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Abstract: The Mw 6.3 Jinghe earthquake struck Xingjiang Province, China, on 8 August 2017 (05:15:04
UTC); the epicenter was near the Kusongmuxieke Piedmont Fault (KPF) of the northern Tian Shan
Mountains. We used multi-source and multi-track satellite Synthetic Aperture Radar (SAR) imagery
and Interferometric SAR (InSAR) techniques to reconstruct the coseismic displacement field from
different line-of-sight geometries. To reduce the phase artifacts, we employed multi-temporal scenes
acquired by Sentinel-1, and reconstructed the coseismic deformation through a temporal averaging
strategy. Together with a single interferometric pair obtained using the Phased Array type L-band
Synthetic Aperture Radar 2 (PALSAR2) sensor aboard the Advanced Land Observing Satellite 2
(ALOS2), we obtained five displacement maps with slightly different viewing geometries; all of
which were used to constrain a geodetic inversion to retrieve the fault geometry parameters and
slip distribution. Based on the focal mechanism and regional geology, we constructed multiple fault
models that differ in dip direction (south and north dipping), and various striking angles. Both
models fit the InSAR displacement maps, but have slip distributions of different depths. The slip
depth of the south dipping model, with a dip of ~42◦, is the most consistent with the relocated
earthquake sequence and regional geological structure. Through the geodetic inversion, the maximum
slip (0.25 m) occurred at 14.05 km and the associated rake was 89.56◦. The result implies that the
seismogenic fault is a blind thrust fault north of KPF (towards the foreland). Considering the relative
locations of the suggested blind fault, the KPF, and the continuing north to south (N–S) shortening of
the Tian Shan Mountains, this fault could be formed by the northward propagation of the regional
fold-thrust belt.
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1. Introduction

On 8 August 2017 at 23:27:53 UTC, a Mw 6.3 earthquake struck 37 km south of Jinghe County,
Xingjiang Province, western China (Figure 1). The event caused multiple injuries and the destruction
of infrastructure [1]. According to the China Earthquake Networks Center (CENC), the epicenter was
determined to be 82.89◦E and 44.27◦N, with a focal depth of 11 km. CENC provided the following
two nodal plane solutions: 269◦/47◦/99◦ and 76◦/44◦/80◦, with respect to the strike, dip, and rake of
the seismogenic fault. Along with the focal mechanism solutions from the USGS [2] and the Global
Centroid Moment Tensor (GCMT; Table 1) [3,4], the data suggest that the event was dominated by
thrust faulting. There was no observed surface rupture caused by this event [5].
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The earthquake was located on the southwestern margin of the Junggar Basin, close to Borohoro
Shan, a part of the northern Tian Shan Mountain Range. The epicenter was near the eastern section of
the Kusongmuxieke Piedmont Fault (KPF; Figure 1), within a fold and thrust belt zone that extends
across the Junggar Basin, Tarim Basin, and Tian Shan Mountains. Note that the basin-and-range region
along the southern and northern boundary of Tian Shan host relatively large earthquakes (M > 5; [6]).
While the Jinghe area is part of such a basin-and-range region that extends along the northern boundary
of the Tian Shan Mountains. This area was relatively poorly studied, many previous research at
Northern Tian Shan was focused on the west of Urumqi, where the M8.3 Manas earthquake occurred
in 1906 (e.g., Avouac et al. [7]). Therefore, characterizing the seismogenic fault of the 2017 Jinghe Mw
6.3 event is important for providing more information about the regional tectonics, and for evaluating
the potential earthquake hazard at this area.

Table 1. Focal mechanism solutions of the 2017 Mw 6.3 Jinghe earthquake.

Source a Lat. (◦) Lon. (◦) Depth (km)
Nodal Plane 1 (◦) Nodal Plane 2 (◦) Mw

Strike Dip Rake Strike Dip Rake

USGS 82,827 44,301 20 269 30 87 92 60 92 6.3
GCMT 82,740 44,400 27.6 244 52 66 101 44 118 6.3
CENC 82,890 44,270 11.0 269 47 99 76 44 80 6.3

a USGS—United States Geological Survey; GCMT—Global Centroid Moment Tensor; CENC—China Earthquake
Networks Center.

Owing its remote location and complex topography, the Jinghe area lacks ground monitoring
networks and geological surveys. The local seismic network is sparse, with only two sites within a
100 km radius of the earthquake epicenter [5]. The nearest continuous Global Positioning System
(GPS) site is more than 30 km away. According to Deng et al. [8], most historical earthquakes in
the northern Tian Shan Mountains have been associated with blind thrusts. Together, these factors
have made it difficult to determine the seismogenic fault and its attributes. However, the synthetic
aperture radar interferometry (InSAR) technique provides the opportunity to conduct geodetic studies
of the coseismic events in remote locations. This approach can provide accurate static displacement
information with high spatial coverage and resolution, which can be further used to constrain the
earthquake source parameters. In the Tian Shan region, satellite InSAR was successfully applied
for coseismic deformation reconstruction and the geodetic inversion of the source characteristics,
following the 2008 Mw 6.7 Wuqia earthquake [9] and the 2016 Mw 6.0 Hutubi earthquake [10]. Previous
efforts to study the 2017 Jinghe event have focused on aftershock relocation data analysis and InSAR
displacement. Bai et al. [11] and Liu et al. [12] investigated the seismic source characteristics based on
the earthquake sequence relocation, and their results suggest aftershocks distributed in an east and
west (EW) direction with a vertical depth mainly within 7–18 km. Liu et al. [13] rebuilt the coseismic
deformation map and estimated the fault geometry based on two interferograms calculated from the
data pairs in the ascending and descending orbits, and they derived the maximum slip at about 7–8 km
in a down-dip direction, with a dip angle of about 40◦. Although these works suggest that the 2017 Mw
6.3 Jinghe earthquake is related to the KPF, the depths between the InSAR derived slip zones and the
relocated earthquake sequence are not compatible. In this study, we used multi-temporal, multi-sensor,
and multi-geometric satellite SAR imagery to report on the deformation of the 2017 Mw 6.3 Jinghe
earthquake. Our data include four tracks (two adjunct ascending tracks and two adjunct descending
tracks) of multi-temporal Sentinel-1 A/B (S1) imagery, and two interferometric pairs acquired by the
Phased Array type L-band Synthetic Aperture Radar 2 (PALSAR2) sensor aboard the Advanced Land
Observing Satellite 2 (ALOS2). The benefit of exploring multi-temporal S1 datasets is a reduction in
noise impacts, especially atmospheric artifacts. Overall, we generated five coseismic deformation maps
from different viewing geometries, and used these to constrain the geodetic inversion and resolve the
fault geometry and slip distribution. Based on the regional geological information and published focal
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mechanism solutions, we built two fault models with different dipping directions, and calculated the
corresponding slip distributions in an elastic half-space. We used the inversion results to determine the
characteristics of the seismogenic fault. The results of this study provide new insights into the regional
tectonic setting of the northern Tian Shan Mountain Range, and the future seismic risk in this region.
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Figure 1. Tectonic setting of the study area with focal mechanism solutions of Mw >5 earthquakes
derived from the Global Centroid Moment Tensor GCMT ([3]; red for the 2017 Mw 6.3 Jinghe earthquake,
black for historical events). The red star denotes the epicenter of the Mw 6.3 Jinghe earthquake. Gray
circles denote instrumental earthquakes (Mw >3) between 1976 and 2018. The velocity field at the
Global Positioning System (GPS) stations published by Kreemer et al. [14] are plotted as red vectors.
Black lines denote major faults, namely: KPF—Kusongmuxieke Pediment Fault; MLF—Mengma Lale
Fault; BEF—Bo’erbosong Fault; KRF—Kax River Fault; BOF—Borohoro Fault; FTG—Four Trees-Gurt
Fault; YMF—Yamat Fault. The black box in insert (a) denote the locations of the study area with respect
to China. The boxes in insert (b) denote the coverage of the processed images with track numbers at
the side (blue box for the Advanced Land Observing Satellite 2 (ALOS2) and red boxes for Sentinel-1).

The remainder of this manuscript is structured as follows. Section 2 introduces the regional
tectonics and the dataset used in this study. Section 3 describes the methodology of the coseismic
displacement map reconstruction, including the processing schemes for multi-temporal S1 data.
Section 4 presents the determination of the fault parameters and the slip distribution inversion.
Section 5 discusses the interaction between the seismogenic fault and regional tectonics, and considers
the seismic potential in this area. Section 6 concludes the manuscript.

2. Regional Tectonic Settings and Dataset

2.1. Tectonic Setting

The Tian Shan Mountain Range is an intracontinental mountain belt of Central Asia that can
be attributed to the India–Eurasia collision. It is the longest and highest mountain belt in Central
Asia, with an average elevation of ~4000 m. It extends 300–500 km from the Tarim Basin in the south
to the Junngar Basin in the north; from east to west, it extends more than 2500 km from the Gobi
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Desert (Xinjiang, China) to the Kyzylkum Desert, Kazakhstan [7]. On the north side of the Tian Shan
Mountains, the long-term crustal shortening rate varies from 2.1 to 5.0 mm/a, according to quaternary
studies [15]. Present-day GPS measurements indicate that the crustal shortening rate decreases from
west to east, being ~5–10 mm/a in the eastern Tian Shan Mountains (84–88◦E), and up to 20 mm/a in
the western Tian Shan Mountains [16].

Along the piedmonts of the Tian Shan Mountains, the regional geology appears to be dominated
by thrusts that strike roughly east-west, and the folding of Cenozoic Sediments [7,17]. Previous studies
have suggested that thrust faulting systems accommodate most of the upper crustal north–south
shortening of the Tian Shan region [18]. The foreland fold-thrust systems have hosted many historical
moderate to large earthquakes, especially those generated along complex blind thrust faults [19].

The epicenter of the 2017 Mw 6.3 Jinghe earthquake was near the eastern segment of the
Kusongmuxieke Piedmont Fault (KPF). The KPF extends from the Jipuke area of Jinghe Country in
the east, along the Kusongmuxieke Mountains, to Sayram Lake in the west. Based on the geological
study of Chen et al. [20], it is a young active reverse fault that has developed within the fold-thrust
belt, with an overall distance of 160 km, striking NW–SE, and dipping approximately towards south at
a dip angle of 40–60◦. The eastern segment of the KPF experienced a vertical displacement of 3–4 m
(corresponding to an active vertical rate of 0.23–0.33 mm/a) during the Late Pleistocene, and 0.5–0.8 m
(an active vertical rate of 0.05–0.08 mm/a) during the Holocene [20,21].

According to the China Earthquake Datacenter, between 1900 and 2017, there were six earthquake
events with a magnitude of M ≥6 within a 200 km radius of the 2017 Mw 6.3 Jinghe epicenter
(http://data.earthquake.cn/). The largest was the M7.2 Xinyuan earthquake, which occurred on
10 March 1944, ~95 km east of the 2017 Mw 6.3 Jinghe event. Most moderate-to-large earthquakes
in this area are dominated by reverse faulting (Figure 1). Since the 2017 Jinghe event, the largest
earthquake in this region was a Mw 5.2 event on 16 October 2018; this event was characterized by
reverse faulting, and had a depth of 25.5 km [22]. The epicenter was located between the KPF and the
Mengma Lale Fault (MLF), near the un-mapped eastern extension of the Keguqing Fault [23].

2.2. SAR Imagery and Auxiliary Datasets

Multi-track and multi-temporal SAR imagery acquired by Sentinel-1 and ALOS2 were used in
this study in order to reconstruct the coseismic deformation of the 2017 Mw 6.3 Jinghe event. The S1
constellation consists of two satellites, Sentinel-1A and Sentinel-1B, both carrying C-band SAR sensors,
which share the same orbital plane. They mainly run in the so-called Interferometry Wide (IW) swath
mode; this allows the sensors to acquire SAR imagery in the Terrain Observation Progressive Scanning
(TOPS) mode, which has a swath width of 250 km and a ground resolution of 5 × 20 m [24]. We
collected the S1 imagery acquired within four months, with two adjunct tracks for both the descending
and ascending orbits (red boxes in Figure 1 insert (b)). Therefore, we have four tracks of S1 data with
different viewing geometries, all of which have coverage over the reported epicenter of the Jinghe event.
Considering that this area is strongly impacted by tropospheric and decorrelation artifacts, we utilized
the abundant S1 acquisitions to apply the stacking method [25] to the dataset. We generated stacks of
unwrapped S1 interferograms, all containing coseismic signals for each different view geometry. Then,
we stacked the unwrapped S1 interferograms for each individual viewing geometry so as to reduce
noise. We also processed two PALSAR2 pairs, and selected the one with the lower noise level. This
ALOS2 interferometric pair was in fine stripmap mode, with a swath width of 70 km and a reported
resolution of 10 m [26]. The purpose of adding the PALSAR2 observation was to introduce independent
observations from a different viewing geometry, which improved our confidence in determining the
geometry of the 2017 Jinghe event seismogenic fault.

Additionally, we used the Shuttle Radar Topography Mission (SRTM) digital elevation model
(DEM) product in the formation of differential interferograms. Information on the multiple viewing
geometries were calculated from the corresponding SAR satellites’ orbit parameters and SRTM DEM.

http://data.earthquake.cn/
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3. Coseismic Displacement Field Reconstruction

3.1. Processing Strategy of Multi-Temporal and Multi-Geometric Interferogram Stacks

Typically, coseismic deformation maps of moderate or larger earthquakes can be generated via a
single interferometric pair, with a master image acquired prior to the earthquake and a slave image
acquired after it. This is because the coseismic signal should be the dominant signal in the interferometric
phase. However, SAR acquisitions of the Jinghe region are severely impacted by artifacts, especially
atmospheric signals (Figure 2). Figure 2a shows a SAR image severely impacted by atmospheric signals,
especially turbulent signals, with the coseismic displacement barely distinguishable. Figure 2b shows
strong terrain-correlated atmospheric (also called stratification) signals. Both examples have similar
time intervals (approximately two months), and thus both show a generally good coherence around
the epicenter. Decorrelation mainly occurs in the mountainous region southwest of the epicenter.

Benefiting from redundant S1 acquisitions, for each track, we applied a stacking strategy to the
multi-temporal S1 interferograms in order to refine the coseismic displacement signal. This stacking
scheme is a temporal averaging solution to mitigate temporal uncorrelated noisy signals. The main
contribution of temporal uncorrelated signals includes the atmospheric turbulence component and the
decorrelation of noisy signals [27]. Statistically, assuming such averaging is applied to N independent
interferograms with the same noise level ( σi = σ0), and all of them contain seismic deformation
signals, the theoretical noise reduction level is 1/

√
N compared with the result derived from a single

interferogram [28]. This step can be described by Equation (1) as the estimation of the root-mean-square
deviation (σ) of the averaged interferograms.

σ =

√
σ2

1 + σ
2
2 + · · ·+ σ

2
N

N
=

√
1
N
·σ0, (1)

Similar solutions have been applied to various applications in order to reveal the average
displacement rate maps, including studies of volcano deformation [29], inter-seismic strain
accumulation [25], and subsidence in coastal regions [30].
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Figure 2. Examples of interferograms affected by strong atmospheric signals, where red stars denote
the epicenter of the Mw 6.3 Jinghe earthquake. (a) Wrapped interferogram from ascending track T12 (4
June 2017–15 August 2017); (b) wrapped interferogram from descending track T165 (8 August 2017–1
September 2017). The scale per one color-cycle is 2π.

With regard to the interferometric phase decomposition, the unwrapped differential interferometric
phase, φp,i, of pixel p in interferogram i can be modeled using Equation (2) [27]. The φp,i consists of
two parts, coseismic displacement, φp,i,disp, in the satellite’s line-of-sight (LoS) direction, and artifacts,
φp,i,res.
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φp,i = φp,i,disp + φp,i,res
φp,i,res = φp,i,res−topo + φp,i,orbit + φp,i,atm + φp,i,noise

(2)

where φp,i,res−topo is the phase contribution caused by the inaccuracies in the DEM used in differential
interferogram generation; φp,i,orbit is the phase introduced by the inaccurate satellite orbits; φp,i,atm is
the atmospheric artifacts caused by the inconsistent atmosphere refractivity at the master and slave
acquisition times; and φp,i,noise is the noise term consisting of system thermal noise, decorrelation noise,
and so on.

The φp,i,topo term is minimized by selecting interferograms with a short perpendicular baseline
(B⊥). This is because this term is a function of B⊥ and the height difference between the external
DEM and real terrain conditions at the acquisition time [27]. We applied a B⊥ threshold of 100 m,
which corresponds to a maximum height-error related phase term (phase per meter of height-error) of
less than 0.05 rad/m for Sentinel-1, and less than 0.02 rad/m for the ALOS2 pairs. Furthermore, we
applied the precise orbit vector in the S1 interferometric data processing to reduce φp,i,orbit. For each
individual interferogram, we modeled and subtracted a linear phase ramp to mitigate φp,i,orbit, and
some large scale φp,i,atm contributions. In this step, we manually masked the deforming zone prior to
the estimation of the planar polynomial coefficients.

Theφp,i,atm contribution can be categorized into atmosphere stratification and turbulent mixing [27].
Using joint analysis based on multi-year atmospheric reanalysis total delay products and InSAR data,
Dong et al. [31] suggests that the stratified delay in mountain regions has a seasonal change pattern.
Thus, we limited our SAR acquisition to a similar season (end of May to September 2017) in order
to reduce the impacts from the stratified delay. Turbulent mixing is considered to be temporally
random [27]; therefore, over time, the mean value should be zero. Here, we applied temporal averaging
to redundant coseismic interferograms, such that the turbulent contribution of φp,i,atm was mitigated.
This concept can be mathematically described by Equation (3). Assuming there are M coseismic
interferograms, φp,i−ave is the averaged phase at each pixel. The temporal averaging of non-deformation
residuals (

∑i=M
i=1 φp,i,res) leads them to be approximately zero (or minimized), and thus we can obtain

the averaged coseismic signals, φp,i,de f o, as follows:

φp,i−ave = φp,i,de f o +
i=M∑
i=1

φp,i,res (3)

However, the S1 data from the four-month period only provided a limited number of S1 images; as
such, our coseismic interferograms were not fully independent. This compromises the artifact reduction
performance of the temporal averaging; therefore, the noise reduction level in our study was less than
the theoretical one (by a factor of 1/

√
N). Note that we did not apply the temporal averaging to the

ALO2 datasets, because this sensor has limited acquisitions within this region. Instead, we selected the
dataset with the fewest atmospheric noise impacts to generate the coseismic displacement map.

Note that a drawback of the temporal averaging scheme is that it will include a longer time period
after the main shock; thus, the estimated deformation field contains some post-seismic contributions.
In our case, this compromise is taken under the existence of server atmospheric artifacts (e.g., Figure 2),
which are likely larger than the post-seismic signals, or even the coseismic signals. Also, the impacts of
postseismic signals within the first a few months is likely to be limited in some cases. For example, the
maximum postseismic displacement for the 2008 Mw 6.3 Bamxung earthquake was less than 2 cm
within 90 days after the main shock, while the maximum cosesimic deformation of the same quake was
more than 25 cm [32]. Therefore, the dominated displacement of S1 results of the Jinghe case should be
dominated by the coseismic signal.
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3.2. Sentinel-1 Interferogram Processing

The 2017 Jinghe Mw 6.3 event was observed by four adjunct tracks, two in ascending orbit and
two in descending orbit. From these, we generated interferometric displacement maps with four
different viewing geometries. For each track, we created a stack of multi-temporal coseismic differential
interferograms, and applied temporal averaging analysis to reconstruct the corresponding LoS coseismic
displacement field. As mentioned above, we set perpendicular baseline (B⊥) limits of ~100 m to reduce
the impacts from the inaccuracies in the external terrain model. We limited the temporal baseline (Bt)
to approximately four months (three months prior to and one month after the earthquake), in order to
improve the coherence and reduce the post-seismic movement signals. The distributions of Bt and B⊥ for
each S1 stack are shown in Figure 3. Through temporal averaging, the atmospheric turbulence is largely
reduced, given that this component is considered to be a random signal in time.

All of the individual differential interferograms were processed using the GAMMA software. We
processed the Sentinel-1 data with a multi-look factor of 10 in range and 2 in azimuth. The multi-looking
step was employed to reduce the speckle noise while preserving a sufficient spatial resolution to
reconstruct the coseismic deformation. Prior to the phase unwrapping, the generated interferograms
were also filtered with an adaptive filter based on the local fringe spectrum [33]. A minimum cost flow
(MCF) approach was applied to unwrap all of the generated interferograms [34,35].

Finally, we visually inspected the unwrapped interferograms, and those with severe atmospheric
signals and unwrapping errors were discarded from the rest of the multi-temporal analysis step.
During the selection, we also ensured that there were at least two interferograms connect to each SAR
acquisition (Figure 3); this allowed for a level of redundancy that prevented residual errors (e.g., phase
unwrapping errors) from propagating through the interferogram stack network [36]. Then, for the data
from each single geometry, we applied temporal averaging to the selected unwrapped interferometric
images. Finally, we generated four average coseismic displacement maps with different LoS viewing
geometries; these were used for the slip distribution inversion.

Remote Sens. 2019, 11, x FOR PEER REVIEW 7 of 18 

 

different viewing geometries. For each track, we created a stack of multi-temporal coseismic 

differential interferograms, and applied temporal averaging analysis to reconstruct the 

corresponding LoS coseismic displacement field. As mentioned above, we set perpendicular baseline 

(𝐵⊥) limits of ~100 m to reduce the impacts from the inaccuracies in the external terrain model. We 

limited the temporal baseline (𝐵𝑡) to approximately four months (three months prior to and one 

month after the earthquake), in order to improve the coherence and reduce the post-seismic 

movement signals. The distributions of 𝐵𝑡 and 𝐵⊥ for each S1 stack are shown in Figure 3. Through 

temporal averaging, the atmospheric turbulence is largely reduced, given that this component is 

considered to be a random signal in time. 

All of the individual differential interferograms were processed using the GAMMA software. 

We processed the Sentinel-1 data with a multi-look factor of 10 in range and 2 in azimuth. The multi-

looking step was employed to reduce the speckle noise while preserving a sufficient spatial resolution 

to reconstruct the coseismic deformation. Prior to the phase unwrapping, the generated 

interferograms were also filtered with an adaptive filter based on the local fringe spectrum [33]. A 

minimum cost flow (MCF) approach was applied to unwrap all of the generated interferograms 

[34,35]. 

Finally, we visually inspected the unwrapped interferograms, and those with severe 

atmospheric signals and unwrapping errors were discarded from the rest of the multi-temporal 

analysis step. During the selection, we also ensured that there were at least two interferograms 

connect to each SAR acquisition (Figure 3); this allowed for a level of redundancy that prevented 

residual errors (e.g., phase unwrapping errors) from propagating through the interferogram stack 

network [36]. Then, for the data from each single geometry, we applied temporal averaging to the 

selected unwrapped interferometric images. Finally, we generated four average coseismic 

displacement maps with different LoS viewing geometries; these were used for the slip distribution 

inversion. 

 

Figure 3. Baseline information for four tracks with different viewing geometries; the y-axis denotes 

the 𝐵⊥(P-baseline); and x-axis denotes the acquisition dates formatted as yyyy/mm/dd; the gray line 

denotes the earthquake date. (a) T12 ascending orbit; (b) T63 descending orbit; (c) T85 ascending orbit; 

(d) T165 descending orbit. 

3.3. ALOS2 PALSAR2 Interferogram Processing 

Figure 3. Baseline information for four tracks with different viewing geometries; the y-axis denotes
the B⊥(P-baseline); and x-axis denotes the acquisition dates formatted as yyyy/mm/dd; the gray line
denotes the earthquake date. (a) T12 ascending orbit; (b) T63 descending orbit; (c) T85 ascending orbit;
(d) T165 descending orbit.
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3.3. ALOS2 PALSAR2 Interferogram Processing

We obtained three PALSAR2 images from the Japan Aerospace Exploration Agency (JAXA) archive
(https://auig2.jaxa.jp/); these images were acquired on 13 March 2017, 14 August 2017, and 6 November
2017 (i.e., one before the earthquake and two after the earthquake). Two PALSAR2 pairs were processed
following the same processing scheme applied to the individual S1 pair. The PALSAR2 stripmap Single
Look Complex (SLC) pair was processed with a multi-look factor of three in range and four in azimuth.
Note that the ionospheric distortions should have stronger impacts in the L-band PALSAR2 data than
in the C-band Sentinel data, and are generally more significant at higher latitudes [37]. Nevertheless,
the ionosphere signal is expected to be large in a spatial scale and mostly smooth in space [38]. Given
that the Mw 6.3 Jinghe earthquake had a limited spatial extent, after masking the coseismic zone,
we applied quadratic ramp modeling and removed this trend prior to displacement generation. We
calculated the standard deviations (SD) of the derived interferometric displacement maps, which we
used to indicate the level of existing artifacts. The pair of formed images acquired on 13 March 2017
and 6 November 2017 were selected, as they had the smallest standard deviation (SD; 2.44 cm); the
pair formed by the images acquired on 13 March 2017 and 14 August 2017 had an SD of 2.97 cm. The
B⊥ of the selected pair was 91 m, satisfying the B⊥ criteria (see Section 3.1). Overall, using this data
processing scheme, we minimized the contribution of nuisance signals and generated LoS coseismic
deformation with a single PALSAR2 pair.

3.4. Displacement Fields Analysis and Evaluation

We obtained five multi-geometric coseismic displacement maps for the Jinghe 2017 event, four
from S1 and the other one from ALOS2 PALSAR2 (Figure 4). The maps show that the coseismic
displacement formed an ellipse-like shape. Theoretically, the displacement fields caused by thrust
faulting consist of two sub-fields moving in opposite directions [39]. However, in the case of Jinghe,
we could not delineate the movements caused by the footwall. This single side movement pattern is
very common in InSAR studies of moderate thrusts (e.g., the Hutubi Earthquake [10] and Menyuan
Earthquake [40]). The PALSAR2 interferogram (Figure 4e) contained a significant decorrelated zone in
the mountain region south of the epicenter, and another in a nearby farming area of Jinghe County.
Note that the ALOS2 PALSAR2 pair had a larger temporal baseline (238 days), and thus a significant
ground coverage change within this period was expected. The decorrelation is observed in Figure 4e,
including in a farming area northeast of KPF and a mountainous area to the south of Mengma Lale
fault. The InSAR observed signals in these areas are likely associated with decorrelation artifacts and
unwrapping errors.

Table 2 shows the standard deviation (SD) of the temporally averaged S1 interferometric pairs
and of the selected ALOS2 interferogram, along with the view geometry parameters and detected
maximum displacement. As an indication of the noise level, the SD decreased after applying temporal
averaging. Furthermore, the overall noise level in the descending tracks was smaller than that in
the ascending tracks. The incidence angles of the two adjunct tracks differed by ~10◦, and this is the
main reason for the large differences in the detected maximum LoS displacements of the different
tracks. The S1 T12 ascending result has a similar viewing geometry to the ALOS2 PALSAR2 result, and
both show a maximum displacement of ~6 cm. Furthermore, the ascending pairs (e.g., S1-T12 and
ALOS2) captured more displacement signals than those from the descending pair (S1-T63), despite the
incidence angles being similar. This indicates that the geometric differences carry information that is
useful for constraining the attributes of the seismogenic fault.

However, the geometric differences between these five displacement maps were not sufficient
for us to apply a 3D deformation decomposition, because they all were observed by right-looking
satellites; as such, there was a strong correlation between each viewing geometry. The remaining NS
displacement uncertainty should be very large [41]. Therefore, we applied a joint inversion of all five
displacement results to quantify the attributes of the seismogenic fault of the 2017 Jinghe event.

https://auig2.jaxa.jp/
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Figure 4. Reconstructed maps of coseismic displacement in a line-of-sight (LoS) direction. Color
scale is from −6.7 to 6.7 cm, and the positive values indicate the movements towards the satellite
sensor. (a) Sentinel-1 T12; (b) Sentinel-1 T63; (c) Sentinel-1 T85; (d) Sentinle-1 T165; (e) Advanced Land
Observing Satellite 2 (ALOS2) ascending interferogram.

Table 2. Parameters of the estimated displacement maps from Sentinel 1 and PALSAR2 1.

Satellite Track-
Orbit 2

Single
Pair Min.
SD (cm)

Single
Pair Max.
SD (cm)

Averaged
Disp. SD.

(cm)

Heading
(Deg.)

Average Inc.
(Deg.)

Max. LoS
Disp. (cm)

S1 T12A 1.95 3.87 1.14 −10.76 33.53 6.46
S1 T85A 1.86 3.35 1.27 −9.32 43.3 4.88
S1 T63D 1.71 2.88 0.74 −169.44 35 5.56
S1 T165D 1.48 2.32 0.81 −170.83 44.26 4.51

ALOS2 3 880A 2.44 2.97 2.44 −10.89 38.7 6.42
1 SD—standard deviation; LoS—line-of-sight; PALSAR2—Phased Array type L-band Synthetic Aperture Radar 2;
ALOS2—Advanced Land Observing Satellite 2. 2 A—ascending orbit; D—descending orbit. 3 Only one ALOS2 pair
was used here (that with the lowest SD).
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4. Fault Parameters and Slip Distribution Inversion

The inversion of seismic source mechanisms based on geodetic measurements is an important
tool for understanding seismogenic structures and for evaluating future regional earthquake risk. We
modeled the source parameters by elastic dislocation modeling using the interferometric displacement
results shown in Section 3.4. First, we determined the fault strike based on the focal mechanism solutions
and regional geological information. Next, we employed a package developed by Wang et al. [42] of the
German Research Centre for Geosciences (GFZ), which achieves constrained least-squares optimization
by employing the Steepest Decent Method (SDM) in order to conduct geodetic inversion.

The spatial extension of the deformation field produced by the earthquake was ~18 km N–S and
~21 km E–W. Prior to the modeling processes, we cropped out the main deformation area from the overall
InSAR coverage. In this way, we avoided most of the decorrelation zones to the southwest (i.e., those
associated with the Tian Shan Mountains) and to the northeast (i.e., those associated with the Jinghe
Country farming area). For the LoS displacement maps of each viewing geometry, several hundred
thousand pixels remained. To further reduce the data size, we applied quadtree decomposition (e.g.,
Jónsson et al. [43]) to each displacement map. Quadtree down-sampling retains important information
(e.g., the deformation field gradient), but reduces noise contributions and improves computational
efficiency. Finally, the sample pixels were reduced from millions to a few thousand.

The determination of the fault geometry model is another key step in the slip distribution
inversion. Given that the rupture of the Jinghe 2017 earthquake had no surface expression, it is difficult
to determine the fault geometry without prior knowledge. First, we examined the fault geometry
based on data from regional geology and focal mechanism solutions. As shown in Figure 1, major
faults (e.g., KPF and MLF) in the Jinghe area extend approximately WNW–ESE along the northern Tian
Shan Mountains. The focal mechanism solutions published by multiple facilities (Table 1) suggest that
the seismogenic fault strikes in E–W (USGS solution) or WNW–ESE (GCMT solution); moreover, the
dipping direction remains a subject of debate. Previous studies [11–13] on the Jinghe Mw6.3 earthquake
all suggest that the seismogenic fault is approximately south dipping; however, based on evidence
from studies of other earthquakes under similar tectonic backgrounds, the north dipping back-thrust
could also represent the seismogenic fault. For example, using the InSAR and relocated aftershock
data, Wang et al. [10] suggested that the 2016 Mw 6.0 Hutubi earthquake, which occurred within a
similar geological setting in the northern Tian Shan region, could have occurred on a back-thrust
associated with the Huoerguosi–Manas–Tugulu fault. Therefore, we built two groups of candidate
fault models in an EW direction on the side of the displacement field, including a south-dipping group
and a north-dipping group, with the purpose of searching for the optimal fault location (Figure 5a).
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Figure 5. (a) Locations of candidate fault models overlaid with the local terrain and relocated earthquake
sequence derived by Liu et al. [12] (circles); the colors of circles denote quake depths (light to dark
corresponding to shallow to deep) and the radius denotes the magnitude. (b) Optimization of the dip
angle for the different candidate fault locations.



Remote Sens. 2019, 11, 2157 11 of 18

Each group contains three candidate fault models sharing the same strike direction, dimension,
and a similar dipping orientation. The distance between each neighborhood candidate fault is 5 km.
All of these candidate fault models are single-segment models in an elastic half-space [44]. As shown in
Figure 5a, the ground traces of NG1 and SG1 lie approximately 14 km away from the epicenter. All of
the candidate faults have dimensions of ~50 km along-strike, and 60 km in the down-dip direction.
For each candidate model, we discretized the fault plane into 2 × 2 km fault patches, and solved for
the fault slip on each patch using the elastic half-space dislocation model and a Poisson ratio of 0.25.
The corresponding dip angle was determined through trials by minimizing the misfit, with its initial
value range varying between 10◦ and 80◦. The model misfit in the form of the root-mean-square-error
(RMSE) was calculated for each inversion result. As the five InSAR displacement maps had different
seed points causing unknown constant offsets, we also included an offset parameter in the geodetic
inversion. Figure 5b display the relationship misfit vs. dip for each of the candidate fault models.
Among the models, the south dipping model, SG1, produces the minimum misfit. The north dipping
model, NG2, behaves better than the other two north dipping models. The optimal dip angle for both
SG1 and NG2 is 42◦.

Therefore, we picked the north dipping model, NG2. centered at 44.12◦N and 82.84◦E, striking
N270E◦, and the south dipping model, SG1, centered at 44.4◦N and 82.84◦E, striking N90◦E, to further
discuss the optimal dip direction. Next, we fixed the fault strike, length, bottom depths, and optimal
dip determined through the aforementioned trails, and allowed the rake and the amount of slip to
vary in the inversion.

The inverted parameters of the two fault models are shown in Table 3. Figure 6 shows the slip
distribution of each fault model in a vertical cross section. For the north dipping model, most of the slip
was in a region with a vertical depth of 10–25 km. The maximum slip (0.37 m) occurred at 16.73 km,
with a rake angle of 84.02◦. The estimated geodetic moment was 4.52 × 1018 N m, corresponding to a
Mw 6.37 event. For the southing dipping model, the main slip zoom was distributed between 5 and
20 km in vertical depth. The maximum slip (0.25 m) occurred at 14.05 km, and the associated rake was
89.56◦. The estimated geodetic moment was 2.42 × 1018, corresponding to a Mw 6.19 event.

Table 3. Determined source parameters for the north dipping and south dipping models 1.

Model Lon./◦ Lat./◦ Z/km Strike Dip Rake Mw

InSAR-ND 82.74 44.29 16.73 270 42 84.02 6.37
InSAR-SD 82.72 44.26 14.05 90 42 89.56 6.19

1 Lon., Lat., and Z denote the locations for the maximum slip; The rake angle is the value at the maximum slip patch
of the fault; ND—dipping to the north, striking 270◦; SD—dipping to the south, striking 90◦; InSAR—Interferometric
Synthetic Aperture Radar.
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Figure 6. Estimated slip distribution of (a) the south dipping model and (b) the north dipping model.
Red stars denote the epicenter of the main shock derived from sequence relocation [12]. The x-axis is
the distance along the EW direction (units: km) and the y-axis is the vertical depth (units: km).
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As shown in Figure 6, our best-fitting solution revealed a simple slip distribution in both the
north- and south-dipping models. In the same figure, we added the location of the relocated Jinghe
earthquake sequence derived by Liu et al. [12], for display and analysis. This sequence covers a time
span between 8 August and 30 September 2017. Here, the displacement derived by InSAR represents
the cumulative displacement that occurred between May and September 2017, under the assumption
that coseismic deformation dominates the signal; as such, this slip distribution cannot distinguish
between the mainshock and the events that occurred within the following 2 months. Nevertheless,
the result derived from the south dipping fault is generally consistent with the distributions of the
published sequence relocations, and the associated model misfit is also comparably smaller; in contrast,
the results from the north dipping fault model are deeper; therefore, between the two, we prefer the
south dipping fault model.

Next, we further considered the strike direction for the purpose of optimizing the above-selected
south dipping fault model. We built two extra candidate fault models with different strike directions,
one at 100◦ and one at 110◦. These two faults lie in the area around the previously tested SG1 and SG2.
Their locations are shown in Figure 5a (as St100 and St110 for a strike of 100◦ and 110◦, respectively).
We carried out the dip angle optimization through a grid search, and selected the one that minimized
the misfit. The optimal dip angle of fault models St100 and St110 was found to be 42◦. The misfit
vs. dip curves of these two models are displayed in Figure 5b, which shows a similar capability in
minimizing the inversion misfit. Then, the same inversion step was applied to both models in order to
quantify the associated slip distributions; the result is shown in Figure 7.Remote Sens. 2019, 11, x FOR PEER REVIEW 13 of 18 
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Figure 7. Estimated slip distribution for (a) the south dipping model with a strike of 100◦ and (b) the
south dipping model with a strike of 110◦. Red stars denote the main shock epicenter derived from
sequence relocation [12]. The x-axis is the distance along the strike direction (units: km) and the y-axis
is the vertical depth (units: km).

For both models, the main slip zone is within a vertical depth of 10–25 km, slightly deeper than
the EW striking south dipping model. For St100, the maximum slip (0.34 m) occurred at approximately
16.7 km with a rake angle of 96.77◦; for St110, the maximum slip (0.36 m) also occurred at approximately
16.7 km with a rake angle of 107.98◦. By rotating the faults from EW to WNW–ESE, the maximum
slip and associated rake angle and depth were increased. However, the discrepancy between the
main slip zone and the relocated earthquake sequence also increased (Figure 7). Therefore, we do
not believe that WNW–ESE striking models can better describe the fault geometry of the 2017 Jinghe
event. However, this could also because our derived InSAR results do not have sufficient resolution to
distinguish among strike angles of 90◦ to 110◦.

Overall, the best-fitting result inverted from multi-geometry InSAR inputs favors the south
dipping model striking in an EW direction. As shown in Figure 8, the misfits (RMS) for both fault
models were generally less than 1 cm, the only exception being for the ALOS2 data, for which the data
points show higher residuals. This larger misfit for ALOS2 data is mainly caused by the interferometric
decorrelation in the farming area, which is away from the coseismic deformation zone. Otherwise,
there is no significant deviation between the InSAR observations and modeled deformation.
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Figure 8. Quad-tree down-sampled observations (Obs., first line) for each track-orbit, forward modeling
results (Mod., second line), and residual (Res., last line) inversion of the south dipping model. From
left to right, the results are based on data from T12, T85, T63, T165, and the Advanced Land Observing
Satellite2 (ALOS2). All subplots share the color scale shown in the lower right of the figure.

5. Discussion

The use of multi-temporal and multi-geometry InSAR data reduced the noise level of the reconstructed
coseismic deformation maps (Table 2). However, for the moderate earthquakes, challenges remain when
using geodetic observations alone to infer the fault dip orientation [45,46]. Such an analysis requires
additional geological or geophysical constraints. With the relocated earthquake sequence derived by Liu
et al. [12], we believe that the south dipping model with a strike of 90◦ better describes the fault geometry
of the 2017 Jinghe event. Because it is generally more consistent with the vertical distributions of the
published earthquake sequence relocations, compared with the other candidate models.

This determined seismogenic fault has not yet been mapped, and we suspect it is a blind fault
striking ~N90◦E, centered at ~44.4◦ and 82.84◦E, and dipping towards the south at an angle of ~42◦.
Figure 9 is a sketch map demonstrating the relative location of the derived fault and KPF. The fault is
approximately 15 km north of the KPF. Note that the KPF is also a south dipping reverse fault, with a
dip angle between 40◦ and 60◦ [20]. Note that SG1 lies in the front of a small hill north of the epicenter
(see Figure 5a), and the striking direction of SG1 is approximately parallel to this hill. Considering
the relative locations of the suggested blind fault and the KPF, this blind fault could be formed by the
northward propagation of KPT. With the continuing NS shortening of the Tian Shan Mountain Range,
fold-thrust belts to the south and north of the mountain front will propagate into the foreland [8,19].
The 2017 Mw 6.3 Jinghe earthquake could represent a relief response to the strain accumulated by this
NS shortening. However, given the limited capability of InSAR, in the constrained dip and also strike
as tested above, we suggest that a comprehensive geological investigation of this region is needed in
order to confirm the characteristics of the seismogenic fault.

We calculated the static Coulomb stress change induced by the 2017 Mw 6.3 event in order to
discuss its relationship to the 2018 Mw 5.2 Jinghe earthquake. In 2018, another Mw 5.2 reverse faulting
earthquake hit Jinghe County [22]. The relocated epicenter was at 82.5◦E–44.20◦N, and it had a focal depth
of ~16 km [23]. The epicenter is away from the stress increase zone caused by the 2017 Mw 6.3 event.
Figure 10d shows a cross-section of the coseismic Coulomb stress change along profile A–B (Figure 10c),
and highlights the relative geometry between the suggested blind fault and the epicenter of the 2018 Mw
5.2 event. Based on the relative location of the 2018 event and the distribution of the Coulomb stress
change, it is not likely that the 2017 and 2018 events were triggered by the same blind thrust fault.
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Figure 9. Model of the genetic mechanism of the 2017 Mw 6.3 Jinghe earthquake. The bold red line
denotes the seismogenic fault suggested by this study; the dashed red line denotes the speculative
upper part of this fault; the side view of the focal mechanism solution denotes the type of event.
KPF—Kusongmuxieke Pediment Fault.
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Figure 10b also indicates an increased Coulomb stress change at shallower depths (~0–10 km) of
the suggested blind fault. This is because the 2017 Jinghe event did not rupture to the surface; as such,
the possibility remains for either a rupture or aseismic slip of the upper part of this fault, depending
on the frictional properties of the fault plane and the regional stress state. Based on the fault trace
determined in this study (Figure 8b), a rupture at the surface would be likely to occur closer to the town
of Jinghe, where most of the region’s population and infrastructure are located. To better assess the
future seismic hazard, it is necessary estimate the equivalent aseismic-moment caused by postseismic
deformation, and to evaluate the overall slip deficit budget [47,48]. Therefore, we suggest that a more
detailed geological study is needed, along with the continuous geodetic monitoring of this region.

6. Conclusions

In this study, we used multi-source and multi-track satellite SAR imagery to reconstruct the
coseismic displacement field of the 2017 Mw 6.3 Jinghe earthquake. We employed the multi-temporal
scenes acquired by Sentinel-1, and reconstructed the coseismic deformation signal through a temporal
averaging strategy in order to reduce the phase artifacts. Together with a single-pair result derived from
the ALOS2 data, we obtained five displacement maps with slightly different viewing geometries. All of
these were used to constrain the geodetic inversion in order retrieve the fault geometry parameters and
slip distribution. For future earthquake applications if the same temporal averaging strategy applied,
one should keep the time period after the main shock as short as possible in order to reduce the impact
from the postseismic displacement.

Based on the focal mechanism and regional geological information and the regional geological
structure, we built multiple fault models with different dipping directions (south and north dipping)
and various striking directions (striking of 90◦, 100◦, and 11◦). The south dipping model in the EW
strike is preferred, because its associated slip depth is more consistent with the relocated earthquake
sequence [12]. This south dipping model indicates a blind thrust fault located north of the KPF into
the foreland; the corresponding optimal dip angle is ~42◦. This source model generates a geodetic
moment of 2.42 × 1018, corresponding to a Mw 6.19 event. A significant slip is located between vertical
depths of 5 and 20 km. Given the regional geology, we speculate that this blind fault could be formed
by the northward propagation of the KPT, owing to the continuous NS shortening of the Tian Shan
Mountains. Given that the upper part of the determined blind fault did not rupture during the 2017
event, the likelihood of future earthquakes in this region remains high. We suggest that a thorough
geological survey of this region is needed in order to further investigate the existence of this blind
fault; this should be accompanied by the continuous monitoring of postseismic deformation in order
to better evaluate the seismic risk in Jinghe County.
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