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A MS 6.6 earthquake struck Jinghe County in Bortala Mongol Autonomous Prefecture of
Xinjiang Uygur Autonomous Region on August 9, 2017. The earthquake occurred near the
eastern part of the Kusongmuxieke Piedmont Fault (KPF) in the southwest of Junggar
Basin. Using two pairs of coseismic SAR image data from the ascending and descending
tracks from Sentinel-1 (European Space Agency), we processed the interferograms to
obtain the coseismic deformation field. We calculate the fault slip distribution of the
earthquake based on the elastic half-space rectangular dislocation model with the
available location, geometry from seismic data and the coseismic deformation data.
The results show that the earthquake deformation field has the typical characteristics
of thrust faulting. The uplift deformation field is about 28 km long and 20 km wide. The
maximum displacements of InSAR line-of-sight to the ascending and descending tracks
are 49 and 68mm, respectively. The main slip is concentrated at the depth of 10–20 km.
The inverted seismic moment is equivalent to a moment magnitude MW 6.3. This result is
very similar to the slip distribution from the seismological inversion. The maximum
deformation area and the distribution of aftershocks are both on the west side of the
mainshock. They mutually confirm the characteristics of a unilateral rupture. According to
stress triggering theory, the aftershocks within 1 month after the mainshock in the layer
10–14 km deep may have been triggered by the mainshock, and the transferred stress
increases the seismic risk of the eastern section of the KPF fault. After more than 1 year, a
MS 5.4 earthquake occurred to the southwest of theMS 6.6 Jinghe earthquake. Beacause
the stress drop change (<0.01 MPa) is too small for the MS 5.4 earthquake to have been
directly triggered. Based on the analysis of multisource data and the detailed geological
investigation, the thrust Jinghenan fault which north of Kusongmuxieke Piedmont fault is
inferred to be the seismogenic fault of the MS 6.6 Jinghe earthquake.
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INTRODUCTION

Since the Cenozoic Era, the collision of the Indo-Asian Plate has
caused crustal shortening, thickening, and lateral extrusions of
the Tibetan Plateau over an area thousands of kilometers wide.
Moreover, the SN-trending compression stress has affected
Tianshan Mountain (Molnar and Tapponnier, 1975; Avouac
et al., 1993). The eastward extrusion of the crustal blocks in
eastern Tibet is accommodated by the Longmenshan thrust fault
zone and decoupled lower crust channel flow. The remote effect
has led to the reactivation of the Paleozoic Tianshan orogenic
belt, forming a ∼2,000 km-long intraplate active orogenic belt
(Tapponnier and Molnar, 1979; Windley et al., 1990; Allen et al.,
1993). The SN-trending compression caused by the remote effects
of the collision has shaped the main structure patterns of north
and south Tianshan. Along the Tianshan piedmonts, a series of
active thin-skin fold-and-thrust belts have formed, which
dominate the main region where earthquakes occur, such as
the 1902 M 8.3 Artushi earthquake, the 1906 M 8 Manas
earthquake, and the 2017 MS 6.2 Hutubi earthquake (Deng
et al., 2000; Kulikova and Krüger, 2017; Lu et al., 2018). In
addition, some other active strike-slip faults and intermontane
basins have developed within the Tianshan area, which also affect
the current active deformation, such as the NW-trending dextral
Talas-Fergana Fault and Bolokenu-Aqikekuduke Fault, the NEE-
trending sinistral Nalati Fault and Kemei Fault, and the

Bayinbuluke Basin and the YanQi depression Basin (Selander
et al., 2012; Campbell et al., 2013; Charreau et al., 2017). These
structures jointly regulate and absorb the tectonic deformation in
the Tianshan area, and historical strong earthquakes have
occurred on partial fault segments.

On August 9, 2017 (UTC 23:27:52), aMS 6.6 earthquake struck
Jinghe County in Bortala Mongol Autonomous Prefecture of
Xinjiang Uygur Autonomous Region (44.27°N, 82.83°E). The
earthquake occurred near the eastern part of the
Kusongmuxieke Piedmont Fault (KPF) and west of the
Bolokenu-Aqikekuduke Fault (Figure 1). Since 2010, several
moderate to strong thrusting earthquakes have occurred in
this area, including the MS 5.0 earthquake on October 16,
2011, the MS 6.6 Jinghe earthquake on August 9, 2017, and
the MS 5.4 earthquake on October 16, 2018. Focal mechanism
solutions obtained by several research institutions show that the
MS 6.6 Jinghe earthquake is a thrust earthquake (He et al., 2020),
which is consistent with the regional compression regime
(Figure 2).

Thrust earthquakes are often accompanied by strong vertical
coseismic deformation. Examples include the MS 7.0 Lushan
earthquake in 2013, the MS 6.5 Pishan earthquake in 2015, the
MS 6.4 Menyuan earthquake in 2016, and the MS 5.7 Kuche
earthquake in 2017, which are thrust earthquakes that occurred in
the extrusion zone (Li T. et al., 2016; Liu et al., 2016; Guo et al.,
2017). Intserferometric Synthetic Aperture Radar (InSAR) can

FIGURE 1 | (A) Fault map of the study area. Jinghe seismicity on August 9, 2017 (red circles) superimposed on a topographic relief map (Xu et al., 2016). The yellow
star is the location of the 2017 Jinghe event. The red lines denote the active faults. The blue frames are the coverage of the Sentinel-1 data. The red dots show historic
events. The blue box in (B) inset indicates the area shown in (A).
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provide large-scale and high-precision coseismic deformation
data, which can be used to estimate the fault slip distribution of
an earthquake (Li Y. et al., 2016; Wen et al., 2016; Feng et al.,
2017; Wang et al., 2017; Luo et al., 2021). This has become an
important technique in seismic research. Many coseismic
deformation studies have been carried out using a lot of
satellites data obtained by InSAR, and good results have
been achieved. The MS 6.6 Jinghe earthquake occurred in a
sparsely vegetated area, favourable for SAR observation. As it
is a blind thrust earthquake in the piedmont area, we utilized
SAR data from Sentinel-1A and 1B to construct the coseismic
deformation field. Constrained by multiple focal mechanism
solutions, we inverted the fault slip distribution and speculated
on the seismogenic fault. We analyzed the triggering relation
between the Coulomb stress change and aftershocks,
particularly the MS 5.4 earthquake on October 16, 2018.
These methods and results can be applied to study similar
blind thrust earthquakes, which is important for
understanding the potential seismic hazards.

GEOLOGICAL BACKGROUND

The epicenter of the MS 6.6 Jinghe earthquake is at the
convergence of Junggar Basin and north Tianshan, near the
eastern part of the KPF. The existing geological data of the
stratigraphic and tectonic information revealed that the KPF is
an important border fault of the north fringe of the rejuvenated
orogenic belt in the west segment of north Tianshan. The eastern
segment of the KPF is 50 km long, dip 40°–60°, consisted by four
south-inclined fault slopes, which trend 100°–110°, and indicate
thrust faults. The average upthrow along this segment is ∼3–4 m,
and the maximum vertical separation is about 8 m, with a vertical
slip rate of 0.23–0.33 mm/a during the Late Pleistocene and
0.05–0.08 mm/a during the Holocene (Chen et al., 2007). The
fault is still active and is the seismogenic structure of the MS 5.0
earthquake in 2011. A detailed geological investigation of theMS

6.6 Jinghe earthquake found several parallel nearly EW thrust
fault-folds in the piedmont of the epicenter region. There are
abundant faulted landforms and some thrust faults to the north of

FIGURE 2 | (A)Map produced after a geological investigation of the Jinghenan fault superimposed on topographic relief. The solid lines with triangles denote active
thrust faults. The dashed line is the speculative extension. The focal mechanism solutions represent the three recent earthquakes (M ≥ 5.0). The yellow star marks the
location of the earthquake on August 9, 2017. The orange star marks the location of the earthquake on October 16, 2018. The green star marks the location of the
earthquake on October 16, 2011. (B) Photograph of the Jinghenan fault reverse scarp taken by an unmanned aerial vehicle at the position of the orange dot in (A).
Red arrows indicate the scarp. (C) Photograph of the Jinghenan fault scarp taken with a handheld camera at the position of the yellow dot in (A). Red arrows indicate
the scarp.
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the KPF. An unmanned aerial vehicle is used to measure the
terrain with high precision. Obvious linear scarps can be seen in
the resulting digital elevation model. Differential GPS
measurements show that the scarp height of the Jinghenan
fault is mainly 4.8–9.9 m, and that there are several
fragmentary secondary faults with scarp heights of 0.5–1.0 m
(Figure 2). Although we did not find the surface rupture of the
Jinghe earthquake, the linear scarps and the discontinuous trace
of the fault show that the Jinghenan fault is still active.

DATA AND METHOD

InSAR Coseismic Deformation
The line-of-sight (LOS) coseismic deformation due to the 2017
Jinghe earthquake was mapped using both the descending and
ascending tracks of the Sentinel-1 TOPS (Terrain Observation
with Progressive Scans) mode (paths 63 and 85). The descending
coseismic interferogram was generated from August 7, 2017 to
August 13, 2017, and the ascending one was generated from
August 8, 2017 to August 14, 2017. These datasets have the
shortest temporal and perpendicular baselines available. The
parameters of the interferometric pairs are shown in Table 1.

In this study, the orbit error of SAR images was corrected
using the precision orbit data provided by the European Space
Agency. The interferograms were processed by InSAR using
SARscape. We generated a Multi-look image using numbers of
looks 2 for direction in azimuth and 10 in range, leading to a pixel
spacing of about 28 × 23 m2 (azimuth × range). The phase of the
interferogram φ can be expressed as

φ � φflat + φtopo + φdef + φatmo + φnoise + 2kπ, (1)

where φflat is the flat phase, φtopo is the topography phase, φdef is
the deformation phase,φatmo is the atmospheric delay phase, φnoise
is the noise phase, and k is the integer ambiguity.

A digital elevation model derived from the Shuttle Radar
Topography Mission with three arcsec resolution (Farr et al.,
2007) was used to remove the topographic effects from the
interferograms. To reduce the influence of noise, we used the
method of Goldstein (Goldstein and Werner, 1998) to filter the
differential interferograms. A vertical layered portion of the
atmospheric phase was removed based on the exponential
model (Remy et al., 2003). Then the differential interferogram
was unwrapped using the minimum cost flow algorithm
(Costantini, 1998) with a mask to get k. Note that the two
unwrapping processes selected almost the same geographical
reference point away from the deforming area. Finally,
deformation maps were geocoded (Figure 3). Both ascending

and descending data show movement toward the satellite
consistent with uplift, with maximum displacements of about 49
and 68mm, respectively. Because the baseline and time interval are
both short, the interferometric coherence is good and the coseismic
deformation field can be inverted for the fault slip distribution.

Multiple Slip Distribution Inversion
The coseismic deformation data were downsampled using dense
and sparse sampling. The main deformation was sampled at
500 m interval, and the area without obvious deformation was
sampled at 1,000 m interval. This strategy can not only effectively
retain the deformation information, but also effectively reduce
the amount of subsequent calculation. Then, the actual satellite
incident angle and its orbital azimuth angle at the sampling points
were calculated. The final input data were obtained from 3,932
ascending and 4,816 descending InSAR LOS deformation
observation points, which were jointly inverted for the fault
parameters. Following the Okada elastic half-space dislocation
theory (Okada, 1985), the inversion location and size of the fault
were determined by a nonlinear inversion. To avoid overfitting
the coseismic deformation data in the inversion, the seismological
results were used as constraints. The focal mechanism solution
includes two nodal planes. According to the geological
investigation and geological background, we can confirm the
result of south-inclined plane. So, the north-inclined nodal planes
(Table 2, Nodal plane 2) were excluded. Based on multiple focal
mechanism solutions, we used linear inversion to calculate the
slip distribution of the fault corresponding to four fixed sets of
strike angle, dip angle, and rake angle (Table 2, Nodal plane 1).
The focal mechanisms are from the Institut De Physique Du
Globe De Paris (IPGP), the China Earthquake Networks Center
(CENC), the Global Centroid Moment Tensor (GCMT), and the
United States Geological Survey (USGS). The 30 × 20 km2 fault
plane was divided into 1.0 × 1.0 km2 square units. The total
number of fault subunits was 600. The non-negative least squares
method was used to invert the slip for each subunit. To avoid the
loss of the matrix rank and oscillations in the slip distribution
solution space during the solution process, Laplace smoothing
constraints were added (Wright et al., 2003). The equation is

[dInSAR

0
] � [G2

κ2D
]m2 + [ ε

0
], (2)

where dInSAR is the LOS deformation observation data,m2 are the
fault parameters to be estimated and the six orbital fitting
parameters of the fault (to eliminate the orbital error), G2( · )
is the Green’s function that relates the deformation observation
value to the model, κ2 is the smoothing factor, D is the Laplace
smoothing operator, and ε is the observation error.

TABLE 1 | InSAR data for the Jinghe earthquake.

Image date SAR sensor △T (day) B⊥(m) Incidence (°) Geometry Track

2017-08-07 Sentinel-1A 6 118 36.0 Descending Path 63
2017-08-13 Sentinel-1B

2017-08-08 Sentinel-1A 6 95 41.6 Ascending Path 85
2017-08-14 Sentinel-1B
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Coulomb Stress Change
Several studies show a good correlation between the calculated
positive coseismic Coulomb stress change and the location of
aftershocks (Stein and Lisowski, 1983; Ma et al., 2005). According
to the Coulomb failure criterion, the Coulomb stress change is

Δσf � Δτ + μ′Δσn,

where Δσf is the Coulomb stress change on a specific receiving
fault, Δτ (positive in the direction of fault slip) and Δσn (positive
in tension) are the shear stress change and normal stress change
on the receiving fault, respectively. μ′ is the effective friction
coefficient, with the range 0–1, and includes the effects of both
friction and pore pressure.

In the present study, we investigated coseismic Coulomb stress
changes for the receiving fault of the mainshock rupture, KPF and
maximum aftershock. We calculated coseismic Coulomb stress
change using the software package PSGRN/PSCMP (Wang et al.,
2006), which considers the coupling between the deformation
and the earth’s gravity field. To further refine the Coulomb stress
changes at different depths, we forward calculated four depths.
Moreover, we calculated Coulomb stress changes for the KPF
with different dip angle 40°–60° and Coulomb stress changes for
maximum aftershock with different effective friction coefficient.

FIGURE 3 | The wrapped and unwrapped interferograms. (A, C) Ascending and descending wrapped interferograms of the MS 6.6 Jinghe earthquake,
respectively. (B, D) Ascending and descending unwrapped coseismic deformation maps, respectively. The yellow star indicates the epicenter of the mainshock. The
blue dot represents Jinghe County.

TABLE 2 | Focal mechanism solutions of the 2017 Jinghe earthquake.

Nodal plane 1 Nodal plane 2 MW Source

Strike Dip Rake Strike Dip Rake

99 45 106 257 47 74 6.34 IPGP

76 44 80 269 47 99 6.3 CENC

101 44 118 244 52 66 6.3 GCMT

92 60 92 269 30 87 6.33 USGS
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RESULTS

Multiple Slip Distribution Results
We applied the slip distribution inversion to the 2017 MS 6.6
Jinghe earthquake. We approximately determined the thrust
earthquake mechanism, which is consistent with multiple
seismological focal mechanism solutions. The deformation
field is about 28 km long and 20 km wide. The uplift area is
clearly near the epicenter. The maximum LOS displacements for
the ascending and descending tracks are 49 and 68 mm,
respectively. The deformation area is mainly on the west side
of the mainshock.

Inverting the LOS coseismic deformation data from
Sentinel-1 SAR images for both ascending and descending
tracks with the constraints from the four focal mecahmisms,
we obtained four slip distributions as well as four smoothing
factors, ∼0.05. A 3D image of the Jinghe earthquake with the
four slip distributions, aftershocks, and regional topography is
shown in Figure 4. The main slip is on the west of the
seismological source and concentrated at a depth of
10–20 km. The result, which is constrained by focal
mechanism solutions from USGS, is at an upper depth of
8–15 km. All results show that the rupture did not reach the

surface. The four maximum slips are 0.78 m constrained by
IPGP data, 0.82 m constrained by CENC data, 0.83 m
constrained by GCMT data, and 0.65 m constrained by
USGS data. The four estimated seismic moments correpond
to MW 6.31 constrained by IPGP data, MW 6.29 constrained by
CENC data,MW 6.33 constrained by GCMT data, andMW 6.25
constrained by USGS data. These are almost equivalent to the
moment magnitude MW 6.3 (Table 2). The aftershocks are
concentrated on the NW direction of the fault plane above
15 km. The result shows that the Jinghe earthquake is a typical
south-inclined thrust rupture event, which ruptured
unilaterally from east to west.

Coulomb Stress Change Results
We calculated coseismic Coulomb stress changes by the 2017MS

6.6 Jinghe earthquake using the software package PSGRN/
PSCMP (Wang et al., 2006). Based on the distribution of slip
and aftershocks between 2 and 18 km depth, we calcualted the
Coulomb stress changes at four depth intervals: 4, 8, 12, and
16 km depth (Figure 5). Some works in the literature suggest that
the effective friction coefficient should be 0.8 for a thrust fault
(Parsons and Dreger, 2000; Ali et al., 2008). For all the Coulomb
stress calculations we assumed the elastic half-space model with

FIGURE 4 | 3D stereograms of the Jinghe earthquake. The red lines on the topography denote active faults. The black arrow points north. The largest red
dot indicates the mainshock. The dark red dots indicate the spatial distribution of precise located aftershocks (from Fang et al. (2017), personal
communication). The red to blue shading indicates the amount of slip from large to small on the fault slip plane. Each patch is 1.0 × 1.0 km2. For clarity, the
terrain elevation is 1.5 times the gain. Slip distribution are constrained by focal mechanism solutions from (A) IPGP, (B) CENC, (C) GCMT, and (D)
USGS.
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the fault slip distribution derived from the InSAR modelling, an
empirical friction coefficient of 0.8, and the mainshock focal
mechanism from IPGP for the receiving fault. In addition, to
evaluate the effect of different slip distributions on the Coulomb
stress changes, we also have calculated the Coulomb stress
changes based on the other fault slips (Supplementary
Figures S1–S3).

Coseismic Coulomb stress changes for the KPF with different
dip angle 40°–60° were calculated. In order to facilitate calculation
and display, we have determined the location of the fault based on
the surface traces from the geological investigation. Due to the
uncertainty in the dip angle, we assumed three different dip angle
values of 40°, 50° and 60° (Figure 6). The three results all show
that the positive stress change area is at the depth of 5–10 km.
And extending the SE direction of the fault, the positive stress
change gradually becomes shallower. In comparison, the dip
angle 60° of the fault parameters is more significantly affected
by the Coulomb stress changes.

On October 16, 2018, a MS 5.4 earthquake occurred to the
southwest of the MS 6.6 Jinghe earthquake. The epicenter is
determined to be 44.16°N, 82.52°E and with the depth 15.8 km.
We plotted the Coulomb stress changes at a depth of 16 km for
the effective friction coefficient of 0.4 and 0.8 respectively
(Figure 7). The result shows that there is little Coulomb stress
change produced by the MS 6.6 Jinghe earthquake to the MS 5.4
earthquake. To evaluate the effect of different slip distributions,
we also calculated the Coulomb stress changes based on the
parameters of several fault slips (Supplementary Figures S4–S6).

DISCUSSION

Fault Slip and Aftershocks
In general, for the moderate magnitude earthquakes (4.5 ≥M ≥
5.5), there is good agreement between InSAR centroid location
and seismic hypocentre locations with a median difference of
∼6.3 km (Weston et al., 2012). We used the method of double-
difference earthquake location to relocate the mainshok. It
determined the initial location of mainshock. The distances
between InSAR centroid locations and relocation of
mainshock are ∼6.0 km. By comparison, the model obtained
with CENC data better explain the observed ground
deformation. For the descending, the area with the
maximum displacement is larger and closer to the
observation (Supplementary Figures S7–S10). The
descending RMS of ∼0.004 m between observed and
modeled is smaller than the other three models. The
descending RMS of ∼0.007 m results from the noisier
ascending data. Among the four results, the two slip
distribution results are similar, which are based on the
inversion of IPGP and GCMT parameters. They have the
same trend as the InSAR inversion results obtained by
Gong et al. (2019). From the relation between the
mainshock and detailed slip patches, it can be seen that as
well as the rupture from east to west, the fracture gradually
became deeper along the south-inclined plane up to the depth
of ∼20 km. The process of position travel from the mainshock
to the main slip patches is very clear. This earthquake ruptured

FIGURE 5 | Coseismic Coulomb stress changes of slip distribution are constrained by IPGP with the receiving fault of the mainshock. (i.e., strike � 99°, dip � 45°,
rake � 106°, and friction � 0.8). Coulomb stress changes at depths of 4, 8, 12, and 16 km, respectively. The black lines denote the active faults. The 2–6 km deep
aftershock projection was in the 4 km plane (A), the 6–10 km deep aftershock projection in the 8 km plane (B), the 10–14 km deep aftershock projection in the 12 km
plane (C), and the 14–18 km deep aftershock projection in the 16 km plane (D). The aftershocks (M ≥ 2.0) are denoted by black circles filled with rose. The
epicenter of the mainshock is denoted by a yellow star.
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toward the southwest and downdip in ageement with
seismological results (He et al., 2020; Zhang et al., 2020).
The ∼45°S fault slip is consistent with the surface fault trace

found by surface investigation. Considering the
comprehensive information, the two inversion results
constrained by IPGP and GCMT are reliable.

FIGURE 6 |Coseismic Coulomb stress changes of slip distribution are constrained by IPGPwith the receiving fault of KPF. (A) The red line is simplified surface trace
of KPF. The epicenter of the mainshock is denoted by a yellow star. Coulomb stress changes on the fault plane in (B) dip angle 40°, (C) dip angle 50°, and (D) dip
angle 60°.

FIGURE 7 | Coseismic Coulomb stress changes of the slip distribution are constrained by IPGP data with the receiving fault of the MS 5.4 earthquake focal
mechanism (strike � 106.3°, dip � 53.1°, and rake � 100.0°) (from Liu et al., 2021; personal communication). TheMS 5.4 earthquake on October 16, 2018, is denoted by
black circle filled with rose. The epicenter of the mainshock is denoted by a yellow star. Friction is (A) 0.4 or (B) 0.8.
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Several aftershocks occurred in 1 month after the mainshock
and are precise located. These aftershocks are distributed over a
zone which ∼38 km long with EW trending, predominantly at a
depth of 3–15 km. The average error of aftershocks relocation is
1389 m in the vertical direction, while the RMS of all events is
0.26 s (Supplementary Figures S11, S12). To reveal the relation
between the fault slip distribution and the aftershocks, we
projected the positions of aftershocks parallel to the fault slip
planes. Both the spatial distribution of the clustered aftershocks
and the distributions of the larger fault slips are on the west side of
the mainshock (Figure 8). However, note that the aftershocks are
mainly in patches with low slip on the upper edge of the rupture.
The aftershocks are obviously scarce in patches with a high slip at
a depth of 13–17 km, which may be due to the full rupture of the
mainshock in these patches.

Coulomb Stress Change by the Jinghe
Earthquake
As shown in Figure 5, the magnitude of Coulomb stress changes
at depths of 8, 12, and 16 km are larger than at 4 km depth. The
changes may be because the main coseismic slip occurred within
the depth range of 10–20 km. Altogether, 55 aftershocks (M ≥ 2.0)
occurred within 1 month after the mainshock around the
epicenter of the mainshock. There are few aftershocks above

10 km in the positive stress change area. At a depth of 10–14 km,
there are 32 aftershocks in the stress shadow area, 43.75% of
which are in the positive stress change area. The Coulomb stress
increased over 0.01 MPa in the positive stress change area.
Therefore, some aftershocks in the layer 10–14 km deep may
have been triggered by the mainshock. Although there are
aftershocks below 14 km in the positive stress change area that
increased by over 0.01 MPa, there are too few of them in the layer
to explain the triggering mechanism of deep aftershocks. We
speculate that the aftershocks below 14 km reflect the absence of
high-pressure fluid sources at depth. This is based on the
assumption that the focal mechanisms of the triggered
aftershocks are similar to that of the mainshock. Moreover,
the comparison shows that the different fault slips have a
small influence on the Coulomb stress changes. However, the
stratification of aftershocks above 10 km in the negative stress
change area is not altered.

Due to the lack of focal mechanism parameters of the
aftershocks, it is assumed that these are the same as the
mainshock. In fact, the fault geometry parameters of these
events may not be exactly the same. We believe that the
inconsistency may result from the uncertainty in the focal
mechanism parameters of the aftershocks. In particular, the
occurrence of some shallow aftershocks above 10 km in the
negative stress change area may be because we used a single

FIGURE 8 | Projections of aftershocks parallel to the fault slip planes with EW trending. The red dot indicates the mainshock. The white dots indicate the
aftershocks. Red to blue shading indicates the amount of slip from large to small on the fault slip plane. Slip distribution are constrained by focal mechanism solutions
from (A) IPGP, (B) CENC, (C) GCMT, and (D) USGS.
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fault plane. The triggering of aftershocks by the mainshock has an
obvious stratification in depth. Similar stratification has also been
described for other earthquakes (Yang et al., 2019), which may
indicate that there is crustal medium difference in layer probably.
In further research, we will calculate the Coulomb stress change
on the faults around the epicenter and evaluate the seismic risk.
Furthermore, it might be possible to use a viscoelastic layered
model to assess the effects of historical earthquakes.

Besides, we can see that the mainshock transfered the stress to
the KPF and the magnitude (≥0.01 MPa) is larger on the SE
section of the fault at the depth of 5–10 km (Figure 6). The three
results of different dip angle show that the higher dip angle the
greater change. We think that it is essentially due to the distance
from the mainshock. Similarly, the SE section of the KPF is more
significantly affected than the NW section, which is also the
reason. It indicates that the seismic risk of the eastern section of
the KPF fault has been increased in the future.

As shown in Figure 7 and three other results (Supplementary
Figures S4–S6), a comparison of the four different slip
distributions shows that the polarity of the Coulomb stress is
changed, as it ranges from −0.005 to 0.002 MPa. All the fault slips
influence the Coulomb stress change in the area of the MS 5.4
earthquake. However, the epicenter of the MS 5.4 earthquake is
relatively far away from the mainshock and the magnitude
(<0.01 MPa) is too small for it to have been directly triggered.
Considering that aftershocks are fluid-driven and decay rates
controlled (Miller, 2020). It may be associated with transport of

generated fluids through dehydration during aftershocks, or
draining of trapped and high-pressure fluids in the area.

Schematic Geometry Model
Combined with seismological information, the deformation from
InSAR data, and a detailed geological investigation, we constructed a
schematic geometrymodel of the seismogenic fault. For awhile shortly
after the earthquake, KPF was mistaken for a seismogenic fault. The
reason is quite straightforward, as the epicenter of the Jinghe
earthquake is near the eastern part of the KPF, which based on
existing geological knowledge, is a thrust fault.However, we found that
the mainshock is not on the strike of the known KPF. Moreover, the
spatial distribution of the precisely located aftershocks shows thatmost
aftershocks are on the north footwall of the south-inclined thrust KPF.
The InSAR data and seismological results also suggest that the thrust
seismogenic fault is north of the KPF. Other studies confirm this
(Gong et al., 2019; He et al., 2020). We have mapped the spatial
location of the inversion fault as accurately as possible on the
schematic geometry model. The speculative extension of the ∼45°S
fault slip can be matched with the Jinghenan fault surface trace
(Figure 9). It is difficult to match the fault slip model with the
spatial location and geometry of the KPF.We think the KPF is not the
seismogenic fault. With the dominant extrusion background, fold-
thrust belts to the north of the mountain front will propagate into the
foreland. Although the trace of the Jinghenan fault is very
discontinuous on the surface, it is a piece of important geological
evidence for the existence of a non-single thrust fault to the north of

FIGURE 9 | Schematic geometry model of the Jinghe earthquake. The thin red lines denote the active faults. The black arrow points the direction of northeastern
100°. The largest orange dot indicates the mainshock. The dark red dots indicate the aftershocks. The bold line indicates the fault slip model. The red part of the bold line
is the main slip. The broken line is the speculative fault extension. The geoid up and geoid down are at the same scale specifically.
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piedmont. The thrust Jinghenan fault north of the KPF is inferred to
be the seismogenic fault of this earthquake.

Some other studies have noted that the Jinghenan fault extends
downward from the land surface with a dip of ∼46°S for the upper
ramp bending to ∼42°S for the lower ramp (Hu et al., 2021). Since
only the derived InSAR results not have sufficient resolution to
distinguish changes in strike angle and dip angle within a certain
range, the inversion above used fixed parameters. Although our
study could not detect such a change of the dip angle, the relation
between the Coulomb stress change and aftershocks suggests that
there is stratification, whichmay indicate that there is a change of the
crustal layer medium. Certainly, ascertaining whether there was a
change in the geometric structure or the crustal medium requires
more information, such as a seismic profile and geological trench.

CONCLUSIONS

The 2017MS 6.6 Jinghe earthquake is a thrust earthquake without
surface rupture. It occurred on fold-thrust belts to the north of the
mountain front. The inversion slip distribution from InSAR
deformation data, aftershocks, geological structure, and
regional topography is used to construct a 3D reconstruction
of the Jinghe earthquake. The characteristics of the fault slip
distribution, aftershocks projection, and rupture process are
based on a comprehensive analysis of the multidisciplinary
data. Combined with a detailed geological investigation and
existing geological knowledge, the position of the seismogenic
fault is inferred. Furthermore, the Coulomb stress change is
calculated. We use stress triggering theory to analyze the
relation between the Coulomb stress change and aftershocks,
particularly the MS 5.4 earthquake on October 16, 2018. This
earthquake has a magnitude of less than 7 and lacked a surface
rupture. Meanwhile, the seismogenic fault is an unknown fault. In
addition, a strong aftershock occurred later. It is a complex
seismic event, and similar seismic events occur frequently in
active thrust systems pose hidden in mountain fronts (Diao et al.,
2015; Li T. et al., 2016; He et al., 2016; Wang et al., 2019). The
proposed integrated approach of our study may serve as a
reference for evaluating seismogenic faults of similar blind
thrust earthquakes and the relation between mainshock and
aftershocks. The major conclusions of this study are as follows:

1. The maximum deformation area and the aftershocks are on
the west side of the mainshock. They mutually confirm the
characteristics of a unilateral rupture. The Jinghe earthquake
unilaterally ruptured from east to west. The fracture gradually
became deeper toward the southwest and downdip along the
south-inclined plane to a depth of ∼20 km. The aftershocks are
mainly in patches with low slip on the upper edge of the
rupture. It can be seen that the combination of geodetic and
seismological data can be used to reveal more details of fault
geometry and rupture processes.

2. Based on the perspective of Coulomb stress change due to the
mainshock, the aftershocks (M ≥ 2.0) within 1 month after the
mainshock in a layer 10–14 km deep may have been triggered
by the mainshock. The relation between the Coulomb stress

change and aftershocks indicates stratification, probably due
to the simple unified fault plane used and the change of the
crustal layer medium. The stress transferred from the
mainshock to the KPF leads to increase the seismic risk of
the eastern section of the KPF fault in the future. The MS 5.4
earthquake is relatively far away from the mainshock and the
magnitude (<0.01 MPa) is too small for it to have been directly
triggered. It may be associated with transport of generated
fluids through dehydration during aftershocks, or draining of
trapped and high-pressure fluids in the area.

3. In the analysis of themultiple data sets andmodels, it is difficult to
match the fault slipmodelwith the spatial location and geometry of
the KPF. The thrust Jinghenan fault north of the KPF is inferred to
be the seismogenic fault of the MS 6.6 Jinghe earthquake.
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