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Abstract: On 8 January 2022, a Moment Magnitude (Mw) 6.7 earthquake occurred in Menyuan,
China. The epicenter was located in the western segment of the Lenglongling fault of the Qilian-
Haiyuan fault zone. In this area, the Mw 5.9 Menyuan earthquake on 26 August 1986 and the Mw
5.9 Menyuan earthquake on 21 January 2016 successively occurred. The seismogenic structures of
the 1986 and 2016 earthquakes are on the Northern Lenglongling fault, which is a few kilometers
away from the Lenglongling fault. After the 2022 Menyuan earthquake, we collected GF-7 and
Sentinel-1 satellite images to measure the surface deformation of the earthquake sequence. Based
on the elastic dislocation theory, the fault model and fault slip distribution of the 2016 and 2022
Mengyuan earthquakes were inverted using coseismic surface displacements. The results show that
the 2016 event is a reverse event, with the maximum coseismic surface displacement on LOS reaching
8 cm. The strike, dip, and rake of the earthquake rupture were 139◦, 41◦, and 78◦, with the maximum
slip reaching 0.6 m at a depth of 8 km. The surface rupture of the 2022 Mw 6.7 earthquake ran in the
WNW–ESE direction with a maximum displacement on LOS of 72 cm. The main seismogenic fault of
the 2022 event was the western segment of the Lenglongling fault. The strike, dip, and rake of the
rupture were 112◦, 85◦, and 3◦, with the maximum slip reaching 4 m at a depth of 4 km. The Coulomb
failure stress change shows that the earthquake sequence generated a considerable positive Coulomb
failure stress of more than 2 bar. These observations suggest that the earthquake sequence around
Menyuan is mainly governed by the activities of the Lenglongling fault around the northeastern
Tibetan Plateau. In addition, their sequential occurrences could be related to earthquake-triggering
mechanisms due to stress interaction on different deforming faults. Thus, the Lenglongling fault has
received a great amount of attention regarding its potential earthquake hazards.

Keywords: Menyuan earthquake; Lenglongling fault; InSAR; Coulomb stress; the northeastern
Tibetan Plateau

1. Introduction

In the past 35 years, three Mw ~6 earthquakes have occurred around Menyuan County,
Qinghai Province. Tectonically, these earthquakes were all distributed in the Qilian moun-
tains (Figure 1), a strong active deformation belt in the northeastern Tibetan Plateau that
has experienced several devastating Mw 7–8 earthquakes in its history [1–6]. On 8 January
2022, a Mw 6.7 earthquake occurred at a depth of ~ 10 km [1]. Focal mechanism solutions
showed that this event was dominated by strike-slip faulting (Table in Section 4.2). Field
observations indicated that the seismogenic fault of this earthquake could be the western
Lenglongling fault, together with a simultaneous rupture of the secondary Tuolaishan
fault [1]. Previous to this, the Mw 5.9 Menyuan earthquake on 21 January 2016 occurred
~40 km southeast of the 2022 event [2], and the Mw 5.9 Menyuan earthquake on 26 August
1986 occurred ~20km southeast of the 2022 event [3]. Previous studies have suggested that
the 1986 Mw 5.9 earthquake demonstrated normal fault activity dominated by dip-slip
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components [3], but some studies have suggested that the 1986 event was a reverse-fault
earthquake [4]. The seismogenic structures of the 1986 and the 2016 Menyuan earthquakes
are on the Northern Lenglongling fault [2,5]. The Northern Lenglongling fault is an as-
sociated fault to the northwest of the Lenglongling fault, which is correspondingly bent
by the tectonic thrust of the left-lateral shear at the end of the Lenglongling fault [5]. The
Lenglongling fault is located on the northeastern Tibetan Plateau and has been mainly
characterized by left-lateral strike-slip movement with local dip-slip components since
the Holocene [6,7]. The activities of the seismogenic fault in these three events are very
different, showing the relatively complex tectonic setting of the Lenglongling fault zone,
and there are apparent differences in the stress distribution in different areas of the fault
zone [8,9]. Although the Lenglongling fault has released three moderate earthquakes, the
area has not experienced earthquakes with magnitudes greater than seven.

Qilianshan is one of the most significant active rupture areas on the Tibetan Plateau,
with frequent seismic activities. The 1986, 2016, and 2022 events provide an opportunity
to study the fault system on the northeastern Tibetan Plateau by analyzing the seismic
deformation characteristics and regional Coulomb stress changes, which are essential for
studying the region’s seismicity and predicting future seismic hazard zones. The Synthetic
Aperture Radar Interference (InSAR) technique has achieved remarkable results in studying
coseismic deformation and the inversion of seismic source parameters due to its significant
advantages, such as all-day time and comprehensive coverage [10–14].

In this study, we researched three Mw ~6 earthquakes in the area based on InSAR
and discuss the latest seismic activity in the northeastern Tibetan Plateau by analyzing
the coseismic deformation fields, geometric parameters of fault inversions, and Coulomb
stresses of the earthquakes. Section 2 analyzes the regional tectonic background. Section 3
analyzes the surface deformation of the 2016 event and the 2022 event. The distribution
characteristics of the coseismic surface rupture zone are determined based on GF-7 satellite
images of the 2022 Menyuan earthquake. Sentinel-1 SAR images generate the coseismic
deformation fields of the 2016 and 2022 earthquakes. Section 4 inverts the seismic fault
model and calculates the Coulomb stress. The elastic half-space rectangular dislocation
theory is utilized to invert the fault model and fault slip distribution [15]. The seismogenic
structures of the earthquakes and the regional seismogenic structures are discussed in
Section 5. Finally, Section 6 summarizes the results of this paper.

2. Tectonic Setting

Since the collision of the Indian plate with the Eurasian plate at 65 Ma, the continuous
movement of the Indian plate in the north-north-east (NNE) direction has caused the
rapid uplift of the Tibetan Plateau and expansion into the interior of the continent [16–18].
The deformation of the northern Tibetan Plateau is mainly controlled by the east-north-
east (ENE)-direction left-lateral strike-slip fault zones (such as the Altun fault zone, the
Haiyuan fault zone, and the East Kunlun fault zone), the west-north-west (WNW)-direction
reverse fault zones (such as the Northern Qilianshan reverse fault zone, the Northern
Qaidam reverse fault zone, and the Qimatage reverse fault zone), and the north-north-west
(NNW)-direction right-lateral strike-slip fault zones (such as the Olshan fault and the
Riyueshan fault) [19,20]. The northeastern Tibetan Plateau is undergoing NE-direction
shortening (Figure 1a), counterclockwise rotation, and east-south-east (ESE)-direction
extrusion tectonic deformation under north-east (NE)-direction tectonic stress [21].

The Lenglongling fault is a considerable portion of the Qilian-Haiyuan fault zone [22,23],
which has a NE strike and a length of ~120 km. The western segment of the fault is
adjacent to the Tuolaishan fault, and the eastern segment is connected to the Tianqiaogou-
Huangyangchuan fault (Figure 1b). Along the Lenglongling fault zone, there are gullies,
terraces, ridges, and moraines, which are dislocated by the fault with a major left-lateral
component [24]. According to the moraine in situ cosmogenic nuclide, the gullies’ and
terraces’ dislocations combined with chronological data show a 2–19 mm/y left-lateral slip
rate since the late Quaternary [6,7,25,26]. Interpretation of satellite images and field geolog-
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ical investigation considered an associated reverse fault of the Lenglongling fault called the
Northern Lenglongling fault, which has demonstrated a general NE strike and minor sur-
face deformation since the late Quaternary [27]. The Tuolaishan fault is a left-lateral strike-
slip fault, with a NE strike and a dip angle of 50◦–65◦ at ~300 km [22,28,29]. According to
the GPS data calculations, the slip rate of the Tuolaishan fault is 4.1 ± 0.1 mm/y [30,31].

The Qilian-Haiyuan fault zone, where the Tuolaishan and the Lenglongling faults are
located, is one of the regions with the highest frequency of seismic activity in China, in a
tectonic setting prone to strong earthquakes [32–34]. This area experienced the 1954 Shan-
dan Ms 7.3 earthquake and the 1927 Gulang Ms 8.0 earthquake [35]. The Lenglongling fault
is in the Tianzhu seismic gap on the Qilian-Haiyuan fault zone, which is also an essential
potential seismogenic fault in the high-magnitude earthquake hazard area in the middle
segment of Qilianshan [6,19].
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Figure 1. Regional tectonic setting. (a) Study area on the northeastern Tibetan Plateau. The fault
data are from [36]. The Ms ≥ 7 earthquake data are from [24]. (b) Location of the study area. The
isoseismic intensity is from [1]. The aftershock data are from [37].

3. Satellite Image Processing

In recent years, remote sensing has been widely used in resource exploration [38],
disaster investigation [39], and feature target monitoring [40] due to its significant advan-
tages in Earth observation. InSAR, as a remote sensing technology, has provided many
research results in the observation of surface deformation, such as earthquakes, volcanic
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eruptions, and glacial sliding, due to its significant advantages [41–43], among which
seismic observation is one of the most mature fields of application of InSAR technology.

3.1. GF-7 Satellite Image Interpretation

The GF-7 satellite is the first civil sub-meter optical transmission stereo mapping
satellite in China [41]. The GF-7 satellite can provide panchromatic stereo image pairs with
a resolution better than 0.7 m and multispectral images with a resolution better than 3.2 m,
and can carry out civil 1:10,000 large-scale satellite stereo mapping [42]. After the 2022 Mw
6.7 Menyuan earthquake, the distribution characteristics of coseismic surface ruptures
zones were determined based on the GF-7 satellite images. The satellite data processing
was mainly based on ENVI software, and the correction was performed by correlating the
pixel coordinates of satellite data with the ground point coordinates. The SRTM1 DEM data
were selected for processing, such as orthorectification correction, to obtain panchromatic
and multispectral data. By fusing the multispectral data with the panchromatic data, a
fused image with 0.65 m resolution could be obtained to carry out the later analysis of
surface rupture zone interpretation [43].

The 2022 Menyuan earthquake formed surface rupture zones along the faults (Figure 2).
The surface rupture zone of fault F1 is distributed along the Tuolaishan fault, and it can be
identified in the image with a length of ~2 km (Figure 2b). Fissures and ruptures mainly
dominate this area through the piedmont proluvial fan. The surface rupture zone of fault
F2 developed along the Lenglongling fault, and the identifiable length in the image is
~22 km (Figure 2c–f). The surface rupture zone of the western section of fault F2 is more
continuous and has tension fissures, extrusion bulges, and other types of surface rupture.
Due to the snow cover, the satellite image could not identify the obvious surface rupture
zone in the eastern section. Based on the interpretation of GF-7 images, we obtained the
surface rupture zone distribution and the strike of the ruptures.

3.2. Sentinel-1 SAR Images Processing

The coseismic deformation fields of the two earthquakes were obtained from Sentinel-1
SAR images covering the area of the 2016 and 2022 events (Table 1). The InSAR coseismic
deformation field and phase gradient of surface deformation were obtained using GMTSAR
software [44–46]. Interferometric processing used 30 m-spatial-resolution SRTM1 DEM
data to eliminate the topographic phase and perform geocoding. The interferometric
filtering process selected the Gaussian filter and phase unwrapping based on the Snaphu
algorithm [47]. After phase unwrapping and geocoding, we used the GASOS (Generic
Atmospheric Correction Online Service) atmospheric delay phase model to correct the
atmospheric delay of the interferometric errors [48–50]. The software ISCE (Interferometric
Synthetic Aperture Radar Scientific Computing Environment) [51] was applied to obtain
the pixel offset tracking (POT) of the 2022 Menyuan earthquake.

Table 1. Sentinel-1 SAR image parameters.

Earthquake Path Flight Direction Master Slave Spatial Baseline/m Time
Baseline/d

2016/01/21
128 Ascending 2016/01/13 2016/02/06 27.8 24
33 Descending 2016/01/18 2016/02/11 30.28 24

2022/01/08
128 Ascending 2022/01/05 2022/01/17 36.41 12
33 Descending 2021/12/29 2022/01/10 40.27 12

3.2.1. Coseismic Deformation Field

As shown in Figure 3a–b, the coseismic deformation field of the ascending and de-
scending tracks of the 2016 Menyuan earthquake was continuous. The maximum LOS
(Line of Sight) displacement of the ascending track was 6 cm, and the maximum LOS dis-
placement of the descending track was 8 cm. The surface coseismic deformation field
was 20 km × 16 km. The 2022 Menyuan earthquake maximum LOS displacement of
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the ascending track was 65 cm, and the maximum LOS displacement of the descend-
ing track was 72 cm. The surface deformation range of the coseismic deformation field
was 35 km × 20 km, and the long axis of the deformation field ran in the WNW–ESE direc-
tion. The opposite sign of the deformation variables observed from the seismic ascending
and descending track images indicated that the fault was dominated by strike-slip mo-
tion [52]. The coseismic deformation field of the 2022 Menyuan earthquake’s ascending
and descending tracks could determine that the 2022 event was a strike-slip earthquake.
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3.2.2. Phase Gradient

For field geological investigations, phase gradient maps can indicate fault rupture
distributions [46]. The phase gradient is directly generated from the interferogram of the
real and imaginary parts [53]. Unlike standard interferograms, they can be superimposed
directly without phase unwrapping [53]. The phase gradient of the 2022 Menyuan earth-
quake’s ascending and descending tracks showed better results of the characteristics of
seismic surface deformation (Figure 3e–h). Although the phase gradient can show the
surface deformation features better when large, it can also extract the deformation char-
acteristics in the azimuth and range directions of the ascending and descending tracks.
In particular, the phase gradient showed that the surface deformation zone of the Leng-
longling fault crosses the surface deformation zone of the Tuolaishan fault, and GF-7
images and InSAR results showed that the surface deformation zones generally followed
the NWW–SEE direction.

3.2.3. Pixel Offset Tracking

Pixel offset tracking (POT) can obtain the range and azimuth deformation using SAR
images, and the monitoring accuracy of POT is related to the spatial resolution of SAR
images [54]. The POT results of the 2022 Menyuan earthquake’s ascending and descending
tracks revealed that azimuth deformation was not significant in comparison to the range
deformation (Figure 3j–k). Although the measurement accuracy of the POT is lower than
that of InSAR, the method can acquire azimuth deformation and is relatively less affected
by phase decoherence. The results showed that the surface deformation zones of the
2022 Menyuan earthquake were divided into two sections along the Lenglongling fault
and the Tuolaishan fault, while the surface deformation was mainly concentrated on the
Lenglongling fault.
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4. Fault Inversion and Coulomb Stress

By obtaining ground displacement observations using InSAR, fault geometry param-
eters can be determined in inversion based on geophysical models [55]. The nonlinear
inversion algorithm can solve the location and geometric morphological parameters of the
fault [56]. After determining information, such as fault location and geometric parameters,
a suitable linear equation is established to perform linear inversion of the fault, which can
obtain results such as fault slip distribution and seismic source parameters [57]. Based
on the InSAR coseismic deformation field of the 2016 and 2022 Menyuan earthquakes,
the fault model parameters of the two earthquakes were inverted using elastic half-space
rectangular dislocation theory [15]. According to the results of fault inversion and the focal
mechanism solution, the distributed slip model of the fault and the change in the Coulomb
stress that the earthquakes caused were established.

4.1. Inversion of Fault Geometric Parameters

The 2016 and 2022 events’ interferometric results were first inverted using the gCent
software package. gCent (geodetic Centroid) software was used to invert and obtain
geometric parameters such as strike, dip, slip angle, and maximum slip for the single-fault
model of the 2016 event and the 2022 event. The software adopted a domain algorithm to
carry out inversion, which enabled the fast inversion of fault model parameters [58–62].
The gCent selected the variable data downsampling method to improve the inversion rate
and reduce the impact of image noise [63]. Table 2 shows the parameters for the 2016 and
2022 Menyuan earthquakes found by the final inversion. Figure 4 shows the coseismic
deformation field, model-fitted deformation field, and residuals. Figure 4a–f shows the
inversion results of the 2016 Menyuan earthquake, and Figure 4g–l shows those of the
2022 Menyuan earthquake. Figure 4i,l shows residuals from the 2022 Menyuan earthquake
in the near-field region. The main reasons for residuals are snow and glacier cover in the
region affecting the acquisition of deformation field; low coherence or even lost coherence
caused by large gradient deformation in the seismic near-field region; untangling errors
caused by low coherence; and the simplification of the geometry of active faults.

Table 2. Focal mechanism parameters of the 1986, 2016, and 2022 Menyuan earthquakes.

Earthquake Parameter Source Magnitude Strike/◦ Dip/◦ Rake/◦ Length/
km

Width/
km Maximum Slip/m

1986/8/26
GCMT Mw5.9

125 37 55 - - -

346 60 113 - - -

[3] Ms6.4 50 45 - - - -

2016/1/21

GCMT Mw5.9
146 43 83 - - -

335 47 96 - - -

USGS Mw5.9
141 50 79 - - -

337 41 103 - - -

[64] Mw5.9 134 43 68 24 20 0.45

[12] Mw5.9 141 40 - 9.1 4.2 0.3 (strkie slip)/
0.1 (dip slip)

This study 1 Mw5.9 142 44 73 9.4 7.7 0.61

This study 2 Mw5.9 139 41 78 8.3 7.2 0.57

2022/1/8

GCMT Mw6.7
104 82 1 - - -

14 89 172 - - -

USGS Mw6.6
104 88 15 - - -

13 75 178 - - -

[9]
TLSF 3

Mw6.6
86 85.6 38 - -

3.8
LLLF 4 105 85.6 38 - -
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Table 2. Cont.

Earthquake Parameter Source Magnitude Strike/◦ Dip/◦ Rake/◦ Length/
km

Width/
km

Maximum
Slip/m

[65]
TLSF 3

Mw6.7
104 80 0 10 16 2.5

LLLF 4 109 80 5 20 16 3

This study 1 Mw6.6 108 80 5 24 14 3.5

This study 2
TLSF 3

Mw6.7
89 82 6 7.6 6.3 2.7

LLLF 4 112 85 3 21 13 4
1 gCent software inversion result, 2 PSOKINV software inversion result, 3 is the Tuolaishan fault (TLSF), 4 is the
Lenglongling fault (LLLF).
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4.2. Distributed Slip Model

The inversion of fault slip distribution was performed using the PSOKINV software
package [66]. PSOKINV introduced a two-step inversion strategy [67]: the first step was
based on nonlinear inversion to obtain the fault model, such as location, strike, dip, and
rake of the fault, and the second step obtained the fault slip distribution model by linear
inversion. PSOKINV used the Multipeaks Particle Swarm Optimization (MPSO) algorithm
to achieve nonlinear parameter inversion under optimal fitting conditions [68,69]. We
adopted the quadtree sampling method to process the InSAR coseismic deformation field
before the inversion [70]. Using PSOKINV software in the first step of nonlinear inversion,
we refer to the inversion results of the gCent software package as the initial model for
the nonlinear inversion. According to the InSAR coseismic deformation field (Figure 3),
the surface deformation field of the 2016 Menyuan earthquake exhibited a single-fault
deformation feature and the 2022 Menyuan earthquake along the Lenglongling fault and
the Tuolaishan fault formed two surface deformation zones. The fault model for the 2016
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event was set as a single fault, and the 2022 Menyuan earthquake was set as a double-fault
model. The 2016 Mengyuan earthquake fault length range was set at 6–10 km, and the
width was set at 5–9 km. The 2022 Menyuan earthquake F1 fault length was set at 8–15 km,
and the width was set at 5–9 km. The F2 fault length was set at 16–23 km, and the width
was set at 6–15 km.

The second step of linear inversion was to obtain the slip on the fault surface. The
spatial distribution of the faults was determined based on the fault geometry parameters
obtained from nonlinear inversion of the PSOKINV, extending the length and width of
the fault plane, respectively. The inversion results are shown in Table 2. The fault length
and width of the 2016 Menyuan earthquake extended to 12 km × 16 km. The length and
width of the 2022 event F1 fault extended to 10 km × 15 km, and the F2 fault extended
to 25 km × 15 km, respectively. For the fault slip model, the seismic fault surface was
discretized into 0.25 km × 0.25 km subfaults. Figure 5 shows the inversion results of the
distributed slip model of the two earthquakes. The 2016 Menyuan earthquake’s maximum
slip was 9 km underground (Figure 5a). The maximum slip was ~ 0.6 m, and the inversion
calculation moment magnitude was Mw 5.9. The 2022 Menyuan earthquake’s maximum
slip was located at ~ 5 km underground, the maximum slip was ~ 4 m, and the inversion
calculation moment magnitude was Mw 6.7 (Figure 5b). The strike, dip, and rake of the
fault obtained from inversion are consistent with those of other focal mechanisms (Table 2).
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4.3. Coulomb Stress Change

When an earthquake occurs, the dislocation on the seismogenic fault will change the
stress distribution in the region and may trigger or delay the occurrence of earthquakes
on active faults in adjacent regions [71–74]. The Coulomb stress was calculated using the
Coulomb3 software package, and the friction coefficient was set to 0.4 [75–77]. The 1986
and 2016 Menyuan earthquakes both occurred on the Northern Lenglongling fault, with
the distance between the epicenters of the two earthquakes being ~20km; but previous
studies suggested that the 1986 Menyuan earthquake demonstrated normal fault activity
dominated by dip-slip components [3]. The debate regarding the focal mechanism of
the 1986 Menyuan earthquake is related to the complex tectonic processes in the area. In
addition, there was a lack of field investigations and limited measurement data at the
time. Interpretations of satellite images and field geological investigation considered that
the Northern Lenglongling fault is a reverse fault of the Lenglongling fault, which has a
general NE strike [27]. The GCMT (https://www.globalcmt.org (accessed on 26 December
2022)) results showed that the focal mechanism of the 1986 Menyuan earthquake was a
reverse earthquake (Table 2). The GCMT fault interface 1 results of the 1986 event showed
that the strike, dip, and rake were 125◦, 37◦, and 55◦, respectively. The fault interface
1 production and kinematic properties were more consistent with the production of the
Northern Lenglongling fault. As the geometric parameters of the source fault, we selected
the GCMT source mechanism solution for the 1986 event. The empirical equation [78] was
applied to calculate the length and width of the 1986 fault. Based on the PSOKINV uniform
slip inversion results (Table 2) of the 2016 and 2022 events of the fault model, we calculated
the Coulomb stress changes caused by the three earthquakes. According to the inversion

https://www.globalcmt.org
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results, the maximum sliding depths of the 2016 event and the 2022 event inversion were
8 km and 4 km, respectively. The Coulomb stress change was calculated at depths of 5 km
and 10 km, respectively.

In Figure 6a,b, the source fault is the seismogenic fault of the 1986 Menyuan earthquake,
and the receiving fault is the seismogenic fault of the 2016 Menyuan earthquake. In
Figure 6c,d, the source fault is the seismogenic fault of the 2016 Menyuan earthquake, and
the receiving fault is the seismogenic fault of the 2022 Menyuan earthquake. It can be seen
that the 2016 and 2022 Menyuan earthquakes were in a region of positive Coulomb stress
change. Moreover, the stress of the Lenglongling fault zone was increased. In Figure 6e,f,
the source fault is the seismogenic fault of the 2016 Menyuan earthquake, and the receiving
fault is the seismogenic fault of the 2022 Menyuan earthquake. It can be seen that the 2016
Menyuan earthquake produced positive Coulomb stress on the 2022 Menyuan earthquake.
The 2022 Menyuan earthquake fault was located in the same enhanced Coulomb stress
region as the 1986 and 2016 Menyuan earthquakes. The Coulomb stress of the 1986 and
2016 events indicated that it affected the occurrence of the 2022 Mengyuan earthquake.
Suppose the seismogenic fault of the 2022 Menyuan earthquake is the source fault, and
the Lenglongling fault is the receiver fault (Figure 6g,h). In this case, it can be seen that
the 2022 Menyuan earthquake influenced the regional Coulomb stress distribution. The
Coulomb stress enhancement of the Northern Lenglongling fault, the Tuolaishan fault, the
Lenglongling fault, the eastern Minle-Yongchang fault, and the western Dabanshan fault
increased by more than 0.2 bar, and the risk of earthquake occurrence increased.
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Figure 6. Coulomb stress change. (a,b) The 1986 Menyuan earthquake seismogenic fault was set as
the source fault, the 2016 Menyuan earthquake seismogenic fault was set as the receiver fault, and the
Coulomb stress was calculated at depths of 5 km and 10 km, respectively. (c,d) The 1986 Menyuan
earthquake’s seismogenic fault was set as the source fault, the 2022 Menyuan earthquake seismogenic
fault was set as the receiver fault, and the Coulomb stress was calculated at depths of 5 km and 10 km,
respectively. (e,f) The 2016 Menyuan earthquake seismogenic fault was set as the source fault, the
2022 Menyuan earthquake seismogenic fault was set as the receiver fault, and the Coulomb stress was
calculated at depths of 5 km and 10 km, respectively. (g,h) The 2016 Menyuan earthquake seismogenic
fault was set as the source fault, the 2022 Menyuan earthquake seismogenic fault was set as the receiver
fault, and the Coulomb stress was calculated at depths of 5 km and 10 km, respectively.
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5. Discussion
5.1. Regional Coulomb Stress

After an earthquake, the stress distribution in the region will change [79]. The Com-
lomb3 software can draw a profile along a strike across a fault and calculate the Coulomb
stress distribution on the profile after setting the fault dip. Additionally, the Coulomb3
software can overlay aftershock data on the layers and along the profile lines, and is able
to show the depth and distribution characteristics of aftershocks in the subsurface on the
profile. We selected the 2022 Menyuan earthquake seismogenic fault as the source fault
and the Lenglongling fault as the receiver fault to calculate the Coulomb stress. We further
analyzed the contribution of the 2022 Mengyuan earthquake to regional stress changes.
From the planimetric distribution of aftershocks [37], the 2022 Menyuan mainshock was
located on the south side of the intersection of the southwest wall of the Lenglongling
fault and the south wall of the Tuolaishan fault (Figure 7). The aftershocks were mainly
distributed in two directions. The aftershocks were distributed parallel to the Tuolaishan
fault in the EW direction, and the Lenglongling fault in the NWW strike. Four section
lines, AB, CD, EF, and GH, were placed along the faults in parallel and perpendicular
directions to analyze the relationship between Coulomb stress and aftershocks (Figure 7c–f).
Furthermore, the profiles showed that most aftershocks occurred at depths of 7–12 km.
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Figure 7. Aftershocks and Coulomb stress distribution of the 2022 event.

The AB section line was parallel to the Tuolaishan fault along the EW strike. Figure 7b
reveals that the mainshock was located at the eastern Tuolaishan fault, and most aftershocks
were in the Coulomb stress-release region. The CD section line was perpendicular to the
Tuolaishan fault. Figure 7c shows that the mainshock and most aftershocks were located
on the upper wall of the Tuolaishan fault. The majority of aftershocks were located in the
Coulomb stress-release region. The EF and GH section lines were parallel and perpendicu-
lar to the Lenglongling fault. Figure 7e shows that aftershocks were distributed on both
sides of the nearly perpendicular Lenglongling fault. The seismogenic fault was mainly
concentrated in the Coulomb stress-release region. Aftershock distribution characteristics
revealed that aftershocks distributed along the Tuolaishan fault were mainly concentrated
on the southern wall of the fault. Coulomb stress was reduced in the aftershock distribution
area. On the Lenglongling fault, aftershocks were concentrated on the fault’s two sides.
Coulomb stress increased in the aftershock distribution region. The 2022 Menyuan earth-
quake further enhanced the stress accumulation on the Lenglongling fault. The Coulomb
failure stress change showed that the 2022 Menyuan earthquake generated considerable
positive stress of more than 2 bar.
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5.2. Seismic Hazard Due to Spatial Diversity of Surface Rupture of the 2022 Menyuan Earthquake

After the 2022 Menyuan earthquake, field observations demonstrated that the length
of the surface rupture along the Lenglongling fault was ~26 km, along the Tuolaishan
fault it was ~3.5 km, and the maximum left-lateral dislocation was located on the Leng-
longling fault, at ~2.77 m [1]. Figure 7a shows five survey spots from a field investigation
(points a-h) [1]. The field photographs of each observation point in Figure 8 demonstrate
that the 2022 Menyuan earthquake formed a complex coseismic surface rupture zone con-
stituting a combination of multiple types of ruptures, extrusion bulges, and scarps. The
surface rupture was dominated by left-slip motion (Figure 8a), was mainly concentrated on
the Lenglongling fault, and the rupture was characterized by left-rotation dislocations that
exceed 2.2 m (Figure 8d,e). The 2022 Menyuan earthquake formed scarps approximately
95 cm high on the ice surface of the riverbed in localized areas (Figure 8f). The scarps
indicated that the seismogenic fault had the characteristics of dip slip.
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The inversion shows that the maximum sliding depth of the 2022 Menyuan earthquake
was ~4 km. The shallow fault rupture depth of this earthquake and the predominantly
left-slip movement of the earthquake fault made it possible to form an apparent surface
rupture at the ground surface. The 2022 Menyuan earthquake caused severe damage
to local roads and bridges (Figure 8b,g). By comparing the GF-7 images, and coseismic
deformation fields with the fault inversion model, Coulomb stress, and field survey results,
we suggest that the seismogenic fault that caused the 2022 event was primarily a left slip
with local reverse characteristics.

5.3. Seismogenic Structure

The Qilian orogenic belt is one of the most concentrated areas of strong tectonic
deformation movements, including lateral escape from the northeastern Tibetan Plateau,
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north–south crustal shortening, and rapid vertical uplift [80,81]. In this regional tectonic
setting, the orogenic belt-scale flower structures formed by the Qilian-Haiyuan large strike-
slip fault zone within Qilianshan modulate the region’s differential motion [82]. Due to
the variation in the orientation of different faults in the Haiyuan fault zone, two distinct
extrusion-bending zones exist in the fault zone: the Haiyuan extrusion-bending zone and
the Lenglongling extrusion-bending zone [83]. Extrusion-bending zones generally form
reverse faults on both sides of the strike-slip faults with symmetrical and asymmetrical
flower structures [24]. The north side of the Lenglongling fault has developed the Northern
Lenglongling fault, the Minle-Damaying fault, and the Huangcheng-Shuangta fault, which
reverses from south to north (Figure 9). The south side has developed the Menyuan
fault, which reverses from north to south. These faults constitute the typical strike-slip
asymmetric flower structure.
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are from [82]. Blue arrow indicates the orientation of regional maximum principal compressive
stress [84]. The regional Coulomb stress based on the 2022 Menyuan earthquake as the source fault
and the Lenglongling fault as the receiver fault. MYF: Menyuan fault. TLSF: Tuolaishan fault. LLLF:
Lenglongling fault. SNQLF: SuNan-Qilian fault. NLLLF: Northern Lenglongling fault. MLDMF:
Minle-Damaying fault.

The GCMT results showed that the 1986 Mengyuan earthquake was a reverse-type
earthquake. The inversion results and field investigations illustrated that the 2016 Menyuan
earthquake was a reverse-type earthquake, and the 2022 Menyuan earthquake was a seismic
event dominated by left-strike slip motion. The 1986 and 2016 earthquakes were on the
Northern Lenglongling fault and caused further stress to increase on the Lenglongling
fault. The Haiyuan fault is one of the main boundary faults in the northeastern Tibetan
Plateau. The Lenglongling fault is an important component of the Haiyuan fault zone.
Because of the long-term movement of the Indian plate in the NE direction of the Eurasian
continent, rupture occurs when the stress accumulation exceeds the shear rupture strength
of the Lenglongling fault’s slip rupture. The Lenglongling fault triggered the rupture of
the Tuolaishan fault at the same time, leading to the occurrence of the 2022 Menyuan
earthquake. The three earthquakes also reflected the asymmetric fault structure of the
Lenglongling fault.
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6. Results

Through GF-7 image recognition, we recognized the ground-source earthquake rup-
ture belt. Based on the Sentinel-1 SAR images, to obtain the coseismic deformation of
the 2016 and 2022 earthquakes, we calculated the phase gradient and POT of the 2022
earthquake. Based on the coseismic deformation field of the 2016 and 2022 Menyuan
earthquakes, the fault model and distributed slip model of the earthquake were inverted
based on the elastic half-space rectangular dislocation theory. After comparing these with
field investigation results, we calculated the Coulomb stress variations of the 1986, 2016,
and 2022 events. We obtained the following conclusions:

(1) The maximum deformation in the LOS direction of the coseismic deformation field
of the 2016 Menyuan earthquake was 8 cm. The maximum coseismic deformation field of
the 2022 Menyuan earthquake in the LOS direction was 72 cm. The surface deformation of
the 2022 Menyuan earthquake was determined to be concentrated on the Lenglongling fault
by comparing the phase gradients and POT results. The surface rupture zone generally
followed the WNW–ESE direction.

(2) The fault model of the InSAR coseismic deformation field inversion revealed that
the maximum slip of the 2016 Menyuan earthquake was ~0.6 m, and the fault slip was
mainly at depths of 4–10 km. The seismogenic fault of the 2016 event was the Northern
Lenglongling fault. The maximum fault slip of the 2022 Menyuan earthquake was ~4 m,
and fault slips were mainly at depths of 4–8 km. Based on how the GF-7 images were
interpreted, the fault model, the distributed slip model, the Coulomb stress, the aftershocks,
and field investigations, we considered the main seismogenic faults that broke during the
2022 event were the western Lenglongling fault and the Tuolaishan fault.

(3) The 2022 Menyuan earthquake Coulomb stress affected the Lenglongling fault,
while the spatial diversity of the surface rupture zone indicated that the Lenglongling
fault deformation and stress have continued to increase. The western segment of the
Lenglongling fault is at risk of strong earthquakes in the future, and continuous observation
of the fault activity is needed.
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