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S U M M A R Y 

Previous studies have shown that it is difficult to determine whether the 2015 Pishan earthquake 
occurred on a uniform fault or a ramp-flat fault with variable dip angles due to the similar 
goodness of data fit to coseismic and afterslip models on these two fault models. Here, we 
first present the InSAR deformation obtained from both ascending and descending orbits, 
covering the coseismic period and cumulative 5-yr period after the 2015 Pishan earthquake. 
We then determine the preferred fault geometry by the spatial distributions between the 
positive Coulomb failure stress change triggered by main shock and the afterslip. Based on 

the preferred fault model, we finally use a combined model to determine the contributions of 
elastic and viscoelastic deformation in the post-seismic deformation. We find that the Pishan 

earthquake prefers to occur on a ramp-flat fault, and the coseismic slip is mainly distributed 

at a depth of 9–13 km, with a maximum slip of about 1.3 m. The post-seismic deformation 

is primarily governed by afterslip, as the poroelastic rebound-induced deformation fails to 

account for the observed post-seismic deformation and the contributions from the viscoelastic 
relaxation mechanism can be considered negligible in the combined model. Moreover, the 
modelled stress-driven afterslip and observed kinematic afterslip have good consistency, and 

the difference between the root mean square error of the two afterslip models is only 4.3 mm. 
The results from the afterslip model indicate that both of the updip and downdip directions 
distribute the afterslip, and slip in the updip direction is greater than that of the downdip 

direction. Meanwhile, the maximum cumulative afterslip after 5 yr is approximately 0.26 m 

which is equi v alent to a released seismic moment of a M w 

6.47. 

Key words: Satellite geodesy; Seismic c ycle; Inv erse theory; Time-series analysis; Earth- 
quake hazards; Crustal structure. 
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 I N T RO D U C T I O N  

n 3 July 2015, an M w 6.5 earthquake occurred between Pishan
nd Yecheng counties in Xinjiang, with the epicentre only 7 km
rom Pishan County (here referred to as the Pishan earthquake). No
race of a Holocene active fault zone was found within 50 km of
he epicentre, indicating that this earthquake occurred on a blind
ault (Li et al. 2016 ; Lu et al. 2016 ; Sun et al. 2016 ; Ainscoe et al.
017 ;Guilbaud et al. 2017 ; Bagnardi & Hooper 2018 ; Wang et al.
018b , 2020 ). The earthquake led to three deaths, 214 injuries and
evere building collapses (Wang et al. 2018b ). The collision of the

ndian Plate with the Eurasian Plate resulted in the West Kunlun A  

C © The Author(s) 2024. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
ountains and the Tarim Basin squeezing each other, with a rela-
iv e conv ergence rate of 5 mm a −1 (Xu et al. 2011 ; Li et al. 2012 ;

ang et al. 2018b ). The earthquake epicentre is situated within the
est Kunlun fault zone, positioned at the southwestern periphery of

he Tarim Basin, China’s most e xtensiv e inland basin and the north-
ester n boundar y of the Tibetan Plateau (Fig. 1 ). This region has

ong been an important tectonic research area (Matte et al. 1996 ;
ao et al. 2001 ; Li. 2002 ; Cheng et al. 2016 ). The Tarim Desert
asin is characterized by thick Cenozoic sediments, with thick-
esses reaching 10 km (Sobel & Dumitru 1997 ; Yin et al. 2002 ;
in et al. 2012 ; Wang et al. 2013 ; Jiang & Li 2014 ; Lu et al. 2016 ;
inscoe et al. 2017 ). Lu et al. ( 2016 ) utilized three high-resolution
oyal Astronomical Society. This is an Open Access 
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Figure 1. The tectonic background of the 2015 M w 6.5 Pishan earthquake. Black lines indicate main faults; w hite–y ellow–red patches indicate afterslip 
distribution; the black contours are coseismic slip distribution; the blue line with an arrow represent velocity field for India–Eurasia measured during 1991–
2015(Zheng et al. 2017 ); the colour circles indicate the historical earthquake catalogue ( M w > 2.5 from 01/01/1900 to 04/12/2023); AA’, BB’ and CC’ are 
part of seismic reflection profiles from Lu et al. ( 2016 ). 
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seismic reflection profiles and well drilling data to interpret the Pis- 
han earthquake. They used these data sources to acquire detailed 
information about the sedimentary cover and lithology in the south- 
western Tarim Basin through well drilling, as well as the major layers 
and faults by analysing the three high-resolution seismic reflection 
profiles. As a result, they claimed that the Pishan earthquake oc- 
curred between two detachment layers at depths of 9–13 km beneath 
the West Kunlun Mountains and the Tarim Basin. Thrust systems 
dev eloped abov e the shallo w detachment layer , with a lot of par- 
allel oblique thrust faults distributed between the two detachments 
(Lu et al. 2016 ). Historically, two medium-strong earthquakes ex- 
ceeding M w 6 occurred within 100 km of this earthquake epicentre, 
an M w 6.8 earthquake in Pishan, Xinjiang on 31 August 1902 and 
the other M w 6.2 earthquake in Pishan, Xinjiang on 29 May 1998. 
Because of the large recurrence time and the limited observation 
technology, there is a lack of information for these two earthquakes. 
Therefore, the 2015 Pishan earthquake provides a valuable opportu- 
nity for researching the crustal deformation characteristics beneath 
the West Kunlun Frontal Thrust Belt. 

Tiltmeters, strain gauges and levelling instruments to Global Nav- 
igation Satellite Systems (GNSS), Interferometric Synthetic Aper- 
ture Radar (InSAR) and optical satellites, geodetic observation tech- 
niques have been widely used in seismic fault slip distribution inver- 
sion and post-seismic deformation studies (Massonnet et al. 1993 ; 
Freymuller et al. 1993 ; Peltzer 1999 ; Fialko et al. 2001 , 2002 , 
2005 ; Fialko 2004 ; Allison et al. 2002 ; Sandwell et al. 2008 ; Li 
et al. 2009 ; Lin et al. 2009 ; Liu et al. 2009 ; Shen et al. 2009 ; Zhang
et al. 2011 ; Chen et al. 2014 ; Wang et al. 2019 ; Fathian et al. 2021 ;
Guo et al. 2022 ; He et al. 2022 ; Li et al. 2022 ). For the 2015 Pishan
M w 6.5 earthquake, only two GNSS campaign stations exist within 
50 km of the epicentre (He et al. 2016 ), which makes it challeng- 
ing to acquire conventional continuous deformation data. However, 
the co- and post-seismic deformation of this earthquake have been 
completely captured by Sentinel-1A satellite (Ainscoe et al. 2017 ; 
Wang et al. 2018b ). Therefore, we utilize the Interferometric Syn- 
thetic Aperture Radar (InSAR) observations to model the co- and 
post-seismic deformations of the Pishan earthquake. The coseis- 
mic source parameters are compared to independent estimates from 

broadband seismology. 
After the Pishan earthquake, many scholars investigated the seis- 

mic source mechanism (He et al. 2016 ; Sun et al. 2016 ; Ainscoe 
et al. 2017 ; Bagnardi & Hooper 2018 ; Wang et al. 2018b , 2020 ), 
geological structure and seismic genesis of this earthquake (Li et al. 
2016 ; Lu et al. 2016 ; Guilbaud et al. 2017 ). Ho wever , due to differ-
ences in data and models used, there were certain discrepancies in 
the details of the slip distribution and fault geometry, which remains 
a subject of debate (He et al. 2016 ; Li et al. 2016 ; Lu et al. 2016 ; Sun
et al. 2016 ; Ainscoe et al. 2017 ; Bagnardi & Hooper 2018 ; Guil- 
baud et al. 2017 ; Wang et al. 2018b , 2020 ). For example, both the 
geometric model of a non-uniform fault (from seismic reflection 
profile) and uniform fault can fit the co- and post-seismic defor- 
mations well, and we cannot judge the better one (Ainscoe et al. 
2017 ). Ho wever , such discrepancy result in significant differences 
in the depth range of fault slip distribution and slip magnitude (Sun 
et al. 2016 ; Ainscoe et al. 2017 ; Guilbaud et al. 2017 ; Bagnardi & 

Hooper 2018 ; Wang et al. 2018b , 2020 ). In this paper, we deter- 
mine the ramp-flat fault geometry through a combined analysis of 
slip and stress derived from co- and post-seismic geodetic data. This 
analysis has the potential to serve as a reference for determining the 
complex fault geometry in other earthquakes. 

2  I n S A R  O B S E RVAT I O N S  

2.1 Coseismic deformation 

The July 2015 M w 6.5 Pishan earthquake was fully covered by 
Sentinel-1A SAR images launched by the European Space Agency 
(ESA). The InSAR ascending (T056A) and descending (T136D) 
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ata before and after the event (Table S1 ) are used to study the co-
nd post-seismic deformations. We use Interferometric Synthetic
perture Radar Scientific Computing Environment (ISCE) devel-
ped by NASA Jet Propulsion Laboratory (Rosen et al. 2018 ) to
rocess InSAR coseismic deformation data with a multilook ratio
f 10:2 between the satellite’s range and azimuth directions. The
ffect of terrain from interferograms are removed by Shuttle Radar
opography Mission (SRTM) Digital Elevation Model (DEM) with
 resolution of 90 m, which jointly developed by the NASA, the Na-
ional Geospatial-Intelligence Agency, and the German and Italian
pace Agencies (Farr et al. 2007 ). We use a power spectrum filter

o reduce the influence of phase noise and use a branch cut method
o unwrap the interferogram (Goldstein & Werner 1998 ). The in-
erferograms are geocoded using WGS84 geographic coordinates
ith a resolution of 90 m. 
Both of coseismic deformation on ascending and descending

racks show similar double-lobed shapes, which indicate that the Pis-
an earthquake was primarily characterized by vertical deformation
Figs 2 a and c). The coseismic deformation gradient is significant,
ithout obvious noise (Figs 2 a and c). The line of sight (LOS) defor-
ation shows uplift in the northwest and subsidence in the southeast,
ith a maximum uplift of ∼11 cm and a maximum subsidence of
4 cm in LOS direction. The observation of greater uplift ampli-

ude than subsidence amplitude points towards the earthquake being
redominantly a thrust event. The SAR imagery’s superior spatial
esolution offers potent spatial constraints for seismic deformation
odelling. Nonetheless, utilizing full-resolution InSAR data for
odelling demands substantial computing resources, thereby sig-

ificantly compromising computational efficiency . Consequently ,
e use a quadtree sampling strategy (J ónsson et al. 2002 ) to sample

he full-resolution InSAR data, whereby we densely sample regions
ith discer nible defor mation g radients and sparsely sample areas
ith minor deformation gradients. Following the sampling process,
e left with a total of 511 ascending data and 511 descending data

Figs 2 b and d). 

.2 Post-seismic deformation 

e collect 5 yr of post-seismic deformation on ascending and de-
cending orbits and post-seismic deformation interferograms using
he same processing method as for the coseismic deformation anal-
sis. A Digital Ele v ation Model (DEM) with a resolution of 90 m
s used to remove topographic phase from the differential interfero-
ram. Time-series analysis is conducted using the MintPy package
Miami InSAR Time-Series software in Python; Zhang et al. 2019 ),
nd the ERA5 meteorological data model provided by ECMWF is
tilized to remove atmospheric effects (Hersbach et al. 2020 ). The
patiotemporal baseline maps of the Sentinel-1A data are shown in
ig. S1 . 
Post-seismic deformation patterns in the ascending and descend-

ng tracks are similar to coseismic deformation (Figs S2 and S3 ). To
ccurately delineate the main area of post-seismic deformation, we
ocate characteristic points (A–D) on the post-seismic map based on
he deformation positions observed on the coseismic map. On the
scending orbit, we set characteristic points A and B at the positive
nd ne gativ e deformation positions, respectiv ely . Additionally , we
bserve significant signals in the northwest of point A, so we set
 characteristic point C at this location (Figs 3 a and c). Regarding
he post-seismic defor mation obser ved on the descending orbit, we
elected only one characteristic point (D) on the descending orbit
ap. The temporal characteristics of the four characteristic points
ll exhibit significant post-seismic deformation features (Figs S2 ,
3 and S4 ). For sampling post-seismic deformation, we also use

he quadtree sampling strategy (J ónsson et al. 2002 ) to sample the
ull-resolution InSAR data. As a result, we obtained 514 ascending
ata and 587 descending data (Figs 3 b and d). 

 M O D E L L I N G  O F  C O S E I S M I C  

E F O R M AT I O N  

.1 Coseismic fault geometry and slip distribution 

he process of inverting coseismic fault slip distribution is com-
onl y di vided into two distinct steps (Wright et al. 2003 ; Atzori

t al. 2009 ; Feng et al. 2013 ). During the first step, the fault is treated
s a uniform plane and its geometric parameters are estimated us-
ng non-linear search methods based on the Okada model (Okada
985 ). In recent years, commonly methods used for determining
ault geometry parameters include Lev enberg–Mar quardt algorithm
Linde & Johnston 1989 ), simulated annealing method (Sudhaus &
o´nsson 2009 ), and multipeak par ticle swar m algorithms method
Feng et al. 2010), among others. Here, the geometric parameters
f the Pishan earthquake fault are determined using the multipeak
ar ticle swar m algorithm (Feng & Li 2010 ). The inversion results
how that the strike of the fault is 112.4 ◦ and the dip angle is 23.8 ◦,
hich are consistent with previous studies (He et al. 2016 ; Sun et al.
016 ; Bagnardi et al. 2018). Ho wever , seismic reflection profiles in-
icate a flat ( ∼3 ◦ dip) trajectory of the fault trace below ∼13 km
Ainscoe et al. 2017 ), and a flat detachment layer at about 9 km
epth. In between both detachments, the dip angle of the rupture is
ssumed ∼23.8 ◦. As a result, we have designated the uniform fault
s ‘Fault Model-1 (FM-1, strike = 121.4 ◦, dip = 23.8 ◦)’ and have
reated a secondary Fault model, named ‘Fault Model-2 (FM-2;
amp—flat fault model)’, which is based on FM-1. FM-2 is charac-
erized by a shallow dip angle of 3 ◦ below a depth of approximately
3 km, while all other parameters remain consistent with those
f FM-1. 

Upon determining the geometric parameters of the fault, FM-
 and 2 were extended to a length and width of 60 × 60 km 

2 ,
especti vel y, and di vided uniforml y into 900 patches of 2 × 2 km 

2 .
he coseismic slip distribution of each patch was inverted using

he non-ne gativ e linear least squares algorithm and the Tikhonov
egularization algorithm (Ainscoe et al. 2017 ; Tikhonov 1963a , b ),
ith the regularization parameter determined using the variance

omponent estimation method (Schwintzer 1990 ; Koch & Kusche
002 ; Xu et al. 2009 ; Wang et al. 2018a ; Zhao et al. 2022 ). The
oseismic slip distributions of FM-1 and 2 are shown in Figs 4 (a)
nd (d). 

.2 Coulomb failure stress induced by main shock 

n this section, we estimate the positive Coulomb failure stress
hanges (PCFSC) induced by the main shock (Figs 4 a and d) on the
M-1 and 2. The Coulomb failure function ( �C F S ) is shown as 

C F S = �τ + μ′ �σ (1) 

Where �τ is the shear stress changed, �σ is the normal stress
hanged and μ′ is the apparent coefficient friction (Reasenberg &
impson 1992 ; Harris 1998 ). The physical notation of stress is
sed in eq. (1) (compressive stress negative). The positive Coulomb
ailure stress changed on fault means promoting failure and ne gativ e
alues means retarding it. In this paper, the Coulomb failure stress

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae072#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae072#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae072#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae072#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae072#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae072#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae072#supplementary-data
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Figure 2. Coseismic deformations for the 2015 Pishan M w 6.5 earthquake. (a), (c) are full-resolution observations in ascending and descending orbits. (b), (d) 
are downsampled observations in ascending and descending orbits. The red box represents the surface projection of the fault trace. 
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changed calculated by the PSGRN-PSCMP program (Wang et al. 
2006 ), and the apparent coefficient friction ( μ′ ) is set as 0.5. The 
distributions of PCFSC on FM-1 and 2 are shown in Figs 4 (b) and 
(e). We found the PCFSC are distributed in both of the updip and 
downdip directions on the FM-1 and 2 (Figs 4 b and e). 

4  P O S T - S E I S M I C  D E F O R M AT I O N  

M E C H A N I S M S  S I M U L AT I O N  

The study of post-seismic deformation mechanisms is a fundamen- 
tal approach to explore the rheological structure of the lithosphere 
(Pollitz 2019 ), which not only fills the temporal gap between seis- 
mic elastic waves and postglacial rebound but also characterizes the 
deep medium properties in active fault zones (B ürgmann & Dresen 
2008 ). The classicial post-seismic deformation refers to the delayed 
changes in the lithosphere caused by stress relaxation in the low- 
viscosity layer of the mantle or crust (Sabadini & Vermeersen 2004 ). 
Currentl y, the widel y accepted post-seismic deformation mecha- 
nisms include the poroelastic rebound model in the crust (Peltzer 
et al. 1996 ; J ónsson et al. 2003 ), aseismic slip on the fault outside 
the ruptured region (B ürgmann 2018 ) and viscoelastic relaxation in 
the lower crust and upper mantle (Burgmann & Dresen 2008 ; Pol- 
litz 2019 ). The effects of afterslip and poroelastic response usually 
occur in the early period, while the viscoelastic relaxation effect 
lasts for a longer time after the earthquake. 

4.1 Kinematic afterslip 

Post-seismic afterslip pertains to the fault slip induced by a coseis- 
mic perturbation of the stress, which transpires up or down the dip 
of the fault (B ürgmann 2018 ). We calculated the kinematic afterslip 
by using the cumulative deformation observed via InSAR over a 
period of 5 yr after the main shock (Figs 4 c and f). The inversion 
approach is identical to that used for the coseismic slip. In general, 
the spatial distribution of PCFSC induced by the coseismic fault 
slip are close to the spatial distribution of kinematic afterslip (Diao 
et al. 2021 ; Zhao et al. 2023 ). Here, the preferred fault model is 
selected by assessing the consistency between the spatial distribu- 
tion of PCFSC induced by the coseismic slip on FM-1 and 2 and 
the spatial distribution of kinematic afterslip on their correspond- 
ing faults. On the FM-1, the coseismic slip is distributed between 9 
and 13 km (F ig. 4 a), w hile the PCFSC is distributed above and to 
both sides of the coseismic slip (Fig. 4 b). The PCFSC are primarily 
distributed in the updip and downdip directions, spanning a range 
of 6–9 km in the updip direction and a range of 11–14 km in the 
downdip direction (Fig. 4 b). Correspondingl y, cumulati ve afterslip 
over the 5 yr following the main shock was observed to occur in 
both the updip and downdip directions (Fig. 4 c). Specifically, updip 
afterslip was dispersed within a range of 8–11 km, while downdip 
afterslip was distributed between 14 and 19 km. Additionally, some 
minor afterslip events were detected at shallower depths (1–5 km; 
Fig. 4 c). It is evident that a significant discrepancy exists between 
the spatial distribution of kinematic afterslip and the PCFSC for the 
model FM-1 (Figs 4 b and c). 

On the FM-2, the coseismic slip is also distributed between 9 
and 13 km (Fig. 4 d), and the maximum slip and moment mag- 
nitude are similar to those of the FM-1. The PCFSC induced by 
the main shock is distributed around the coseismic slip (Fig. 4 e), 
with the updip distribution mainly between 7 and 9 km and some 
weaker positi ve v alues distributed between 6 and 7 km in the shal- 
low depths. The downdip PCFSC are mainly distributed between 

art/ggae072_f2.eps
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Figure 3. The full resolution and downsampled accumulated LOS displacement ∼5-yr after the main shock. (a), (c) are full-resolution observations in 
ascending and descending orbits. (b), (d) are downsampled observations in ascending and descending orbits. A–D are characteristic points defined to delineate 
the post-seismic deformation over 5-yr time. The red box represents the surface projection of the fault trace. 

1  

d  

m  

b  

a  

d  

i  

I  

d  

P  

k  

c  

f  

r

4

P  

t  

p  

p  

s  

d  

P  

P  

d  

s  

t  

t  

c  

o  

i  

s  

2  

i  

e  

d  

w  

e

4

T  

d  

m  

o  

t  

p  

i  

i  

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/237/2/741/7616939 by Bibliothek des W

issenschaftsparks Albert Einstein user on 21 June 2024
2.8 and 13.3 km, and there are some scattered weak positive values
istributed between 13.3 and 14 km (Fig. 4 e). Remarkably, the kine-
atic afterslip over 5 yr after the earthquake is mainly distributed

etween 8 and 10 km in the updip direction, and there is also a weak
fterslip distributed between 6 and 8 km (Fig. 4 f). In the downdip
irection, it is mainly distributed between 13 and 13.3 km, and there
s also a weak afterslip distributed between 13.3 and 14 km (Fig. 4 f).
t is clear that there exists a robust spatial coherence between the
istribution of ‘observed’ kinematic afterslip and the modelling of
CFSC on the FM-2. From the perspective of consistency between
inematic afterslip and PCFSC, we believe that the fault with a
hange in dip at around 13 km is more in line with the seismogenic
ault of this earthquake, which supports the results of the seismic
eflection profile (Lu et al. 2016 ). 

.2 Poroelastic r e bound 

oroelastic rebound is assumed to occurring at shallow depths in
he Earth’s crust, especially in water-saturated sediments with high
orosity. The poroelastic response reflects the transformation of
ore water pressure from a non-equilibrium state to an equilibrium
tate caused by coseismic slip. The flow of pore water causes surface
isplacement, which usually takes only a few months (Nur 1972 ;
eltzer et al. 1996 ; J ónsson et al. 2003 ). The drained and undrained
oisson’s ratios are commonly used to represent the instantaneous
eformation immediately after the earthquake and the deformation
hort time after the earthquake when the pore water pressure had
ime to develop a new equilibrium state. Therefore, it is possible
o calculate the poroelastic rebound deformation by inverting for
oseismic slip twice, once with the undrained Poisson’s ratio and
nce with the drained Poisson’s ratio, and then using the difference
n surface displacement to estimate the poroelastic contribution to
urface movement after the earthquake (Huang et al 2014 ; Diao et al.
021 , Table S2 ) . We found that the poroelastic surface deformation
s more southward compared to the observed movement after the
arthquake (Figs 3 and 5 ). Because the predicted pattern is very
if ferent to observ ations, we conclude that the poroelastic effect
as not dominant in the post-seismic deformation for the Pishan

arthquake. 

.3 Viscoelastic relaxation 

he viscoelastic relaxation mechanism considers the post-seismic
eformation caused by a coseismic stress disturbance that is trans-
itted deep into the lower crust and upper mantle. This deformation

ccurs at the Earth’s surface over a long timescale and a broad spa-
ial area (Burgmann & Dresen 2008 ; Pollitz 2019 ). Because of the
ost-seismic deformation used in this study over a long period, it
s necessary to consider the viscoelastic relaxation mechanism. To
nvestigate whether the viscoelastic relaxation effect could have
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Figure 4. The distributions of coseismic slip, positive Coulomb failure stress changes (PCFSC) induced by the main shock and afterslip of the FM-1 and 2. 
(a), (d) are the coseismic slip distributions of the FM-1 and 2; (b), (e) are distributions of positive coseismic Coulomb failure stress change of the FM-1 and 2; 
(c), (f) are the kinematics afterslip distributions after 5 yr of the FM-1 and 2: The blue contours in (b), (e), (c), (f) represent the location of the coseismic slip 
distribution, and the black numbers indicate the slip magnitude. 

Figure 5. The full resolution deformation predicted by the Poroelastic rebound model. The first row represents the ascending orbit deformation and the second 
row represents the descending orbit deformation. (a, e) Poisson’s ratios under the undrained (0.25) and drained conditions (0.05); (b, f) Poisson’s ratios under 
the undrained (0.25) and drained conditions (0.1); (c, g) Poisson’s ratios under the undrained (0.25) and drained conditions (0.15); (d, h) Poisson’s ratios under 
the undrained (0.25) and drained conditions (0.2). 
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played a role in the post-seismic deformation of the Pishan earth- 
quake over the 5-yr period, we first define the local internal structure 
of our Earth using CRUST 1 (Laske et al. 2013 , Table S3 ). We set 
the depth of the Moho discontinuity at 43.26 km and used the PS- 
GRN PSCMP software package to calculate the surface deforma- 
tion pattern caused by viscoelastic relaxation due to stress released 
by coseismic slip distribution (Wang et al. 2006 ). We found that 
the surface deformation caused by viscoelastic relaxation exhibits 
good spatial consistency with the observed deformation (Fig. 6 ). For 
example, in the descending orbit (T136D), viscoelastic relaxation 
deformation has a larger range than observed deformation, and the 
defor mation patter n and location is similar to the obser ved defor ma- 
tion (Figs 6 c and d). In the ascending orbit (T056A), the location of 
ne gativ e deformations is close to the observed observations (Figs 6 a 
and b). Therefore, we cannot subjecti vel y rule out the contribution 
of viscoelastic relaxation to the post-seismic deformation in the 
Pishan earthquake. 

4.4 Post-seismic deformation explained by the combined 

model 

The post-seismic deformation mechanisms of poroelastic rebound, 
afterslip and viscoelastic relaxation may act simultaneously in most 
cases (Freed et al. 2006 ; Gunawan et al. 2014 ; Huang et al. 2016 ). 
Therefore, geodetic measurements may contain a comprehensive 
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Figure 6. The deformation predicted by the viscoelastic relaxation model. LC: lower crust, UM: upper mantle. (a) and (c) are the observed data in the ascending 
and descending tracks; (b) and (d) are the deformation predicted by the viscoelastic relaxation model in the ascending and descending tracks. 
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ffect of these three mechanisms. Although existing research sug-
ests that it is very difficult to strictly distinguish the interactions
f three mechanisms, there is still hope to clarify the contributions
f different mechanisms with the effective capture of relaxation
eformation signals in the temporal and spatial domains of spatial
arth measurements (Fialko 2004 ; Rousset et al. 2012 ; Diao et al.
021 ; Jin et al. 2022 , 2023 ; Zhao et al. 2023 ). For example, Fialko
 2004 ) jointed poroelastic rebound and kinematical afterslip model
o simulated post-seismic deformation of the 1992 M w 7.3 Landers
arthquake, and suggested that the combined simulation can ex-
lain the surface relaxation deformation well. Rousset et al. ( 2012 )
eveloped a model that integrates afterslip and viscoelastic flow
o explain deformation induced by coseismic stress changes of the
999 M w 7.6 Chi-Chi earthquake. This model aligns with the shorter
elaxation times observed in the immediate vicinity, attributed to on-
oing fault movement, as well as the longer characteristic relaxation
imes and the reverse direction of vertical displacements observed
o the east of the Central Range. Diao et al. ( 2021 ) conducted a com-
rehensive simulation of the contributions of viscoelastic relaxation
nd stress-driven afterslip model to the 4-yr cumulative deforma-
ion after the main shock using GPS observations and finite element
odel. Jin et al. ( 2023 ) constructed a fully coupled model that

nte grates stress-driv en creep within a deep, localized shear zone
nd viscoelastic relaxation throughout the lower crust to explain the
ost-seismic deformation of the 2021 M w 7.3 Maduo earthquake.
he data in the mid- to near-field can be adequately explained by tak-

ng into account deep afterslip and/or non-Maxwellian viscoelastic
ehaviour. 
t
Ef fects of stress-dri ven afterslip and viscoelastic relaxation are
oth controlled by the positive Coulomb stress released during the
ain shock, and typically both processes occur simultaneously after

n earthquake. Diao et al. ( 2021 ) proposed a linear relationship
nd represent the stress-driven afterslip b y multipl ying the PCFSC
y a constant ( a). Drawing upon this concept, the post-seismic
eformation can be expressed as follows (Diao et al. 2021 ). 

D 

( r, t ) = D cv ( r, t ) + a 
∑ 

rc 

C p ( r c ) 

τ[
D ae ( r, r c ) τ

(
1 − e ( −t/τ ) 

) + 

t 
∫ 

0 
D av 

(
r, t − t ′ , r c 

)
e −t ′ /τ dt ′ 

]
. (2) 

Namely, the interrelated post-seismic deformation is composed
f three parts. The first part D cv is the viscoelastic relaxation defor-
ation caused by coseismic slip. The second part is caused by stress-

riven afterslip ( a 
∑ 

rc 

C p ( r c ) 
τ

× D ae ( r, r c ) τ ( 1 − e ( −t/τ ) ) ). The third

art is the viscoelastic relaxation deformation caused by the after-

lip ( a 
∑ 

rc 

C p ( r c ) 
τ

×
t 
∫ 

0 
D av ( r, t − t ′ , r c ) e −t ′ /τ dt ′ ). Where r means the

osition of observations; r c means the position of fault patches; t is
he cumulative time after main shock; C p ( r c ) = max [ �C F S ( r c ) , 0 ]
eans the PCFSC; �C F S means the distribution of Coulomb fail-

re stress change on the fault patches; τ means the decay time of
fterslip; D ae , D av are the Green functions correspond to elastic and
iscoelastic deformation. 

Based on the above theory, we use the FM-2 to calculate the in-

errelated contributions of viscoelastic relaxation and stress-driven 
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Figure 7. Root mean square errors (RMSE) plotted as function of model parameters ( τ , V C lc , α) in the joint inversion. The optimal parameters were determined 
by the full grid search over model space. The red star represents the optimal position of parameters. 
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afterslip in the post-seismic cumulative deformation. The post- 
seismic deformation of 5 yr was divided into 26-time intervals 
(24, 48, 120, 144, 168, 216, 240, 264, 312, 456, 504, 528, 564, 612, 
636, 660, 828, 984, 1068, 1164, 1200, 1284, 1368, 1548, 1656 and 
1824 d). The earlier time intervals were divided more tightly, while 
the later spanned a longer period. The cumulative deformation of 
each time interval was calculated, and an observation function was 
constructed based on eq. ( 2 ). The contribution of stress-driven af- 
terslip and viscoelastic relaxation mechanisms in the post-seismic 
deformation of the Pishan earthquake was calculated by the proce- 
dures introduced in Diao et al. ( 2021 ). We estimate an interrelation 
constant of α = 0.136 m MPa −1 , i = 27 ( V C lc = 10 20 Pa s) and τ = 

0.53 yr (Fig. 7 ). Diao et al. ( 2021 ) used the same method to investi- 
gate the overlapping effects of afterslip and viscoelastic relaxation 
after the 2015 Gorkha earthquake and obtained similar values for 
α (0.18 m MPa −1 ) and τ (0.6 yr) close to we did. Additionally, our 
findings indicate that earthquakes of different magnitudes may ex- 
hibit similar relaxation times for post-seismic afterslip. The optimal 
lower crustal viscosity coefficient reached its up bound (Fig. 7 ), in- 
dicating that the Pishan earthquake occurred in the pure brittle upper 
crust. 

5  D I S C U S S I O N  

5.1 Fault slip distribution 

After the earthquake, several groups analysed Pishan earthquake 
based on different data, and the majority of scholars believe that 
this earthquake occurred on a uniform fault plane (He et al. 2016 ; 
Sun et al. 2016 ; Bagnardi & Hooper 2018 ). Only a few studies 
included structural and fault information from seismic reflection 
profiles (Ainscoe et al. 2017 ; Wang et al. 2018b ). Ho wever , ap- 
proaching the problem from the perspective of fitting the coseismic 
and post-seismic data alone cannot determine whether the earth- 
quake occurred on a uniform fault plane or a geological fault, as 
both models can fit the observed surface deformation well (Ain- 
scoe et al. 2017 ). Drawing on geodetic data, this paper examines 
the spatial consistency between the distribution of the PCFSC trig- 
gered by main shock and the distribution of kinematic afterslip. It 
is found that assuming a ramp-flat thrust fault (model FM-2), the 
distribution of PCFSC is spatially consistent with the kinematic 
afterslip. In addition, the stress-driven afterslip introduced in this 
paper is obtained b y multipl ying the PCFSC triggered by the main 
shock with a proportionality coefficient α of 0.136 m MPa −1 . Mean- 
while, we observed that the root-mean-square errors (RMSE) be- 
tween the surface deformation predicted by both stress-driven and 
kinematic afterslip and the observed deformation were 11.5 and 
7.2 mm, respecti vel y. The weak dif ference of RMSEs indicates 
that both stress-driven afterslip and kinematic afterslip can repro- 
duce the observations well. This finding reinforces the idea that 
stress-driven and kinematic afterslip can mutually support each 
other on a ramp-flat fault, thereby increasing the dependability of 
FM-2. 

Different fault geometries and data can lead to slightly different 
results in the distribution of coseismic fault slip (Li et al. 2016 ; 
Lu et al. 2016 ; Sun et al. 2016 ; Ainscoe et al. 2017 ; Guilbaud 
et al. 2017 ; Bagnardi & Hooper 2018 ; Wang et al. 2018b , 2020 ). 
Regarding the coseismic slip distribution of the Pishan earthquake, 
previous studies have shown that this earthquake was dominated 
by thrust slip, and most studies indicate that the fault slip did not 
rupture to the surface, with rupture depths mainly concentrated at 8–
16 km and the maximum slip of 0.6–1.2 m. The moment magnitudes 
were estimated to be between M w 6.3 and 6.5 (Ainscoe et al. 2017 ; 
Bagnardi & Hooper 2018 ; Wang et al. 2018b ). 

Based on our fault models FM-1 and 2, we use a non-ne gativ e 
constrained least squares method to invert the coseismic slip dis- 
tribution. Both models show that the coseismic slip is concentrated 
within a range of 20 × 11 km, with a maximum slip of approxi- 
mately 1.3 m, and a released seismic moment of 5.435 × 10 18 N m 

(5.776 × 10 18 N m), equi v alent to an earthquake with a magnitude 
of M w 6.46 ( M w 6.47) (Figs 4 a and d). These results are similar to 
those reported by Ainscoe et al. ( 2017 ). The RMSEs between the 
coseismic surface deformation predicted by FM-1 and 2 and the ob- 
ser ved defor mation are 12 and 11.8 mm, respecti vel y. These results 
account for approximately one-tenth of the maximum coseismic 
deformation. The striking similarity between the two coseismic slip 
models can be attributed primarily to the fact that the fault slip is 
mainly concentrated on the same oblique fault located above 13 km, 
while no obvious continuous slip occurs below 13 km and above 
9 km. Although the data fitting results of using non-ne gativ e least 
squares to invert the coseismic slip distribution in this paper may be 
slightly worse than those obtained by least squares inversion (Fig. 
S5 ), it can better concentrate the slip distribution, which is consis- 
tent with the results from Ainscoe et al. ( 2017 ). By the wa y, w e 
found that the moment magnitude derived from seismic wave data 
is smaller than the results from InSAR observations. This may be 
due to the longer observation period of InSAR data, which includes 
some post-seismic deformation (USGS; He et al. 2016 ; Wen et al. 
2016 ; Ainscoe et al. 2017 ). Ho wever , the fault geometry parameters 
derived from seismic wave and InSAR data are similar (He et al. 
2016 ; Ainscoe et al. 2017 ). Fur ther more, He et al. ( 2016 ) utilized 
differential calculations of GPS coseismic deformation based on 
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Figure 8. The deformation forward by stress-driven afterslip with the different depths range of coseismic slip distributed. Panels (a) and (d) are coseismic 
slip distributions with depths range of 7–16 km and 9–13 km; panels (b) and (e) are post-seismic observed deformations; panels (c) and (f) are deformations 
resulting from stress-driven afterslip. 
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ata recorded by campaign GPS measurements before and after the
ar thquake. This coseismic defor mation encompassed early post-
eismic deformation over a 1-month period. Based on this GPS
bservations, the y inv erted for a slip distribution concentrated at a
epth of 10–12 km, yielding a moment tensor of 6.42 × 10 18 N ·m,
qui v alent to an M w 6.48 earthquake. These findings closely align
ith results obtained from InSAR data that also incorporated early
ost-seismic deformation. 

Several studies indicated that the depth of coseismic slip dis-
ribution reaches shallower than 8 km in the updip direction and
eeper than 13 km in the downdip direction (He et al. 2016 ; Sun
t al. 2016 ; Wen et al. 2016). Ho wever , from the perspective of
tress-driven afterslip, such depth seems unreasonable in the Pishan
vent. Due to the fact that the PCFSC triggered by the coseismic slip
istribution typically distributes around the ruptured patch, slip dis-
ributions at deeper or shallower depths would result in the PCFSC
hat distributes deeper or shallower as well. As a result, the surface
eformation forward by the stress-driven afterslip model may show
ositional differences from the observed deformation. For example,
hen the coseismic slip is distributed between 7 and 15 km under-
round (Fig. 8 a), the corresponding surface deformation forward
y the stress-driven afterslip is shown in Fig. 8 (c) . We see that the
eformation caused by stress-driven afterslip is farther north com-
ared to the observed deformation (Fig. 8 b). For example, points
1 and A2 represent the same coordinates and correspond to the
aximum deformation position in the obser ved defor mation field

F ig. 8 b), w hile in the stress-driven afterslip (Fig. 8 c), they only
epresent the boundary between positive and ne gativ e deformation
Fig. 8 c). The position deviation of A1 and A2 by about 2 km in the
orth–south direction, with the deformation resulting from stress-
riven afterslip being fur ther nor th than obser vations. Fur ther more,
he observ ations onl y cover a range of about 4 km in north–south
irection, and this difference accounts for half of the deformation
idth. When the slip distribution depth is within the range of 9–
3 km (Fig. 8 d), the surface deformation forw ard b y stress-dri ven
fterslip are consistent in terms of observation pattern and location
Fig. 8 f). Therefore, from the perspective of stress-driven afterslip,
e consider the coseismic slip distribution depth within 9–13 km to
e more reasonable. Typically, afterslip and aftershocks occur within
he high PCFSC triggered by the main shock, exhibiting a certain
egree of spatial overlap (Huang et al. 2017 ). Precisely relocated
ftershock data show that during the week following the earthquake,
he majority of aftershocks with high stability were concentrated at
epths shallower than 14 km, consistent with the distribution of
he FM-2 downdip afterslip (Fig. S6 ). This further corroborates the
easonability of FM-2. The occurrence of coseismic slip between
wo detachment layers limits the slip towards further upward or
ownward directions during the main shock. 

.2 Post-seismic deformation mechanism following the 
015 Pishan earthquake 

ue to differences in the surface deformation patterns and position
aused by the poroelastic rebound model and observation, the con-
ribution of this mechanism was first excluded. A combined model
as used to determine the contributions of stress-driven afterslip

nd viscoelastic relaxation mechanisms in post-seismic deforma-
ion (Diao et al. 2021 ). It has been discovered that even though
he long-time span for post-seismic deformation in this study, the
eformation resulting from the viscoelastic relaxation mechanism
 as nearl y insignificant (Figs S7 and S8 ). This was due to the vis-

osity coefficient in the lower crust of the area reaching the search
pper boundary (10 20 Pa s), which was caused by a thickness at
east 44 km of crust in the region (Ainscoe et al. 2017 ). Kinematic
fterslip and positive Coulomb stress distribution indicate that af-
erslip primarily occurs in the upper crust at depths ranging from
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Figure 9. Results of the uncertainty analysis of afterslip. The distributions of afterslip (a, b) and uncertainties (c) for the kinematic afterslip. The blue contours 
in (a), (b) represent the location of the coseismic slip distribution, and the black numbers indicate the slip magnitude. 
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8 to 14 km, well above the crust–mantle boundary. The positive 
Coulomb stress distributed in this depth is insufficient to induce vis- 
coelastic defor mation. Fur ther more, we tested, under the condition 
of the absence of viscoelastic relaxation deformation mechanisms, 
the determination of stress relaxation time and the proportional 
coef ficient between stress-dri ven relaxation and PCFSC using the 
method proposed by Diao et al. ( 2021 ). We found that the results 
for τ and α were close to the results from combined models ( α = 

0.131 m MPa −1 and τ = 0.45 yr; Fig. S9 ). This indicates that the 
contribution of the viscoelastic relaxation model to post-seismic 
deformation in the Pishan earthquake can be neglected, and the 
post-seismic deformation in the Pishan earthquake for 5 yr after the 
e vent w as dominated b y afterslip. All Coulomb stress generated b y 
the coseismic rupture was released through afterslip, indicating that 
this earthquake was a pure elastic rupture event that occurred in the 
upper crust. The results of the combined model indicate that the 
magnitude of afterslip reaches its maximum around 500 d after the 
earthquake, and thereafter it will remain basically stab le (F igs S7 
and S8 ). 

There have been few studies on post-seismic deformation of the 
earthquake, with only a few scholars studying the afterslip (Ain- 
scoe et al. 2017 ; Wang et al. 2020 ). Wang et al. ( 2020 ) studied the 
kinematic afterslip using the cumulative deformation 447 d after the 
main shock. Ho wever , we found that there were some controversies 
in his results of the afterslip, such as the fact that afterslip usually ac- 
cumulates rapidly in the initial period after the main shock and then 
gradually slows down and reaches a stable state over time. However, 
the results of Wang et al. (2017) showed that there was less afterslip 
accumulation in the first 255 d, and a large magnitude of afterslip 
accumulation suddenly appeared in the later period, with the depth 
of afterslip distribution breaking through the surface, which is in- 
consistent with the fact that the Pishan earthquake is a blind fault 
earthquake. Ainscoe et al. ( 2017 ) calculated the cumulative after- 
slip using InSAR deformation for 7 months after the main shock, 
and the inversion results showed that the afterslip surrounded the 
coseismic slip distribution, with a maximum slip of about 0.35 m 

and an afterslip depth distribution of 8.5–15 km. He et al. ( 2016 ) 
conducted two GPS monitoring campaigns, one at 1 month and 
the other at 4 months after the earthquake. Each campaign lasted 
for 2–4 d. Based on a uniform model, they roughly calculated the 
kinematic afterslip. The calculation results indicated that afterslip 
w as mainl y distributed between 5 and 18 km with a maximum slip 
of 0.2 m. This released a geodetic moment of 4.03 × 10 18 N ·m, 
corresponding to an event with a magnitude M w 6.3. 
Kinematic afterslip primarily results from the cumulative defor- 
mation over 5 yr following an earthquake. It is calculated based 
on the Okada model (okada 1985 ), using a least-squares method 
with regularization constraints. Ho wever , under the assumption of 
the rate-state friction law, stress-driven afterslip is determined by 
multiplying the PCFSC triggered by the coseismic event with a 
linear coefficient α. When the effects of pore elastic rebound and 
viscoelastic relaxation mechanisms on post-seismic deformation 
can be safely ne glected, stress-driv en afterslip and kinematic af- 
terslip e xhibit ov erall consistenc y. Our findings rev eal that both 
stress-driven afterslip and kinematic afterslip manifest themselves 
in proximity to the coseismic slip distribution, exhibiting a wider 
and more scattered distribution pattern compared to the coseismic 
slip (Figs 9 a and b). The updip afterslip is greater than the downdip 
afterslip, with a maximum displacement of 0.26 m, approximately 
one-fourth of the maximum coseismic slip. The updip kinematic 
afterslip and the coseismic slip have a certain overlap (8–10 km), 
while there is no obvious overlap of downdip kinematic afterslip 
and the coseismic slip (13.3–14 km; Fig. 9 a). The afterslip in the 
downdip direction mainly occurs on a gently dipping flat fault (3 ◦), 
located on the boundary of the detachment layer, with a smaller 
magnitude of slip, which may be related to the magnitude of co- 
seismic rupture and the occurrence of this earthquake between two 
detachment layers. The accumulated kinematic afterslip for 5 yr 
after the earthquake released a total seismic moment of 5.622 ×
10 18 N m, equi v alent to a M w 6.47 coseismic main shock. The main 
difference between the kinematic afterslip results of this study and 
Ainscoe et al. ( 2017 ) lies in the depth distribution of the downdip 
direction, which is shallower in this study (13.3–14 km) and deeper 
in Ainscoe et al. ( 2017 ) (12–16 km), mainly due to the different 
fault structures used in the two studies. In addition, to test the un- 
certainty of the kinematic afterslip model, 100 sets of normally 
distributed random noises with mean of 0 and standard deviation 
of one-tenth of the maximum are added to observed deformation. 
The afterslip distribution is inverted for 100 times, and the standard 
deviation distribution of these slip distributions show that the max- 
imum standard deviation is less than 10 per cent of the maximum 

afterslip, indicating that the afterslip model in this paper is stable 
(Fig. 9 c). 

5.3 Tectonic implication 

Results from three seismic reflection profiles from the edge of the 

Western Kunlun Mountains to the Tarim Basin indicate that there 
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re a large number of anticlinal thrust structures distributed in the
or ther n par t of the Tibetan Plateau, and thick sedimentary de-
osits are distributed in shallow depths (Li et al. 2016 ; Lu et al.
016 ). Multiple nearly parallel detachment layers are distributed
rom shallow to deep at the junction of the Tarim Basin and the

estern Kunlun Mountains, jointly controlling the deformation of
he Western Kunlun Mountains (Pei et al. 2011 ; Si et al. 2011 ; Lu
t al. 2016 ). The 2015 M w 6.5 Pishan earthquake occurred between
wo typical detachment layers (D1: 9 km, D2: 13 km). Near the edge
f the Western Kunlun Mountains, multiple parallel dipping thrust
aults connect the two detachment layers (Lu et al. 2016 ). These du-
lex parallel dipping thrust faults vertically cut through the entire
roterozoic stratum, but did not reach the Cenozoic strata (Lu et al.
016 ). The Pishan earthquake occurred on one of the thrust faults,
hich has a dip angle of 24 ◦ at a depth of 9–13 km and a gentler dip

ngle close to horizontal at the boundary of 13 km underground.
his geological structure caused the coseismic slip of the Pishan
arthquake to occur within the 9–13 km depth range. The afterslip
annot slip e xtensiv ely to deeper areas, which is consistent with our
M-2. Most previous studies suggest that the Pishan earthquake
ccurred on a blind fault earthquake, and field observations within
0 km of the epicentre did not reveal any obvious surface rupture.
he main reason for the occurrence of blind fault earthquakes is that

he distribution of coseismic slip is limited to the width between two
etachment layers. The thickly deposited sediment layers at shallow
epths is not accumulating sufficient shear stress to promote rupture
o propagate to the surface. 

Afterslip is usually triggered by Coulomb stress released during
he main shock (e.g. B ürgmann 2018 ). Based on the rate-and-state
riction law, earthquake nucleation occurs in the area of velocity
eakening, while afterslip occurs in the velocity strengthening area

way from the rupture zone (Marone 1998 ; Avouac 2015 ). The oc-
urrence of downdip afterslip may be caused by increased pressure
nd temperature at depth, resulting in the transfer from velocity
eakening to velocity strengthening friction. There are some rea-

ons that can explain why the updip afterslip is larger than the
owndip afterslip. On one hand, fluids may play a role at shallower
epth and facilitate afterslip. On the other hand, there may be dif-
erences in fault friction between the detachment layers in the updip
nd downdip areas. In addition, a large number of aftershocks oc-
urred between the two detachment layers, indicating that the fault
ctivity in the region is strong (Lu et al. 2016 ). The geological struc-
ure makes it highly probable for the occurrence of future blind fault
arthquakes in the region. 

 C O N C LU S I O N S  

he co- and post-seismic InSAR deformations, Coulomb failure
tress and post-seismic deformation modelling are used to reveal
hat the 2015 Pishan earthquake occurred on a ramp-flat fault at a
epth of 9–13 km. From the perspective of geodetic measurements,
t supports the fault structure indicated in seismic reflection pro-
les. The fault is distributed between two detached layers, limiting

he range of slip distribution. The results of a joined inversion of
nterrelated processes show that the contribution of the viscoelas-
ic relaxation mechanism to post-seismic deformation is negligible.

oreov er, the consistenc y between the kinematic and stress-driv en
fterslip, as well as the distributions of coseismic slip and afterslip
re above 14 km, all indicate that this earthquake is a pure brittle
upture that occurred in the upper crust, and post-seismic defor-
ation is dominated by afterslip. In addition, a large number of
ftershocks occurred near the fault after the earthquake, suggest-
ng heightened activity along the fault in the region and a potential
ccurrence of blind thrust earthquakes in the future. 
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entinel-1 SAR images were downloaded from the Sentinel-1 Sci-
ntific Data Hub ( https://search.asf .alaska.edu/#/ ). Fig. 1 is plotted
sing Generic Mapping Tools (GMT). 
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igure S1. Spatio-temporal baseline of the post-seismic interfero-
etric pairs of the Sentinel-1 tracks. 
igure S2. Post-seismic LOS displacement time-series within 5 yr
f ascending tracks 56. A–C are characteristic points defined to
elineate the post-seismic deformation over 5-yr time. 
igure S3. Post-seismic LOS displacement time-series within 5
r of descending tracks 136. D is characteristic point defined to
elineate the post-seismic deformation over 5-yr time. black arrows
ean the changed ne gativ e deformation. 
igure S4. Time-series cumulative deformation of points A, B, C
nd D 5 yr after the Pishan earthquake. 
igure S5. The coseismic and post-seismic observations fitting
nd those forward by the slip distributions on fault models 1
nd 2. 
igure S6. The distribution of relocated aftershocks one week after

he main shock ( M w > 2.0). Panels (a), (b) the relocated aftershocks
istributed along-dip of the two fault geometries, (c) 3-D graph, (d)
ar chart of the distribution of relocated aftershocks counts with
espect to depth [the relocated results of the aftershocks are from
u et al. ( 2016 )]. The b lue and b lack error bars in (b) indicate the
tandard deviation (per km) of the precisely relocated aftershocks
bove and below a depth of 15 km, respecti vel y. StdH refers to the
tandard deviation in the horizontal direction, while StdV refers to
he standard deviation in the vertical direction. 
igure S7. Contribution of mechanisms of cumulative deformation

or 5 yr after main shock in ascending orbit. Each line represents
 different time period. The first column represents the observed
eformation, and the second column represents the forward defor-
ation of the combined model. The third column represents the

eformation forw ard b y afterslip and the fourth column represents
he viscoelastic relaxation deformation. 
igure S8. Contribution of mechanisms of cumulative deformation

or 5 yr after main shock in descending orbit. Each line represents
 different time period. The first column represents the observed
eformation, and the second column represents the forward defor-
ation of the combined model. The third column represents the

eformation forw ard b y afterslip and the fourth column represents
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Figure S9. Root mean square errors (RMSE) plotted as function of 
model parameters ( τ , α). 
Table S1. Details of SAR data. 
Table S2. The setting of Poisson’s ratios corresponding to the co- 
and post-seismic conditions (undrained and drained) in the poroe- 
lastic rebound model. 
Table S3. Preferred earth model consisting of elastic lower crust, 
viscoelastic lower crust and upper mantle. 
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tent or functionality of any supporting materials supplied by the 
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rected to the corresponding author for the paper. 

R E F E R E N C E S  

Ainscoe , E.A. , Elliott, J.R., Copley, A., Craig, T.J., Li, T., Parsons, B.E. & 

Walker, R.T. 2017. Blind thrusting, surface folding, and the development 
of geological structure in the Mw 6.3 2015 Pishan (China) earthquake, J. 
geophys. Res., 122, 9359–9382. 

Allison , J. , Sandwell, D., Fialko, Y. & Sichoix, L. 2002. The 1999 (Mw 7.1) 
Hector Mine, California, Earthquake: near-field post-seismic deformation 
from ERS interferometry, Bull. seism. Soc. Am., 92 (4), 1433–1442. 

Atzori , S. , Salvi, S., Antonioli, A. & Tolomei, C. 2009. Finite fault inversion 
of DInSAR coseismic displacement of the 2009 L’Aquila earthquake 
(central Italy), Geophys. Res. Lett., 36 (15), doi:10.1029/2009GL039293. 

Avouac , J.P. 2015. From geodetic imaging of seismic and aseismic fault slip 
to dynamic modeling of the seismic cycle, Annu. Rev. Earth planet. Sci., 
43 (1), 1–39. 

Bagnardi , M. & Hooper, A. 2018. Inversion of surface deformation data 
for rapid estimates of source parameters and uncertainties: a Bayesian 
approach, Geochem. Geophys. Geosyst., 19, 2194–2211. 

Burgmann , R. & Dresen, G. 2008. Rheology of the lower crust and upper 
mantle: evidence from rock mechanics, geodesy, and field observations. 
Annu. Rev. Earth planet. Sci., 36, 531–567. 
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