquake is consistent with the movement
property of the LenglonglingeTuoleshan fault, which is located at
the intersection of these two strike-slip faults. Therefore, a detailed
study of the fault movement in the 2022 Menyuan earthquake is
crucial for understanding the northenortheast expansion of the
QinghaieTibet Plateau.

Previous research on the interseismic deformation of the Tuo-
laishaneLenglonglingeHaiyuan fault has been undertaken using
geological and traditional geodetic methods. However, the limita-
tions of the distribution of monitoring stations and other factors
make it challenging to obtain the fine regional surface deformation
field using these methods. InSAR technology offers an advantage in
obtaining high spatial resolution of surface deformation fields
ranging from several meters to tens of meters. Furthermore, it does
not require ground control points, making it a surface-type mea-
surement mode. Currently, InSAR technology is widely used in the
constraint of seismic fault parameters. However, most research on
InSAR technology has predominantly focused on the Haiyuan fault,
with relatively little research on the TuolaishaneLenglongling fault
[9,11,34e36]. This earthquake is different from the 2021 Maduo
MS7.4 earthquake, the 2017 Jiuzhaigou MS7.0 earthquake, and the
1986 and 2016 Menyuan earthquakes. All of these earthquakes
have occurred on secondary faults. The seismogenic fault of this
earthquake belongs to the main fault [4,6,7] and has pronounced
sliding characteristics in the deformation field, which presents an
excellent opportunity to study the characteristics of coseismic fault
motion using high density deformation data.

After the earthquake, many scholars used InSAR technology and
Sentinel-1 satellite images to obtain the coseismic deformation
field of the earthquake, and the results showed that the maximum

Table 1
Parameters of the focal mechanism solution of the January 8, 2022 Menyuan earthquake inverted by USGS and GCMT.

Information source epicenter focal depth (km) strike (�) dip angle (�) angle of slip (�) Magnitude (MW)

Lat (�) Lon (�)

USGS 37.828 101.290 11.5 104 88 15 6.6
13 75 178

GCMT 37.80 101.31 14.8 104 82 1 6.7
14 89 172

Fig. 1. Geological tectonic background of the 2022 Menyuan earthquake. (b) is the red box shown in (a), (c) is the red box shown in (b).
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shape variable in the LOS directionwas 0.60e0.75m. Some scholars
also used pixel migration tracking technology, optical image
registration and other related technologies to study the earthquake.
At the same time, based on the above research and combined with
GNSS data, the slip distribution inversion was carried out. The re-
sults show that the earthquakes are mainly sinistral strike-slip.
However, fault partitioning schemes are inconsistent and results
vary widely. Finally, the coulomb stress of coshock is calculated and
the possibility of future earthquakes in this area is studied
[34,35,37e42].

The following research objectives were addressed in this study:
First, the coseismic deformation field of the earthquake was ob-
tained using Sentinel-1 SAR imagery. Then, a rectangular disloca-
tion model based on an elastic half-space was used to estimate the
coseismic slip distribution of the seismogenic fault in this earth-
quake. Finally, The Coulomb stress changes caused by the earth-
quake to the surrounding faults were calculated using the coseismic
slip distribution. The seismic hazards of the primary faults in the
study area were then analyzed.

2. Data processing and coseismic deformation field

2.1. Data sources

This study used freely released Sentinel-1 SAR satellite imagery
from the European Space Agency. The satellite imagery offers an
image coverage of up to 250 km, a spatial resolution of 5 m � 20 m,
and a review period of at least 6 days. Sentinel-1 employs a strict
orbit control technology to ensure a small space baseline, leading to
a high coherence of the obtained interferogram. Hence, Sentinel-1
imagery is an effective data source for InSAR technology to monitor
a wide range of surface deformation.

In this study, Sentinel-1 satellite data were used to obtain the
coseismic deformation field of the 2022 Menyuan MS6.9 earth-
quake. These data from 33 tracks for the descending orbit, and 128
and 26 tracks for the ascending orbit, respectively. The details of the
data are shown in Table 2.

2.2. Data processing

InSAR data was processed using the D-InSAR two-orbit method
on the Swiss GAMMA software platform. The external DEM used to
eliminate the terrain phase was SRTM DEM with a 30 m resolution
published by NASA. As the spatial baseline of the image pair is
relatively small, the effect of DEM error on the deformation result
should be considered.

The SAR data was registered using the enhanced spectral clas-
sification method, achieving a registration accuracy of one-
thousandth pixel. The multiple look ratio used was 10:2. To
improve the coherence of the interferogram, the Goldstein method
was applied twice [43], using a filtering window size of 64� 64 and
32� 32, respectively. The minimum cost flowmethod based on the
Delaunay triangle network was then used to phase untangle the
interferogram. The stable point with high coherence, which was

relatively far away from the deformation region, was selected as the
reference point for unwrapping. The unwrapping threshold was set
to 0.1, and the deformation phase map was then obtained. To es-
timate and remove the atmospheric delay error, a linear model
related to the terrain was employed [44]. The deformation phase
was then converted into displacement and geocoded to acquire the
coseismic deformation field in the LOS direction of the satellite.

2.3. InSAR coseismic deformation field

Based on the coseismic deformation field obtained Fig. 2d, f, the
T33 descending orbit image data provided complete coverage of
the deformation area of the earthquake, resulting in a symmetric
butterfly-shaped deformation field. The T128 ascending orbit im-
age data thoroughly covered the coseismic deformation, whereas
the T26 ascending orbit image data only partially covered the
earthquake area. In general, the deformation field predominantly
spreads on both sides of the western end of the Lenglongling fault
and extends westward to the Tuolaishan fault. The interferogram
demonstrates Fig. 2ae2c relatively high coherence of the entire
deformation field, except the deformation center area, where the
deformation gradient near the fault is too high, resulting in low
coherence and incoherence in some areas. This indicates that the
coseismic rupture of this earthquake has reached the surface. A
comparison of the coseismic deformation fields obtained from the
three orbits shows opposite deformation trends between the north
and south plates of the coseismic deformation field of the lifting
rail. The north and south walls of the deformation field in the same
orbit also exhibit opposite motion states, indicating that the
earthquake is predominantly characterized by strike-slip motion.

To further analyze the coseismic deformation characteristics of
the earthquake, three section lines of 110, 220 and 330 were
respectively made through the maximum deformation area of the
three deformation fields. The shape variables of these section lines
Fig. 3ae3c and the white lines in Fig. 2de2f were obtained. The
maximum displacement of the deformation field in the LOS di-
rectionwas 0.59 m, with a minimum displacement of�0.48 m. The
maximum displacement in the LOS direction obtained by the T128
ascending rail image was 0.43 m, and the minimum displacement
was �0.62 m. The maximum displacement in the LOS direction of
the deformation field obtained by the T26 ascending rail image was
0.18 m, and the minimum displacement was �0.62 m. The differ-
ence in the minimum deformation between Track 26 and Track 128
was 0.01 m.

3. Inversion of fault slip distribution

The coseismic deformation field of the 2022 Menyuan earth-
quake was used as a constraint to calculate the coseismic slip dis-
tribution of the fault. The inversion algorithm used in this study
was the SDMmethod proposed byWang et al. [10]. The principle is
based on the gradient descent method for inversion calculation.
Themain idea is to use the negative gradient direction to determine
the new search direction of each iteration to ensure that the

Table 2
Key information on the Sentinel-1 imagery used in the study.

orbit number classification of track acquisition time time-baseline (d) Spatial baseline (m)

Master image (Year-Month-Day) Generated image (Year-Month-Day)

pre-earthquake Post-earthquake

T128 ascending 2022-01-05 2022-01-17 12 38
T26 ascending 2021-12-19 2022-01-10 12 �110
T33 descending 2021-12-19 2022-01-10 12 55
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objective function to be optimized is gradually reduced at each
iteration.

The coseismic deformation field obtained by InSAR technology
has a relatively high spatial resolution. If all data points had
participated in the inversion, the calculation amount would have
been relatively large and the inversion timewould have been long,
and the efficiency would have been low. The noise in the defor-
mation field made it difficult to converge the inversion results.
Therefore, this study used the uniform sampling method down-
sample the coseismic deformation field, which effectively
reduced the amount of data and ensured smooth inversion. In the
sampling process, the density of sampling points increased in the
concentrated area for deformation, and the density of sampling
points was reduced away from the deformation area.

In terms of setting the fault geometry, the InSAR coseismic
deformation field can provide a basis for judging the seismogenic
faults of earthquakes [45e54]. Therefore, based on the InSAR
coseismic deformation boundary and the existing locations of the
Lenglongling fault and the Tuolaishan fault, the inversion fault was
divided into 4 segments (Fig. 2): AB, BC, CD, andDE, with the lengths
corresponding to 9.2 km, 8.2 km, 9.4 km, and 9 km, respectively. The
Tuolaishan fault and the Lenglongling fault belong to high angle

strike-slip faults, and the dip angle of faults was set at 80�, referring
to the published research results of Li et al. (2022) [55]. As this paper
only focused on the shallow slip state of the fault, the depth of the
modelwas set as 20 km. The resolution of the fault along the dipwas
set at 2 km, and the resolution along the strike was set at 1 km,
which was divided into a rectangular grid of 2 km � 1 km. In the
coseismic slip distribution inversion, given that the data from the
three deformation fields used in the coseismic slip inversionwere all
InSAR data with the same quality, the weight of the lifting and
descending orbit data was set to 1:1:1. In addition, it is also neces-
sary to search for the smoothing factor to determine the optimal
calculation model. The smoothing factor was determined by
searching the posterior variance of the model under different
smoothing factors. The results in Fig. 4 show that a larger smoothing
factor corresponds to a larger residual model fitting error. As the
smoothness factor decreased, the smoothness increased, and the
fitting residual decreased. However, when the smoothing factor was
too small, the improvement of the fitting results was very limited
and may affect the objective authenticity of the inversion results.
Consequently, we have determined a smoothing factor of 0.15.

The fault slip distribution obtained via inversion is shown in
Fig. 5. The diagram shows that themain slip distribution of the fault

Fig. 2. InSAR coseismic deformation field of the 2022 Menyuan earthquake. The blue solid line indicates the location of the inversion fault, the solid white line is the section line
position, the solid black line is the fault location, the black solid arrow indicates the direction of the satellite's flight, and the black hollow arrow indicates the direction of the
satellite's line of sight.

Fig. 3. Deformation along the section line.
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occurred in the BC and CD segments. Two fault slip distributions
were observed in the AB segment along the dip (2e6 km) and strike
(1e8 km), and along the inclination (12e20 km) and strike
(1e8 km). The maximum slippage occurred 2 km and 12e16 km
below the surface, respectively, with the maximum slippage
reaching 1.25 m. The maximum slippage in the BC segment was
distributed 6 km along the trend and 5 km along the strike, with the
maximum slippage measuring 4.09 m. The maximum slippage
distribution of the CD segment was concentrated at 4e6 km along
the dip and 3e6 km along the strike, with the maximum slippage
measuring 4.51 m. The slippage of the DE segment was relatively
small and was predominantly distributed at 2e7 km along the
strike of dip 4e12 km, with a maximum slippage of 0.79 m. In the
BC and CD segments, the fault slip distribution reached the surface,
implying that the total length of the surface rupture was approxi-
mately 16 km. The moment magnitude of the earthquake was
calculated to be MW6.7.

Fig. 6 shows the observed values, simulated values, and residual
distribution of Track T128, Track T26, and Track T33, respectively.
The simulation results fit the observation results with a degree of fit
of 97%. The residual values of the fitting were primarily distributed
in the range of 0e200 mm and are primarily concentrated in in the
center of the deformation field. This was because the deformation
gradient in the center of the deformation field is too large, and low
coherence leads to unwrapping errors.

To verify the reliability of the inversion results, a checkerboard
was established as the input model. This was undertaken to test
the resolution of the inversion based on the faults used in slip
distribution inversion (Fig. 7). Fig. 7a shows the input slip model,
where the red square represents a test cell measuring 4 km along
the fault strike and 4 km along the dip, with a slip of 1 m. Blue
squares indicate test cells 4 km along the fault strike and 4 km
along the dip, with no slip (0 m). Using forward modeling, this
paper obtained the surface deformation field, and then used SDM
under the constraint of the deformation field to invert the

checkerboard slip distribution. The inversion parameters
remained consistent with fault slip distribution inversion; the
results are shown in Fig. 7b. The inversion results indicate good
conformity with the input checkerboard model at approximately
0e12 km along the fault dip, indicating a better fitting effect of the
slip distribution of the fault plane in this section. However, at
approximately 12e20 km along the fault dip, the resolution is low,
and the fitting effect of the slip distribution of the fault plane is
relatively poor.

4. Coulombic stress

After the earthquake, the public was concerned whether the
current earthquake had caused the rupture and whether further
earthquakes would occur. To address these concerns, calculated the
Coulomb stress changes generated by the Menyuan earthquake in
2016 and the Menyuan earthquake in 2022 using the coseismic
sliding model. The PSGRN/PSCMP program presented by Wang
et al. [56] and the layered viscoelastic medium model was used to
calculate Coulomb stress changes. In this study, considered the
Lenglongling fault and its 23 surrounding faults as receiving faults,
set the parameters of the receiving fault regarding the relevant
historical seismic data, and new tectonic data from the area, and the
data on static Coulomb stress change [57,58] (Table 3). In this paper
set the friction coefficient of the receiving fault as 0.3 and obtained
the influence of the Menyuan earthquakes in 2016 and 2022 on the
surrounding active faults.

Fig. 8b shows the influence of the 2022 Menyuan MS6.9 earth-
quake on the main active faults in the study area, which indicates
that the earthquake had a considerable loading effect of up to 0.1
Mpa on the Tuolaishan fault and the Lenglongling fault. Moreover,
the earthquake also had a substantial loading effect on the
MinleeDamaying fault to the north of the epicenter, the western
section of the Dabanshan fault to the south, and the northern
section of the Riyueshan fault to the west. Furthermore, the
earthquake had a certain loading effect on the JinqiangheeHaiyuan
fault, Menyuan fault, Sunan fault, Gulang fault, the southern and
northern margin faults of Laji Mountain, the Yumushan fault, and
the Longshoushan fault. It also had a certain unloading effect on the
western section of the HuangchengeShuangta fault, the western
section of the Minle Yongchang fault, the eastern section of the
Dabanshan fault, and the MulieJiangcang fault.

In addition to these issues, there is also a seismogenic fault along
the Lenglongling fault, where a MW5.9 earthquake occurred in
2016. The 2016 earthquake and the earthquake has triggered the
relationship, which is another considerable concern. To investigate
this, we used the InSAR deformation field of the 2016 Menyuan
earthquake to retrieve the fault slip model and calculate the
coseismic and post-seismic Coulombic stresses, assuming a vis-
cosity of 8 � 1018 Mpa [59,60]. The calculation results are shown in
Fig. 8a, which shows that the 2016 Menyuan earthquake had a

Fig. 4. Curve of the smoothing factor selected in the inversion model. The black dots
represent different smoothing factor values. The red pentagram represents the
preferred smoothing factor for the inversion model.

Fig. 5. Coseismic slip distribution of seismogenic faults in the 2022 Menyuan earthquake.
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strong loading effect on the Tuolaishan fault, Lenglongling fault,
and the JinqiangheeHaiyuan fault.

5. Discussion

The InSAR coseismic deformation field is a fundamental tool for
identifying the seismogenic faults associated with earthquakes. By
comparing the three coseismic deformation fields (Fig. 2), it is
found that the deformation is distributed along the western end of
the Lenglongling fault and the eastern end of the Tuolaishan fault.
The southern and northern disks move in opposite directions. In

the ascending orbit deformation field, the southern fault wall
moves away from the satellite LOS, whereas the northern fault wall
moves closer to the LOS. In the descending orbit deformation field,
the southern fault wall moves closer to the satellite LOS, and the
northern fault wall moves away from the satellite LOS. Both sides of
the fault in the deformation field of the same orbit showed opposite
motion states. This phenomenon indicates that the earthquake was
dominated by left-lateral horizontal motion.

Furthermore, the maximum value of the deformation field is
consistent with the precision location result of the main earth-
quake, and both are located in the west section of Lenglongling.

Fig. 6. Deformation field and residual error of optimal sliding model fitting. The blue solid line is the fault surface projection track. The solid black lines are tectonic fractures in this
area.

Fig. 7. Data resolution test board.
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This not only validates the reliability of the InSAR results but also
indicates that the seismogenic fault responsible for this earthquake
is the left-lateral strike-slip Lenglongling fault. After the main
earthquake occurred in the western section of the Lenglongling
fault, it extended eastward along the Lenglongling fault and
ruptured along the eastern segment of the Tuolaishan fault toward
the west.

The aftershock precision location results [61] within 9 days after
the 2022 Menyuan earthquake are distributed in the InSAR defor-
mation field Fig. 9a. The distribution of aftershocks can be divided
into two parts. One part coincides with the fault trace in the Len-
glongling fault, and the other substantially deviate from the fault
trace represented by deformation. The AA’ profile has a depth of
20 km and a length of 20 km (blue line in Fig. 9a). The AA’ profile
(Fig. 9b) shows that the main aftershock is located on the AA’
profile. However, there is a substantial deviation between the main
aftershock and the fault trace of the InSAR deformation field in the
AA’ section, which indicates that the dip angle of the seismogenic
fault is not 90�. Section line BB’ was obtained by taking a point on

the surface of the AA’ profile and extending 10 km to the north and
south with a depth of 20 km, as shown in Fig. 9c.

In Fig. 9 c, the position of the blue line is the intersection of BB’
and AA’, and the position of the red line is the intersection of BB’
and the fault trace of the deformation field. The aftershocks are
vertically distributed and coincide with the blue line. There are two
reasons for this phenomenon. One is related to the accuracy of the
aftershock location, and the other is related to the tectonic back-
ground of the epicenter. From the perspective of the geological
structure, the Tuolaishan fault and Lenglongling fault are two left-
lateral strike-slip faults, forming a left-lateral left order micro-
tension type order area. In the order area, a hidden fault is paral-
lel to the Lenglongling fault. After the earthquake, the hidden fault
activity in the order area produced many aftershocks. It is not un-
common for faults to develop in such a zone. Ye et al. (2017) used
numerical simulation techniques to confirm that the concealed
faults developed in the Greater Bay Area of Southern California
absorbed a substantial amount of strike-slip motion [60]. Liu et al.
(2021) summarized the decomposition effect of the tail end of the

Table 3
Information on the Lenglongling fault and its surrounding faults.

Fault name strike (�) dip angle (�) angle of slip (�) Effective friction coefficient

Tuolaishan fault 110 80 0 0.3
Lenglongling fault 115 80 0 0.3
Jinqianghe fault 110 80 0 0.3
The southern margin fault of Maomaoshan 110 80 0 0.3
Maomaoshan-Laohushan fault 110 80 0 0.3
Xiangshan-Tianjing fault 104 60 7 0.3
HuangchengeShuangta fault 285 45 90 0.3
MinleeDamaying fault 298 30 90 0.3
Sunan e Qilian fault 300 60 90 0.3
Minle Yongchang fault 311 14 82 0.3
North fault of Yumushan 335 60 133 0.3
East fault of Yumushan 290 60 114 0.3
Eastern section of the south margin of Longshou shan 307 55 110 0.3
Western section of the south margin of Longshou shan 298 55 110 0.3
Dabanshan fault 310 80 0 0.3
Menyuan fault 300 60 90 0.3
Mayaxueshan fault 135 60 90 0.3
Zhiwuanglanghe fault 110 55 90 0.3
Riyueshan fault 160 80 176 0.3
MulieJiangcang fault 120 80 0 0.3
The southern margin fault of Laji Mountain 120 50 60 0.3
The northern margin fault of Laji Mountain 120 50 80 0.3

Fig. 8. Coulomb stress changes caused by the 2016 Menyuan earthquake and the 2022 Menyuan earthquake.
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strike-slip fault on the slip rate, inwhich branch faults developed in
the left-lateral left order release zone are also a relatively common
occurrence [62].

Many scholars have used InSAR technology and sentinel-1 sat-
ellite image to study the earthquake. Xu et al. (2022) used InSAR
technology to calculate the co-seismic deformation field of three
orbits, namely, orbit ascension T26, orbit 128, and orbit descent
T33, of the sentinel-1 satellite, and the magnitude of the defor-
mation reached approximately 0.60 m. The co-seismic displace-
ment (LOS) of ascending and descending rails shows opposite
deformation characteristics. At least two faults have ruptured, with
the main fault corresponding to the western section of the Len-
glongling fault. Yang et al. [38] and Li et al. [55] analyzed the co-
seismic deformation field of the earthquake using post-
earthquake T33 orbit images. The results show that the main sur-
face rupture occurred on the Lenglongling fault; the surface rupture
length is approximately 22 km, and the horizontal dislocation is
approximately 0.50 m. Feng et al. [33] and Lu et al. [34] used InSAR
and pixel offset tracking. They obtained co-seismic displacements
along line-of-sight and near-field range offsets of this earthquake.
The maximum line-of-sight deformation is 0.61 m, and the
maximum distance deviation of surface rupture is 0.79 m. Yu et al.
[34] used InSAR technology to calculate the co-seismic deformation
field of this earthquake, and the maximum deformation was
approximately 0.75 m. They also obtain the east-west co-seismic
deformation field of this earthquake using Sentinel-2 satellite data,
optical image registration, and related technologies, and obtained a
maximum co-seismic displacement of 2.5 m.

The co-seismic slip distribution shows that the seismogenic
fault of the 2022 Menyuan earthquake is a high-dip strike-slip fault
dominated by left-lateral strike-slip. The coseismic slip of this
earthquake was predominantly concentrated in the western sec-
tion of the Lenglongling fault. The epicenter area was relatively
shallow and less than 20 km in depth, showing the characteristics
of shallow east and deep west sections. The part of the coseismic
slip greater than 1.5 m is within 12 km depth. The maximum
displacement of the optimal coseismic model is 4.51 m, and the
maximum slip is located at a depth of 5 km. The moment magni-
tude obtained by inversion is MW6.7.

Many scholars used the co-seismic deformation field obtained
using InSAR technology as the constraint to invert the slip distri-
bution of seismogenesis faults; however, the partition scheme of
seismogenesis faults is different. The inversion fault model used in
this study is similar to that used by Li et al. [55] and Lu et al. [34],
which divides the fault into two parts, one located in the western
section of the Lenglongling fault and the other extending to the

Tuolaishan fault. Nonetheless, the inversion fault located in the
Lenglongling fault is divided into three parts in this study, which is
a more refined scale. Li et al. used Sentinel-1 descending orbit T33
and ascending orbit T26 data, whereas Lv et al. used descending
orbit T33 and ascending orbit T128 combined with high-frequency
GNSS data [34,55]. This study used Sentinel-1 descending rail T33,
ascending rail T26, and ascending rail T26 data. Although
ascending rail T26 images only provide a partial seismic surface
deformation field, the ascending rail SAR image is complementary
to the surface deformation imaging of strike-slip fault rupture.
Therefore, it has a stronger slip-restraint ability. In terms of
inversion results, there are two deformation centers in the results
of Li et al. [55] and Lv et al. [34], which are located at the Len-
glongling fault and the Tuolaishan fault, respectively. The inver-
sion by Lv et al. [34] shows that the maximum slip is located at the
Lenglongling fault, with a maximum slip of approximately 4 m and
a depth of approximately 4 km. There is a small high-slip zone in
the Tuolaishan fault, with a maximum slip of approximately 2 m
and a corresponding depth of 4 km. The results of Li et al. [55]
show that the slip is primarily concentrated in an underground
area of 2e7 km, and the maximum slip of the fault is 3.5 m and
occurs approximately 4 km underground. There are also areas of
slip at the Tuolaishan fault.

Other observations have also been used to study the earthquake.
Li et al. [8] obtained the fault rupture slip distribution model by
inversion based on the co-seismic deformation field obtained by
the discrete GNSS station. In terms of fault model setting, Li et al. [8]
established three fault models, namely, Tuolaishan, Changma-Erbo,
and Lenglongling models. However, in this study, only two fault
models were established, namely, the models for the western
section of the Lenglongling fault and the eastern section of the
Tuolaishan fault. The length of the fault model is shorter than that
of Li et al. [8]. The results show that the fault slip is primarily
distributed in the western section of the Lenglongling fault and the
eastern section of the Tuolaishan fault. The significant fault rupture
slip is primarily concentrated at a depth of 8 km below the surface;
the maximum slip is approximately 3 m, and the focal point of the
main earthquake is located at the lower edge of the maximum slip.

The results of this study show that the maximum slip is 4.51 m,
and the slip distribution is primarily concentrated in the range of
2e10 km, which is slightly different from the results of the above
scholars. However, the locations of the maximum slip are consis-
tent with the locations of the main earthquake, and the fault slip is
concentrated in the western section of the Lenglongling fault and
the eastern section of the Tuolaishan fault, which has a good spatial
consistency with the seismic precision location results.

Fig. 9. Aftershock distribution from the 2022 Menyuan earthquake. (a) Coseismic deformation field and aftershock distribution of orbit 33; the red broken line represents the fault
trace of InSAR coseismic inversion results, the white dots represent turning points of inversion faults, and the black dots represent aftershock distribution after precise location. (b)
Aftershock distribution along A'A profile line, the purple five-pointed star represents the epicenter of the main earthquake. (c) Aftershock distribution along B'B profile line, the red
line represents the position of the deformation track in the coseismic deformation field, and the blue represents the concentrated location of the aftershocks.
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In this study, there are two sliding regions in the Lenglongling
fault, and the range of the two sliding regions along the strike is
essentially consistent with the results of the above scholars. In the
Tuolaishan fault, compared with the results reported by the above
scholars, there is an additional smaller sliding region at a depth of
12e20 km underground. Via checkerboard test, it is proved that the
fitting degree of this area is not good, which can be considered as an
error.

From the coseismic static Coulomb stress of the earthquake, it is
found that the earthquake had a considerable loading effect on the
Tuolaishan fault to the west of the epicenter and the Lenglongling
fault to the east of up to 0.1 Mpa (Fig. 8b). Therefore, the Tuolaishan
fault is likely the subsequent fault with a high probability of
earthquakes occurring after this earthquake. The earthquake also
had a substantial loading effect on the MinleeDamaying fault due
north of the epicenter, the western section of the Dabanshan fault
due south, and the northern section of the Riyueshan fault to the
west, and the risk is worthy of attention. An MW5.9 magnitude
earthquake occurred in 2016 on the secondary fault on the north-
ern side of the Lenglongling fault, approximately 40 km from the
epicenter of this earthquake. By calculating the coseismic and post-
seismic Coulombe stress of the 2016 Menyuan earthquake (Fig. 8a),
it has been found that the 2016 Menyuan earthquake has a strong
loading effect on the Tuolaishan fault, Lenglongling fault, and the
JinqiangheeHaiyuan fault. It is calculated that coseismic dislocation
and post-earthquake viscous relaxation effect of the 2016Menyuan
earthquake increase the cumulative Coulomb stress at the
epicenter of the 2022 Menyuan earthquake by 1013 Pa, which
promoted the occurrence of the 2022 Menyuan earthquake, with
the coseismic effect playing a substantial role, whereas the post-
earthquake viscous relaxation effect exerted a relatively minor
effect.

6. Conclusions

(1) Combining the InSAR deformation boundary and the after-
shock profile, it is likely that the seismogenic fault of this
earthquake is the west end of the Lenglongling fault. The
length of the coseismic deformation field is approximately
25 km in the northesouth direction and 35 km in the
eastewest direction. When the satellite LOS was upward, the
maximum deformation quantity of the south wall and the
north wall was 0.62 m and 0.48 m, respectively. The type of
earthquake was left-lateral strike-slip.

(2) The inversion results from the coseismic slip distribution
show that the seismogenic fault from the 2022 Menyuan
earthquake is a left-lateral strike-slip fault with a high dip
angle. The maximum slip magnitude can reach up to 4.51 m,
and the maximum slip is located at 5 km along the
inclination.

(3) The calculation results from the coseismic static Coulomb
stress of the 2022 Menyuan earthquake show that the
Menyuan earthquake had a substantial loading effect of up to
0.1 Mpa on the Tuolaishan fault to the west of the epicenter
and the Lenglongling fault to the east. The results show that
the Tuolaishan fault is the subsequent fault with a high
probability of the next earthquake after the earthquake being
examined.

(4) The coseismic and post-seismic Coulomb stress calculations
from the 2016 Menyuan earthquake show that the 2016
Menyuan earthquake promoted the 2022 Menyuan earth-
quake, inwhich the coseismic effect played a substantial role,
and the post-earthquake viscous relaxation effect had a
relatively minor effect.
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