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S U M M A R Y 

The 2017 M w 

6.3 Jinghe earthquake occurred in the orogenic zone of the North Tianshan 

mountain range, Xinjiang, western China. No evident surface rupture was identified by field 

investigation conducted immediately after the earthquake. We investigate the coseismic and 

post-seismic deformation fields due to the Jinghe event using the C-band Sentinel-1 SAR 

imager y, and fur ther anal yse its causati ve fault. The Generic Atmospheric Correction Online 
Service for InSAR (GACOS) model is emplo yed to remo ve the atmospheric phase delay of 
multiple InSAR deformation maps. Coseismic deformation fields are resolved by averaging 

the high quality deformation maps. A nonlinear inversion scheme is used to find the optimized 

fault geometry in a layered elastic crust. The results imply that the Jinghe earthquake is char- 
acterized by thrust faulting, with striking and dipping angles of ∼62 

◦ and ∼28 

◦, respecti vel y. 
Subsequently coseismic slip distribution is estimated using the steepest descent method pro- 
gram, constrained by the derived coseismic deformation fields. The inversion results show that 
the average slip is ∼0.08 m and the average rake angle is ∼98 

◦. The maximum slip is ∼0.24 m, 
located at the depth of 12.9 km. The moment magnitude is estimated to be M w 

6.38. The fault 
geometry is generally consistent with the relocated aftershocks distribution. Both the InSAR- 
derived deformation field and the aftershock distribution indicate that the Jinghe earthquake is 
attributed to a pre viousl y unknown buried fault beneath the Yongji fold with a strike of 62 

◦. No 

significant post-seismic deformation is identified in the zone of coseismic deformation. This 
study shows that the Jinghe earthquake is a typical inland thrust event in the North Tianshan 

area, which is affected by south to north compression due to the Indian-Eurasian collision. 

Key words: Radar interferometry; Satellite geodesy; Dynamics: seismotectonics; Dynamics 
and mechanics of faulting. 
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 I N T RO D U C T I O N  

oseismic deformation plays an important role in characterizing
eismogenic fault and earthquake dynamics. Interferometric Syn-
hetic Aperture Radar (InSAR) is an ef fecti ve technique in deriving
oseismic deformation. InSAR-derived coseismic deformation can
e employed to invert for earthquake source parameters and slip
istribution, beneficial to understanding the characteristics of tec-
onic stress in seismic zone. The SAR data, acquired by European
pace Agency’s (ESA) Sentinel-1 constellation, are widely used
or studying cr ustal defor mation due to earthquakes at continental
cales, thanks to its large frame coverage and open sharing policy
Jiang et al. 2016 ; Sun et al. 2016 ; Wen et al. 2016 ). Several InSAR
ata processing approaches, such as Small Baseline Subsets (SBAS;
erardino et al. 2002 ) and Permanent Scatters (PS) methods (Fer-

etti et al. 2001 ), have been used to derive surface deformation at
illimetre scale. 
C © The Author(s) 2022. Published by Oxford University Press on behalf of The Roy
InSAR observ ations are mainl y af fected b y topo graphic errors,
rbital errors and atmospheric delays. Topographic phase can be
emoved using digital ele v ation model (DEM). Orbital errors can
e reduced by precise orbit data. Atmospheric (including tropo-
pheric and ionospheric) phase dela ys betw een the master and slave
AR images dominate the InSAR observation errors. For short-
avelength SAR data, ionospheric effects can be ignored because

hey are inversely proportional to the radar frequency (Meyer et al.
006 ; Jung et al. 2013 ; Liu et al. 2014 ; Jung & Lee 2015 ; Feng
t al. 2017 ; Lee et al. 2017 ). To measure the coseismic deformation
f a large earthquake using InSAR, the tropospheric effect may be
 relati vel y minor contribution. Howe ver, tropospheric ef fect is the
ain error source in the measurement of a smaller deformation (i.e.

t centimetre to millimetre level), such as interseismic deforma-
ion, post-seismic deformation and coseismic deformation with a
al Astronomical Society. 1 
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medium-small magnitude. It is difficult to derive smaller deforma- 
tion only using traditional InSAR techniques. Stacking is an effec- 
ti ve w ay to reduce the non-topo graphy-related atmospheric noise. 
Lee et al. ( 2017 ) used a stacking method to minimize tropospheric 
errors to identify small coseismic deformation at the centimetre 
level. Fattahi et al. ( 2015 ) employed an ERA-Interim global atmo- 
spheric reanalysis model to correct the stratified tropospheric delay. 
Feng et al. ( 2016 ) adopted Medium Resolution Imaging Spectrom- 
eter (MERIS) near-IR w ater v apour data to correct RADARSAT-2 
SAR data. Ho wever , the tropospheric models above have lower 
spatial and temporal resolutions, not suitable for the processing 
of Sentinel-1 data. Yu et al. ( 2017 ) developed the Generic Atmo- 
spheric Correction Online Service for InSAR (GACOS) model. The 
GACOS model was used to extract the small coseismic deformation 
of the 2017 M w 6.4 Nyingchi earthquake and obtained improved in- 
terferograms compared to traditional phase analysis methods (Yu 
et al. 2018 ; Yu et al. 2020 ). 

The 2017 M w 6.3 Jinghe, Xinjiang earthquake occurred to the east 
of the known Kusongmuqike piedmont fault on 2017 August 8 by 
the United States Geological Surv e y (USGS). In the past decades, no 
ear thquakes g reater than M w 4.0 happened in surrounding regions 
except an M w 4.8 earthquake which occurred on 2011 October 
16, 26 km to the west of the main shock, from the Global Cen- 
troid Moment Tensor (GCMT). Focal mechanism solution shows 
that the earthquake is a pure thrust event (Chen et al. 2012 ). The 
local stress distribution was studied from the nearby known fault 
parameters (i.e. strike and dip) and earthquake mechanisms, and 
found that Tianshan region is dominated by compressive stressing 
(Liu et al. 2019 ). The spatial distribution of relocated aftershocks 
suggested that the seismogenic fault plane was south-dipping (Liu 
et al. 2017 ). The geological setting and aftershocks imply that the 
Jinghe earthquake is associated with a new fault intersecting with 
the active thrust Kusongmuqike piedmont fault, which is in the 
North Tianshan orogenic zone with a relati vel y slow movement in 
its easter n par t. The Kusongmuqike piedmont fault is about 160 km 

long, trending nearly east-west, and dipping towards south with an 
angle of 40–60 ◦ (Liu et al. 2017 ). 

In order to understand the stress regime in the epicentral area, it 
is necessary to study the mechanism of the M w 6.3 Jinghe earth- 
quake. Liu et al. ( 2018 ) and Gong et al. ( 2019 ) inferred the focal 
mechanism of the 2017 Jinghe earthquake using Sentinel-1 SAR 

data. Ho wever , they did not consider the atmospheric delay in their 
InSAR processing. Liu et al. ( 2018 ) assumed the fault is north- 
dipping and claimed that the seismogenic fault is Kusongmuqike 
piedmont fault. Gong et al. ( 2019 ) employed multisensor obser- 
vations to map the coseismic deformation, and modelled the slip 
distribution with different fault models according to published fo- 
cal mechanism solutions, assuming that the fault strikes east-west 
(USGS solution) with southward and northward dipping, respec- 
ti vel y. Their results showed that the seismic source is an east-west 
striking and south-dipping fault. Liu et al. ( 2018 ) and Gong et al. 
( 2019 ) obtained different fault models. As such, it is needed to fur- 
ther refine the source model of the Jinghe earthquake. Meanwhile, 
the post-seismic deformation of the event has not been studied, thus 
the relationship between coseismic and post-seismic deformation 
fields is still unknown. 

In this study, we derive the coseismic deformation field of the 
Jinghe earthquake by using multiple interferograms from ascend- 
ing and descending orbits acquired by Sentinel-1A. Considering 
the centimetre scale deformation of the event, the GACOS model 
is used to eliminate the atmospheric delays for each interferogram. 
The averaged deformation fields are obtained from the improved in- 
terferograms. The fault geometry parameters, including fault length, 
width, buried depth, dip and strike, are derived based on the combi- 
nation of ascending and descending line of sight (LOS) deformation. 
We invert for the slip distribution of the main shock, constrained by 
the InSAR deformation fields. Meanwhile, we analyse the spatial 
correlation between the coseismic slip and aftershocks distribution. 
Fur ther more, there is not notable post-seismic surface deformation 
observed after the earthquake. We find that the seismogenic fault is 
a new blind thrust fault beneath the Yongji fold, which is consistent 
with the nor ther n movement of the Indian plate. The clarification 
of the seismic fault model is helpful to studying regional tectonic 
background. This study is conducive to understanding the move- 
ment and seismic risk of the fold and thrust fault system in the 
North Tianshan area. 

2  S E I S M O T E C T O N I C  S E T T I N G  

The Tianshan orogenic zone, located between the Jungar Basin and 
Tarim Basin, is characterized by strong seismic activity (Fig. 1 ). The 
uplift of the Tianshan mountain was formed by the Indian-Eurasian 
collision and the northward movement of the Pamir Plateau since 
the Cenozoic (Sun & Zhang 2009 ). Topographic map shows that 
thr ust str ucture with a gentle dip angle dominate there. The earth- 
quakes have deep focal sources and insignificant surface ruptures. 
GNSS deriv ed crustal v elocity fields show that the upper crust is 
undergoing shortening (Zubovich et al. 2010 ). As shown by Fig. 1 , 
the active faults are mainly east-west striking and are characterized 
by dominate thrusting or right-lateral slip, inferred from the focal 
mechanisms. The 2017 M w 6.3 Jinghe earthquake occurred in the 
North Tianshan region. An M w 4.8 earthquake occurred in its epi- 
central area on 2011 October 16. To the west of the event, there 
are three M w ≥ 6.0 historical earthquakes. To the south, the Ku- 
songmuqike piedmont fault is a right-lateral thrust fault, trending 
southeastw ards, composed of se v eral detached se gments in the east 
part. According to the earthquake catalogue of the China Earthquake 
Networks Center (CENC), the epicentre (44.27 ◦N, 82.89 ◦E) of the 
Jinghe earthquake is located at the east segment of the Kusong- 
muqike piedmont fault, with a shallow depth of 11 km (Table 1 ). 

3  DATA  A N D  M E T H O D S  

3.1 SAR data 

The Sentinel-1A SAR data used for deriving coseismic deforma- 
tion in this study are acquired from ESA, with an observation period 
from 2017 August 8 to December 17 (Suppor ting Infor mation Ta- 
ble S1). One descending frame and two adjacent ascending frames 
covers the epicentral area (Fig. 1 a). Eleven ascending (track T85) 
scenes and ten descending (track T63) scenes are collected to ex- 
tract the coseismic deformation (Supporting Information Table S1). 
The interferometric processing is implemented by the InSAR Scien- 
tific Computing Environment (ISCE), an open source and modular 
software incorporating modern programming schemes (Rosen et al. 
2012 ). 

3.2 Coseismic deformation extraction 

Referring to the SB AS method, w e select interferograms based 
on the criteria of temporal baseline between 20 and 60 days and 
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Figure 1. (a) Seismotectonic setting of the orogenic zone of the North T ianshan, Xinjiang, w estern China and SAR data coverage. The background is the 
30 m shuttle radar topography mission (SRTM) digital ele v ation model (DEM). The two blue rectangles indicate the coverage of the Sentinel-1A SAR images 
acquired from ascending and descending orbits, respecti vel y. The red solid lines represent the active fault traces from Seismic Active Fault Surv e y Data Center 
(SAFSDC). The beach balls represent the focal mechanism solutions ( > M w 5.0 since the year 1958) from the U.S. Geological Surv e y (USGS) catalogue. The 
China Earthquake Networks Center (CNEC) M w 6.3 event represents the main shock of the 2017 Jinghe earthquake sequence. Two red rectangles, with one 
in the upper right inset, represent the study area. Solid red circles represent historical earthquakes greater than M w 5.0. (b) Close-up map of the 2017 Jinghe 
earthquake zone. Small solid red circles represent the relocated aftershocks (Liu et al. 2017 ). Beach balls represent the 2017 Jinghe main shock provided by 
various institutions—the Global Centroid Moment Tensor Project (GCMT), the USGS, and the CENC (Table 1 ). The red dashed line represents the seismogenic 
fault trace of the event projected on ground surface. The aftershocks relocated by the double-difference location approach during a 40-day period (Liu et al. 
2017 ) were mainly distributed to the west of the main shock (Fig. 1 b). The aftershocks are distributed over a depth range of 4–18 km. The source parameters 
of the Jinghe earthquake reported by the USGS, the CENC and the GCMT differ markedly from each other (Table 1 ). 

Table 1. Focal mechanism solutions of the 2017 Jinghe main shock. 

Source Top fault centre Length (km) 
Width 
(km) 

Strike 
( ◦) 

Dip 
( ◦) 

Rake 
( ◦) Strike slip (m) 

Dip slip 
(m) M w 

X ( ◦) Y ( ◦) Depth (km) 

GBIS 
Result 

Lower −20 km −30 km 15 10 4 50.0 20.0 – −1 0 6.3 

Upper 20 km −5 km 25 25 25 120.0 60.0 – 0.4 1.0 
Optimal 11.2 km −17.2 km 16.3 16.8 17.2 62.0 28.0 71 0.09 0.26 

2.5% 10.7 km −17.6 km 16.1 16.0 16.3 58.4 27.3 – 0.08 0.25 
97.5% 11.7 km −16.4 km 16.7 17.3 17.7 64.3 29.4 – 0.10 0.28 

Uncertainties −0.5/ + 0.5 −0.4/ + 0.8 −0.2/ + 0.4 −0.8/ + 0.5 −0.9/ + 0.5 −3.6/ + 2.3 −0.7/ + 1.4 – −0.01/ + 0.01 −0.01/ + 0.02 
SDM Result 82.66 44.36 3.54 62 28 98 - - 6.38 

CENC 82.89 44.27 11.0 – – 76 44 8099 – – 6.3 
269 47 

USGS 82.83 44.30 20.0 – – 92 60 92 – – 6.3 
269 30 87 

GCMT 82.74 44.40 27.6 – – 101 44 118 – – 6.3 
244 52 66 

GBIS result is from Geodetic Bayesian Inversion Software, based on rectangular dislocation model with uniform slip. Depth denotes the depth of the lower edge. The X and Y are 
coordinates of the midpoint of the lower edge of the rectangular fault plane. Strike is measured clockwise from north. Dip angle is positi ve upw ard from horizontal. Strike slip is 
positive if right lateral and ne gativ e if left lateral. Dip slip is positive for thrust faulting and ne gativ e for normal faulting. Steepest descent method (SDM) result is derived from the 
slip distribution inversion based on the inferred coseismic deformation. The centre of the top edge of the fault plane is located at (44.36 ◦ N, 82.66 ◦ E) with a depth of 3.54 km. 
The source parameters were obtained from the China Earthquake Networks Center (CENC), the U.S. Geological Surv e y (USGS), and the Global Centroid Moment Tensor Project 
(GCMT), respecti vel y. 
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erpendicular baseline < 60 m. The temporal and perpendicular
aseline combination of Sentinel-1A data are shown in Fig. 2 . 

The precise orbit determination (POD) files and SRTM (Werner
001 ) data with 1 arc-second (30 m × 30 m) spatial resolution are
sed to remove orbital and topographic contributions to the InSAR
easurements, respecti vel y. A phase filtering approach developed

y Goldstein & Werner ( 1998 ) is employed to reduce phase noises.

i  
he Statistical-cost, Netw ork-flo w Algorithm for Phase Unwrap-
ing (SNAPHU) program is adopted to unwrap the interferograms
Chen & Zebker 2001 ), and a threshold of 0.3 is used for phase
nwrapping. Finally, the unwrapped phase maps are geocoded and
onverted into displacements in the LOS direction. The GACOS
odel is used to generate high-spatial resolution atmospheric de-

a y maps. T ropospheric corrections are applied to the geocoded
nterfero grams b y subtracting the dif ferential atmospheric delays,
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Figure 2. Temporal and perpendicular baselines of the interferogram pairs. 
(a) Ascending orbits. (b) Descending orbits. 12 ascending and 10 descending 
coseismic interferograms are selected. 
and then multiple coseismic deformation maps are obtained for 
ascending and descending orbits, respecti vel y. The improved inter- 
ferograms with clearer coseismic signals are averaged to obtain the 
final coseismic deformation for ascending and descending orbits, 
respecti vel y. 

3.3 Slip inversion 

We first use a uniform slip model to estimate the fault strike, width, 
dip, rake and location for a rectangular fault. Then, we use the source 
parameters to estimate the strike slip and dip slip with a variable slip 
model, assuming a homogeneous crust model and a layered crustal 
model, separately. Ascending and descending coseismic deforma- 
tion data are utilized to invert for fault parameters by the Bayesian 
inversion approach via the GBIS, a MATLAB-based software pack- 
age freely available to the scientific community (Bagnardi & Hooper 
2018 ). Bayesian approach allows the inversion of multiple geodetic 
data-sets and rapid characterization of posterior probability density 
functions (PDFs) of source model parameters. Markov chain Monte 
Carlo (MCMC) method and Metropolis-Hasting algorithm are used 
to ef ficientl y sample posterior PDFs with automatic step size se- 
lection. An optimal set of source parameters can be extracted from 

the posterior PDF by finding the maximum a posteriori probability 
solution. Finally, the fault model derived from Bayesian method 
and the down-sampled coseismic deformation data are employed 
to invert for slip distribution with the SDM through an iterative al- 
gorithm for the constrained least-squares optimization (Wang et al. 
2013 ). 

4  R E S U LT S  

4.1 Def ormation r esults 

The GACOS tropospheric delay maps at 90 m resolution for every 
SAR data acquisition have been provided in a grid binary format (Yu 
et al. 2017 ). Our InSAR defor mation or interferog ram phase maps 
are obtained at 30 m resolution, and then they are down-sampled 
to 90 m resolution for the GACOS corrections. The GACOS zenith 
total delay maps of the corresponding interferogram pairs are shown 
in Figs 3 and 4 . InSAR observations are relative to a reference point 
which is relati vel y stable in the deformation maps. We select the 
same reference point (44.44 ◦N, 83.03 ◦E) for all interferograms and 
zenith total delay maps in the multitemporal InSAR analysis (point 
P as shown in Fig. 5 ). 

4.1.1 Ascending coseismic deformation 

Fig. 3 shows the interferograms and coseismic deformation maps 
extracted from the twelve ascending image pairs in Fig. 2 (a). The 
deformation map after correction shows a clearer coseismic defor- 
mation pattern and higher signal-to-noise ratio (Fig. 3 ). All of the 
interferograms have a pattern of ∼2 circles within the deformation 
area, corresponding to ∼5.6 cm deformation in the LOS direction. 
Most of the corrected coseismic deformation fields show an up- 
lift displacement pattern. In Fig. 3 (a), a localized uplift signal is 
present in the upper-left region, which is not found in other interfer- 
ogram pairs after the atmospheric delay removal. This uplift signal 
in Fig. 3 (a) possibly caused by the master image of 20170528, which 
is only used in this interferogram pair (Fig. 2 a). 

In Figs 3 (b) and (c), the deformation patterns are not obvious 
with the common master image of 20170609. Fig. 3 (d) has the same 
slave image (20170820) as Fig. 3 (b), but shows a clear coseismic 
defor mation patter n. This implies that the image of 20170703 has 
a better quality than 20170609. Generally, the signal-to-noise ratio 
of the coseismic deformation is improved after the atmospheric 
delay correction (Fig. 3 ). The standard phase deviation of the whole 
images is reduced averagely by 0.48 after the correction (Table 2 ), 
indicating that tropospheric vertical stratified phase delay exists 
in the interferogram phases. After the correction, the deformation 
maps from Figs 3 (f), (h), (i) and (l) show clearer coseismic signals 
and less phase jumps than the original interferograms. And the 
four deformation fields are averaged to obtain the final ascending 
coseismic deformation map. 

4.1.2 Descending coseismic deformation 

Fig. 4 shows the interferograms and coseismic deformation maps 
extracted from the descending image pairs. The interferograms show 

art/ggac170_f2.eps
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Figure 3. Coseismic interferograms and deformation maps derived from the Sentinel-1A SAR ascending orbits. From top to bottom for each pair are 
interferogram (where one fringe corresponds to 2.8 cm of displacement in the LOS direction), deformation before atmospheric delay removal, atmospheric 
delay and deformation after atmospheric delay removal. Each interferogram is named as master-slave date, for example 20170528–20170820. (a–l) 12 
interferograms selected from the small baseline combination referred to Fig. 2 (a), the master-slave dates of the 12 interferograms are, 20170528–20170820, 
20170609–20170820, 20170609–20170901, 20170703–20170820, 20170703–20170901, 20170715–20170901, 20170715–20170925, 20170727–20170820, 
20170727–20170901, 20170727–20171007, 20170808–20171007 and 20170808–20171019, respecti vel y. 
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4
f

4

wo circles ( ∼5.6 cm deformation in the LOS direction) in the
eformation area. After applying the correction, the deformation
aps of Figs 4 (a), (d), (h) and (i) show better coseismic patterns and

re averaged to obtain coseismic interferograms for the descending

rbit. 

A  

e  

m  

c  
.2 Coseismic deformation extraction and seismogenic 
ault parameters inversion 

.2.1 Coseismic deformation extraction 

fter the atmospheric delay correction, we select the common ref-
rence point (P in Fig. 5 ) to normalize the multiple deformation
aps. An equal weighting average method is used to derive the

oseismic deformation for the ascending (Fig. 5 a) and descending
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Figure 4. Same as Fig. 3 , but for the descending orbits. (a–j) 10 interferograms selected from the small baseline combination referred to Fig. 2 (b), the 
master-slave dates of the 10 interferograms are 20170620–20170819, 20170620–20170831, 20170620–20170912, 20170714–20170819, 20170714–20170831, 
20170714–20170912, 20170714–20170924, 20170807–20171006, 20170807–20171018 and 20170807–20171217, respecti vel y. 
(Fig. 5 b) orbits, respecti vel y. For the ascending orbit, especially in 
Figs 3 (d), (e), (j) and (k), short wavelength error is not reduced after 
the GACOS correction, which is not used in the w eighting a verage. 
The average coseismic deformation is about 5–6 cm in the LOS 

direction. Some different displacements exist in Figs 5 (a) and (b), 
due to the variable LOS direction for the ascending and descending 
orbit 

Figs 5 (c)–(f) show deformation maps derived by the stacking 
method directly using the pre-corrected interferograms. For the as- 
cending orbit, phase jumps are not removed in the upper-left region 

art/ggac170_f4.eps
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Figure 5. Coseismic deformation maps derived from Sentinel-1A InSAR observations. Point P is the reference point. Panels (a–c) show the average 
deformation of four interferograms (Figs 3 f, h, i and l) after GACOS correction, stacking deformation of the 12 interferograms, and stacking deformation of 
the 4 interferograms without GACOS correction for the ascending orbit, respectively. (d–f) are the average deformation of 4 interferograms (Figs 4 a, d, h and 
i) after GACOS correction, stacking deformation of the 10 interferograms, and stacking deformation of the 4 interferograms without GACOS correction for 
the descending orbit, respecti vel y. 
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n Figs 5 (b) and (c) for the ascending orbit, and atmospheric effect
s not removed in Figs 5 (e) and (f) for the descending orbit. By anal-
sis, that the averaged InSAR deformation with the interferograms
rom GACOS correction has the minimum phase standard deviation
Table 3 ), and will be used in the inversion of fault geometry and
lip distribution. 
t  

t  
.2.2 Inversion for seismogenic fault parameters 

n order to study the causative mechanism of the Jinghe earthquake,
e estimate the seismogenic fault parameters of the event using

he GBIS (Bagnardi & Hooper 2018 ), under the assumption of a
niform slip. Adaptive quad-tree method is used to down-sample
he ascending and descending deformation data. Constrained by
he down-sampled data, we invert for parameters of a rectangular
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Table 2. Phase standard deviations of the whole images before and after GACOS correction. 

No. Ascending orbit (T85) Descending orbit (T63) 
Interferogram 

pair 
Before 

correction 
After 

correction 
Interferogram 

pair 
Before 

correction 
After 

correction 

1 20170528–20170820 1.5062 1.9148 ∗ 20170620–20170819 1.9741 1.3707 
2 20170609–20170820 2.2139 2.0105 20170620–20170831 2.6552 1.4462 
3 20170609–20170901 2.1623 1.6059 20170620–20170912 1.5519 1.6144 ∗
4 20170703–20170820 2.1480 2.4022 ∗ 20170714–20170819 2.2316 1.4157 
5 20170703–20170901 4.3175 3.6687 20170714–20170831 2.4769 1.3228 
6 20170715–20170901 2.8692 1.5716 20170714–20170912 2.1549 1.5855 
7 20170715–20170925 2.0639 1.8253 20170714–20170924 1.9109 1.4422 
8 20170727–20170820 2.6698 1.7293 20170807–20171006 2.0637 1.4737 
9 20170727–20170901 1.9909 1.6306 20170807–20171018 3.0236 1.8647 
10 20170808–20171007 2.6698 1.7293 20170807–20171217 2.0816 1.5352 
11 20170808–20171007 1.9076 1.3488 
12 20170808–20171019 2.4854 1.7795 

∗ Denotes the interferogram pairs whose standard phase deviations are not reduced after GACOS correction. 

Table 3. Phase standard deviations of GACOS correction methods and stacking method. 

Ascending orbit (T85) Descending orbit (T63) 
Stacking 

(cm) 
GACOS 

(cm) 
Stacking 

(cm) 
GACOS 

(cm) 

1 12 interferograms 1.5976 1.8543 10 interferograms 1.7000 1.3569 
2 Figs 3 (f), (h), (i) and (l) 1.4353 1.3084 Figs 4 (a), (d), (h) and (i) 1.7192 1.3084 
dislocation source model of uniform slip (Okada 1985 ). In the GBIS 

inversion, the numerical ranges of fault geometry parameters are 
prescribed (Bagnardi & Hooper 2018 ). 

Fig. 6 shows posterior PDFs for the nine fault source param- 
eters obtained after 10 6 iterations (a burn-in period of 2 × 10 4 

iterations is removed). The mean fault parameters are estimated 
by the Gaussian distribution statistics. The lowest sub-graphs show 

histograms of marginal distributions for each parameter and the 
remaining sub-graphs show the joint distributions between pairs 
of parameters. Lower and upper bounds of model parameters for 
the seismic source, optimal inversion results and the 95 per cent 
confidence intervals are shown in Table 1 . Uncertainties of fault pa- 
rameter are calculated from the optimal solution, 2.5 per cent and 95 
per cent of posterior probability density functions (Table 1 ). From 

the marginal posterior probabilities in Fig. 6 , we can also identify 
the correlations between the different fault parameters. Generally, 
the fault geometry parameters are well constrained. The rake angle 
( ∼71 ◦) is consistent with a dominant thrust fault, computed from 

the strike slip of 0.09 m and dip slip of 0.26 m. The inversion reveals 
that the seismogenic fault of the main shock is a thrust rupture with 
a south-dipping angle of ∼28 ◦ and a strike azimuth of ∼62 ◦. The 
deformation residuals between the observation and prediction are 
generally less than 2 cm (Figs 7 c and f). 

We also invert for the fault geometry with a rectangular fault 
by the GBIS program, using a north-dipping model; ho wever , we 
cannot derive a reasonable solution. The posterior PDFs of the north- 
dipping model parameter are shown in Supporting Information Fig. 
S1. We test different model parameters in order to obtain the optimal 
fault geometry. In the inversion, we adjust the upper bounds of the 
dip slip from 0.3 to 1.0 m. The estimated dip angle is ∼48 ◦ to 54 ◦, 
and the strike is ∼258 ◦. Ho wever , the in versed dip slip al wa ys falls 
on the upper bounds (Supporting Information Fig. S1), suggesting 
that we cannot get a reasonable dip slip using north-dipping model. 
In this study, we prefer the south-dipping model. 
4.3 Coseismic slip model 

4.3.1 Coseismic slip distribution inversion 

With the optimized fault geometry (strike and dip), fault slip dis- 
tributions are then inverted, constrained by the InSAR data. We 
employ the SDM (Wang et al. 2013 ) to perform the slip distribution 
inversion using a variable slip model. In order to cover the entire slip 
domain, the fault plane is extended as a rectangle with a length of 
42 km and a width of 40 km, and divided into a set of small patches, 
each with a patch size of 3 km × 3 km. The Green’s functions 
are calculated using a multilayered elastic half-space model (Wang 
et al. 2013 ). And the layered crust model from CRUST1.0 (Laske 
et al. 2013 ; Supporting Information Table S2) is used. 

The rake angle is assumed to be 80–100 ◦ considering a pure 
thrust event from the source parameters reported by previous studies 
(Table 1 ). The depth of the top edge of the fault plane is set to 
3.54 km, which meaning a buried fault according to the previous 
studies (Liu et al. 2017 ; Liu et al. 2018 ; Gong et al. 2019 ). During 
the inversion, the model parameters are optimized through repeated 
trial-and-error calculations (Wang et al. 2013 ). An identical weight 
is used for down-sampled data of ascending and descending orbits. 
We test various smoothing factors in the inversion procedure. The 
trade-off curve shows the relation between roughness and model- 
data misfit (Fig. 8 ), and the optimal smooth factor is set to 0.16. 

The observed coseismic deformation, modelled deformation and 
their residuals for the ascending and descending orbits are shown in 
Fig. 9 . The root mean square (RMS) error is about 0.4 cm (Fig. 9 c) 
and 0.6 cm (Fig. 9 c) for the ascending orbit and descending orbit, 
respecti vel y. The modelling results show that the best data-model 
fit is achieved with a correlation coefficient of 0.98. The optimum 

results show that the Jinghe earthquake is characterized by a thrust 
motion with a rake angle of ∼98 ◦. 

The fault slip is mainly distributed between the depths of 8 and 
17 km. The average slip value is ∼0.09 m and the maximum value is 
∼0.24 m located at (44.21 ◦E, 82.74 ◦N), with a depth of ∼12.9 km. 
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Figure 6. Marginal posterior probability distributions for the fault model parameters. Red lines present the maximum a posteriori probability solution. Scatter 
plots are contoured according to frequency. 

A  

m  

i  

s  

t  

l
 

a  

t  

a  

a  

c  

p  

f  

c
 

a  

m  

c  

m

4

T  

i  

2  

a  

m  

t  

fi  

f  

T  
ssuming a shear modulus of 30 GPa (Sieh 1978 ), the seismic mo-
ent calculated from the geodetically constrained finite slip model

s 4.28 × 1018 Nm, equi v alent to an event of M w 6.38. Our re-
ult roughly agrees with the moment tensor solutions reported by
he USGS, the CENC, and the GCMT (Table 1 ), in terms of the
ocations, strike, dip and rake. 

In order to analyse the spatial correlation between the aftershocks
nd the slip distribution, we collect the M > 1.0 aftershocks over
he 40-day period after the main shock. The relocated aftershocks
re located to the west of the main shock (Figs 10 a and b). The
ftershocks mainly occurred at a depth less than 15 km and were
oncentrated at the nearby zone to the slip centre (Fig. 10 d). We
roject the aftershocks to a plane perpendicular to the fault sur-
ace (Fig. 10 d), showing the aftershocks distribution is generally
onsistent with the fault location. 

In addition, we also resolve the coseismic slip distribution with
 homogeneous crust model and compare it with the layered crust
v  
odel (Supporting Information Fig. S2). There are no visible dis-
repancies on the slip distribution derived by the different crust
odel for this case. 

.3.2 The uncertainty of the slip distributions 

he uncertainty of the slip distributions can be estimated by the
ntegration of SDM and Monte Carlo (MC) method (Feng & Li
010 ). 100 groups of InSAR measurement data with random noise
re generated for the ascending and descending orbits using the MC
ethod, respecti vel y. The noises are synthetically produced through

he full v ariance-cov ariance matrix (VCM) of the signals in the far-
eld. Using these InSAR data sets, we perform 100 inversions for
ault slip distributions by the SDM method (Wang et al. 2013 ).
he results are analysed statistically to calculate the standard de-
iation (uncertainty) of slip distributions (Fig. 11 ). The maximum
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Figure 7. Simulations and residuals based on the optimal fault parameters. (a–c) Observed, simulation, and residual for ascending orbit deformation, 
respecti vel y; (d–f) similar to (a)–(c), but for the descending orbit deformation. 

Figure 8. Trade-off curve between misfit and slip roughness. The preferred 
smoothing factor is 0.16. 
uncertainty of the fault slip is about 2.1 cm below the slip centre 
(Fig. 11 b), about 9 per cent of the maximum slip (0.24 m). 

Suppor ting Infor mation Fig. S3 shows the checkerboard test for 
the inversion of coseismic slip distribution. Most of the slip patches 
with a depth (along dip direction) smaller than 25 km are recovered 
in the checkerboard test. Therefore, the slip distribution has good 
resolution at the slip patches with depth smaller than 25 km, but 
the slip pattern is smeared at a larger depth. The checkerboard test 
shows that the inversion of InSAR data can provide a reasonable 
slip model for the Jinghe event. 

5  D I S C U S S I O N  

5.1 Extracting coseismic deformation of moderate 
earthquake 

Large shallow earthquakes might cause great deformation of tens 
of centimetres. Given the large signal-to-noise ratio, observation 
errors, such as atmospheric delays, are minor issues in the analysis 
of surface deformation. Ho wever , the surface deformation due to 
moderate and small magnitude earthquakes is relati vel y smaller, 
usually at the level of centimetres. Previous studies have indicated 

art/ggac170_f7.eps
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Figure 9. InSAR-derived deformation, modelled deformations and residuals. (a–c) Observed, modelled and residuals deformation for the ascending orbit data; 
(d–f) similar to (a)–(c), but for the descending orbit data. 
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hat atmospheric artefacts may lead to errors of greater than 10 cm
n surface deformation observations (Zebker et al. 1997 ; Lu &
zurisin 2014 ). If the atmospheric phases in the interferometric
rocessing are not properly corrected, it will be difficult to derive
recisely small deformation through the InSAR observations. 

External data, such as GNSS and meteorological data (Li 2005 ),
oderate Resolution Imaging Spectroradiometer (MODIS) obser-

ations (Li et al. 2005 ; Ding et al. 2008 ) and Medium Resolution
maging Spectrometer (MERIS) data (Feng et al. 2016 ), could be
sed to correct atmospheric effects. Nonetheless, these approaches
re not easily implemented due to the differences of spatial resolu-
ion and acquisition times between the external data and the acquired
AR images. Other methods, such as PS (Ferretti et al. 2001 ) and
B AS (Berardino et al. 2002 ), ha ve been widely applied to atmo-
pheric delay reduction. Ho wever , it is difficult to measure abrupt
eformation from coseismic events, because a linear deformation
odel is assumed. In this study, multiple interferogram pairs are ob-

ained based on temporal and spatial baseline thresholds. After the
itigation of orbital and topographic errors, the main error source

eft is atmospheric delay. Some interferogram pairs do not show
lear coseismic deformation patterns because of the atmospheric
elay effects (see the first row of each interferogram pair in Fig. 3 ).
n order to extract the centimeter-level coseismic deformation of
he Jinghe event, it is necessary to remove atmospheric delays more
ccurately. 

As shown in Fig. 3 , we can see that the atmospheric delay obtained
rom the GACOS model is dependent on the topography. Fig. 3 re-
eals that the data acquired on 20170901 and 20170727 were subject
o more atmospheric delay, and the dela ys w ere w ell estimated and
emoved through the GACOS model (see the corrected coseismic
eformation of 20170727–20170901 in Fig. 3 i). For the descending
rbit observations, multiple coseismic deformation maps (Fig. 4 )
eveal that the SAR data of 20170714 and 20170807 involved more
tmospheric delays. Finally, the coseismic deformation is obtained
y averaging the relatively good quality deformation maps obtained
rom the ascending and descending orbits, respecti vel y (Fig. 5 ). 

In addition, stacking method is also used to correct the atmo-
pheric delay in this study. Ho wever , phase jump and atmospheric
ffects are not mitigated effectively via this approach. In the case
f the Jinghe event, GACOS method generally gives better results
han the stacking method. Ho wever , sometimes the GACOS model
s not efficient (see Table 2 ). This means that when the atmospheric
elay estimation is not accurate, the corrected results are not better,
r even worse than those without correction. 
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Figure 10. Fault slip and relocated aftershocks distribution. (a and b) Aftershocks superimposed on ascending and descending deformation maps, respecti vel y. 
(c) Map view of the slip distribution projected to surface. The length of the fault plane is 42 km, the downdip depth is ∼22 km, and the dip angle is ∼28 ◦ to 
the southeast. The arrows represent the magnitude and azimuth of slips in fault patches. The solid circles indicate the relocated aftershocks. (d) Aftershocks 
distribution in vertical plane perpendicular to the fault plane. 
The epicentral region of the Jinghe earthquake is sparsely pop- 
ulated, lacking in GNSS and seismic observation stations. InSAR 

technology therefore can be exploited to observe the coseismic de- 
formation all day and under all weather conditions to study the 
causative mechanism of the event. Although Liu et al. ( 2018 ) and 
Gong et al. ( 2019 ) studied the focal mechanism of the 2017 Jinghe 
earthquake using Sentinel-1 SAR data, they did not consider the 
atmospheric delay in their InSAR coseismic deformation maps. 
According to our data processing in this study, the atmospheric de- 
lay should be considered in order to extract centimeter-level coseis- 
mic deformation. We use atmospheric correction and multitemporal 
analysis to improve the quality of the coseismic deformation maps. 
Our results show that the signal-to-noise ratio of coseismic defor- 
mation field is improved after the atmospheric correction (Table 2 ). 

5.2 Characteristics of the focal mechanism and 

seismog enic f ault 

The 2017 Jinghe earthquake occurred in the north Tianshan re- 
gion, with folds and thrust faults dominating there. Because of 
the collision between the Indian and Eurasian plates, the Tianshan 
region has experienced thrust from the south to the north in the 
western segment of the North Tianshan since the Cenozoic (Liu 
et al. 2019 ). Through the investigation of palaeoseismic deforma- 
tion zone, Quater nar y fault acti vity and ri ver step dislocation, Chen 
et al. ( 2007 ) found that the Kusongmuqike piedmont fault is an ac- 
tive fault, showing more obvious thrust activity in the east section. 
The tectonic stress field implies a compression regime in the nearby 
region, and the surrounding faults are mainly NWW–SEE trending 
(Liu et al. 2019 ). This suggests that the 2017 Jinghe earthquake 
might be characterized by thrust faulting. 

We use nonlinear Bayesian method (Bagnardi & Hooper 2018 ) to 
invert for the seismogenic fault parameters constrained by coseismic 
InSAR deformation field. The focal mechanisms reported b y se veral 
organizations (Table 1 ) have moment magnitudes of M w 6.2–6.4. 
The strik e, rak e and dip are similar, but the depths are different. 
All of these results show that the fault is nearly east-west trending 
with thrust movement, consistent with the sense of geological stress 
field. Our results inverted from the coseismic InSAR deformation 
reveal that the seismogenic fault has a strike of ∼62 ◦ and a mean rake 
angle of ∼98 ◦, similar to the mechanism reported by the CENC. The 
maximum slip is ∼0.24 m, corresponding to a moderate earthquake. 
Ho wever , our dip angle is ∼28 ◦, smaller than that provided by the 
CENC, USGS and GCMT. 
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Figure 11. Coseismic slip distribution and its uncertainties in a 2-D pro- 
jection. (a) Coseismic slip distribution. (b) Corresponding uncertainties of 
the fault slips. Black arrows indicate the magnitude and azimuth of slips in 
fault patches. The maximum slip uncertainty is ∼2.1 cm. 
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Liu et al. ( 2017 ) relocated the aftershock sequence based on
he waveforms recorded by the Xinjiang Digital Seismic Network
sing the Double Difference relocation method. The aftershock
equence (Liu et al. 2017 ) and the back projection of the teleseismic
ecording (Zhang et al. 2020 ) demonstrated a unilateral rupture
bout 15–20 km to the west of the main shock. The aftershocks were
early distributed in the SWW–NEE direction, which generally
greed with the results of Xu et al. ( 2019 ). The seismic sources
f the aftershocks became deeper from north to south, indicating
hat the fault plane dips towards the south (Liu et al. 2017 ). Li
 Wang ( 2019 ) used the cut and paste (CAP) method to invert

or the focal mechanism parameters of M > 3.0 aftershocks. The
ocal mechanisms of most aftershocks were thrust, similar to that
f the main shock. The focal source parameters indicated that the
inghe earthquake sequence was dominated by a south to north
ompression stress field (Li & Wang 2019 ). 

Liu et al. ( 2018 ) drew a conclusion that the seismogenic fault
as the known Kusongmuqike piedmont fault, located to the south
f the aftershock sequence and dipping towards north. Gong et al.
 2019 ) found the optimal solution by trying various fault models
ipping south and north separately. They tested fault models with
trikes of 90 ◦, 100 ◦, 110 ◦ and 270 ◦, located to the south and north of
eformation field, respecti vel y. They claimed the south-dipping and
ast-west striking model because it was more consistent with the
ftershock sequence. In this study, we obtain more accurate defor-
ation fields and invert for fault geometry with acceptable accuracy.
ur results show that the seismogenic fault dips to the south with
urely thrust characteristic, indicating that the earthquake activity is
ue to the stress from the collision between the Indian and Eurasian
lates. Fur ther more, our results imply that the seismogenic fault of
he Jinghe event is not attributed to the known Kusongmuqike pied-

ont fault, but a blind thrust fault striking ∼62 ◦, intersecting with
he east section of the Kusongmuqike piedmont fault. According to
he inversion results of focal parameters and the local geomorphic
eatures, it is inferred that the seismogenic fault is a blind fault
eveloped beneath the Yongji fold (Fig. 1 b). This interpretation is
onsistent with the tectonic activities in the North Tianshan region:
t is affected by south to north compression in alignment with the
ush direction of the Indian plate. This shows that the Jinghe earth-
uake is a typical inland thrust earthquake in the North Tianshan
rea. This study suggests that, in addition to large-scale active fault
ones, the complex folds and thrust faults in the area may also lead
o the risk of moderate or large earthquakes in the future. 

.3 Post-seismic deformation 

e use the ascending and descending differential interferograms
ased on StaMPS method (Hooper et al. 2012 ) to derive post-
eismic deformation spanning 2017 August 8 to 2020 June 17. The
ultitemporal Sentinel-1A SAR images, including 53 ascending

nd 44 descending images, are listed in Suppor ting Infor mation Ta-
le S3. Time-series phase for each interferogram pair is smoothed
sing a Gaussian-weighted piecewise linear fitting. The spatially
ncorrelated look angle error is estimated and subtracted from the
rapped phase of the selected PSs. PS phase is filtered using the
oldstein adaptive phase filter, and then unwrapped using the 3D
hase unwrapping method (Hooper & Zebker 2007 ). Finally, the
patially correlated look angle error (DEM error), master atmo-
phere and orbit error are calculated and removed from the un-
rapping phases. We use logarithmic (LOG) function to model the
ost-seismic deformation. Then, the deformation time-series refer-
nced to the first SAR scene is obtained (Supporting Information
ig. S4 for ascending orbit T85 and Suppor ting Infor mation Fig.
5 for descending orbit T63). As shown in Fig. 12 , the accumu-

ated post-seismic deformation in the coseismic deformation area
s ∼0.5 cm in a ∼3-yr period after the main shock. It is reasonable
o conclude that the earthquake does not cause notable post-seismic
urface deformation. 

 C O N C LU S I O N S  

he 2017 M w 6.3 Jinghe earthquake occurred in the North Tian-
han orogenic zone, which did not rupture to surface, but caused
entimeter-level coseismic deformation. We utilize the GACOS
odel to remove the atmospheric delay in the InSAR deforma-

ion maps. The ascending and descending coseismic deformation
elds are extracted and then used to invert for the earthquake source
eometric parameters and slip distribution. The focal mechanism,
he seismogenic faulting geometry, and the aftershock distribution
re discussed. The main conclusions are drawn as follows. 

(1) Accurate coseismic deformation is derived from the multi-
le InSAR processing after GACOS atmospheric corrections. The
ignal-to-noise of the coseismic deformation maps is improved. Re-
ults show that the coseismic deformation field is located to the west
f the mian shock with a maximum displacement of ∼6 cm. The
oseismic deformation pattern implies that the Jinghe earthquake is
 thrust and unilateral rupture event. 
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Figure 12. Maps of accumulated post-seismic deformation. (a) Ascending orbit. (b) Descending orbit. 
(2) A new blind fault with a strike of 62 ◦ and a south-dipping 
angle of ∼28 ◦ is identified to be the causative fault of the 2017 
Jinghe earthquake. The ne wl y identified blind fault was developed 
beneath the Yongji fold, refuting that the earthquake was ascribed 
to the rupture of the pre-existing Kusongmuqike piedmont fault or 
a pure east–west striking fault assumed by previous research. Our 
fault model shows that the aftershock distribution generally agrees 
with the slip distribution. 

(3) No significant post-seismic deformation is observ ed ov er ∼3- 
yr period following the main shock. 
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2017). GACOS tropospheric delay maps were downloaded from 
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//www.gacos.net/ , last accessed March 2018). The GCMT database 
was from the website ( http://www.globalcmt.org/CMTsearch.html , 
last accessed August 2017). The USGS database was from the 
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2017). The fault data was downloaded from the SAFSDC ( http: 
//activefault-datacenter.cn/ , last accessed October 2017). Some 
plots were generated using the Generic Mapping Tools version 5.3.3 
( http://www.soest.hawaii.edu/gmt , last accessed October 2017). 
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InSAR time series with atmospheric corrections, Remote Sens. Environ.,
251, 112097. 

ebker, H.A., Rosen, A. & Hensley, S., 1997. Atmospheric effects in inter-
ferometric synthetic aperture radar surface deformation and topographic
maps, J. geophys. Res., 102, 7547–7563. 

hang, X. et al. , 2020. Source characteristics of the 2017 M s 6.6 ( M w 6.3)
Jinghe earthquake in the northeastern Tien Shan, Seismol. Res. Lett., 91,
745–757. 

ubovich, A.V. et al. , 2010. GPS velocity field for the Tien
Shan and surrounding regions, Tectonics, 29 (6), TC6014,
doi:10.1029/2010TC002772. 

U P P O RT I N G  I N F O R M AT I O N  

upplementary data are available at GJI online. 
igure S1. Marginal posterior probability distributions from GBIS

nversion for the north-dipping fault model parameters. (a and b)
pper bounds of the dip slip are set to 0.4 and 0.6 m, respecti vel y.
ed lines represent the maximum a posterior probability solution.
catter plots are contoured according to frequency. 
igure S2. Coseismic slip distribution with (a) homogeneous crust
odel and (b) layered crust model. We resolved the coseismic slip

istribution with a homogeneous crust model and compare it with
he layered crust model using SDM (Wang et al. 2013 ). There are no
isible discrepancies on the slip distribution derived by the different
rust model for this case. 
igure S3. Checkerboard resolution test for the inversion of coseis-
ic slip distribution, with each patch size of 3 km × 3 km. (a) 3 × 3

heckerboard input model; (b) recovered resolution of 3 × 3 patches
onstrained by the InSAR data. The figure shows the checkerboard
est for the inversion of coseismic slip distribution. Most of the slip
atches with a depth (along dip direction) smaller than 25 km are
ecovered in the checkerboard test. 
igure S4. Post-seismic deformation time-series of ascending or-
it T85. Ne gativ e v alues denote motion aw ay from the satellite in
he LOS direction and positive values denote motion towards the
atellite. We use StaMPS method (Hooper et al. 2012 ) to derive
ost-seismic deformation. 
igure S5. Post-seismic deformation time-series of descending or-
it T63. Ne gativ e v alues denote motion aw ay from the satellite
n LOS direction and positive values denote motion towards the
atellite. We use StaMPS method (Hooper et al. 2012 ) to derive
ost-seismic deformation. 
able S1. Sentinel-1A SAR data used for deriving coseismic defor-
ation. 
able S2. Layered elastic earth model. 
able S3. Multitemporal Sentinel-1 SAR data for post-seismic de-
ormation. 
lease note: Oxford University Press is not responsible for the con-

ent or functionality of any supporting materials supplied by the
uthors. Any queries (other than missing material) should be di-
ected to the corresponding author for the paper. 

http://dx.doi.org/10.1364/JOSAA.24.002737
http://dx.doi.org/10.1016/j.tecto.2011.10.013
http://dx.doi.org/10.1080/19475705.2017.1310764
http://dx.doi.org/10.1109/TGRS.2013.2272791
http://dx.doi.org/10.1109/LGRS.2006.882148
http://dx.doi.org/10.1785/BSSA0750041135
http://dx.doi.org/10.1016/j.tecto.2008.09.008
http://dx.doi.org/10.1016/j.tecto.2016.05.051
http://dx.doi.org/10.3390/rs8020134
http://dx.doi.org/10.1002/2016JD025753
http://dx.doi.org/10.3390/rs10050684
http://dx.doi.org/10.1016/j.rse.2020.112097
http://dx.doi.org/10.1029/96JB03804
http://dx.doi.org/10.1785/0220190194
http://dx.doi.org/10.1029/2010TC002772
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggac170#supplementary-data

	1 INTRODUCTION
	2 SEISMOTECTONIC SETTING
	3 DATA AND METHODS
	4 RESULTS
	5 DISCUSSION
	6 CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	REFERENCES
	SUPPORTING INFORMATION

