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On 3 July 2015, a Mw 6.4 earthquake occurred on a blind fault struck Pishan, Xinjiang,

China. By combining Crustal Movement Observation Network of China (CMONOC) and

other Static Global Positioning System (GPS) sites surrounding Pishan region, it provides a

rare chance for us to constrain the slip rupture for such a moderate event. The maximum

displacement is up to 12 cm, 2 cm for coseismic and postseismic deformation, respectively,

and both the deformation patterns show a same direction moving northeastward. With

rectangular dislocation model, a magnitude of Mw6.48, Mw6.3 is calculated based on

coseismic, postseismic deformation respectively. Our result indicates the western Kunlun

range is still moving toward Tarim Basin followed by an obvious postseismic slip associ-

ated with this earthquake. To determine a more reasonable model for postseismic defor-

mation, a longer GPS dataset will be needed.
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1. Introduction

On 3 July 2015, at 01:07 UTC (local time at 09:07), an

earthquake of Mw6.4, at a depth of 15 km, occurred at the

north front of western Kunlun Mountain, about 133 km SE of

Shache and 162 km WNW of Hetian. The epicenter, located

only about 15 km southwest of Pishan city (USGS). In the first

few days, after the main shock, there were thousands of

aftershocks (M � 2) in the adjacent area; most of these af-

tershocks reveal an approximately fault strike direction

(Fig. 1). According to the field geological investigation [1], no

surface rupture was found which indicated the seismogenic

fault was a blind fault beneath the surface ground. In spite of

a moderate buried-rupture event, there were six people

killed, hundreds of people injured, and more than 5000

housed destroyed [2]. In the past 40 years, only a couple of

reverse-faulting earthquake (M < 5.6) occurred in this area,

and none above M6.0 was recorded, implying that the

seismicity is low [2,3]. This 2015 Pishan event significantly

exceeded the expected seismic magnitude, which would

lead a serious damage for the local constructions with their

low antiseismic level. However, the detailed mechanisms

of history earthquakes were unclear in consequence of few

adequate geodetic observations in this area.

This 2015 Pishan earthquake just located between south-

west boundary of the Tarim Basin and north front of western

Kunlun range. According to the previous studies [3,6], the

western Kunlun Mountain was one of the most important

tectonic syntaxis of Tibetan Plateau, which extends along the

range front, and there is a fast shortening of the upper crustal
Fig. 1 e Active tectonics of the western Kunlun Mountain

superimposed on a 3-arcsecond SRTM Digital Elevation

Model (DEM). Red lines depict active faults [4]. Beachballs

represent fault-plane solutions from the Harvard CMT

catalogue, while the blue points show the aftershocks from

the GCMT catalogue [5]. Yellow stars were the re-surveyed

GPS sites.
nappe since approximately 12 Ma has been well attested.

There are three main fault segments including in this active

area (Fig. 1), such as the left-slip Karakax Fault, an echelon

left-lateral fault, and this western thrust system [3]. Geodetic

observations indicate no more than 5 mm/yr coverage

between western Tibet and Tarim [7]. Due to a thick desert

covered, it is difficult to determine the rupture deformation

for an earthquake through a field geological survey in this

area [8]. Moreover, there is approximately 50 km region

surrounding Pishan earthquake with no active Holocene

faults found, according to the active tectonic map of China.

As a rare chance to gain insights into the interaction be-

tween western Tibetan and Tarim, many studies focus on

this event with different datasets, such as seismic reflection

profile [1,8], Synthetic Aperture Radar Interferometry (InSAR)

[9], and the Global Positioning System (GPS) [3]. All of them

suggest that this event occurred at depth of 10e15 km on a

buried fault except for slightly different dip angle. Seismic

reflection profile is helpful to delineate the subsurface

geometry of each fault segment in the fold belt, but which

could not give a surface deformation and slip rupture

produced by the seismogenic fault. InSAR is a powerful

relative measurement tool with wide surface coverage

which has been successfully used for many earthquakes,

but atmospheric disturbance limits its precision at level of

1e2 cm [3,9]. In contrast to the above two measurements,

GPS is an absolute measurement means which could

provide 3-D surface displacement with high precision,

especially in horizontal direction. Thanks to the resurvey

GPS work of our group, it provides a chance for us to

independently discuss both the coseismic and postseismic

process for this event with only GPS observations.

In this article, both the coseismic and postseismic dis-

placements associated with Pishan event are observed by “in-

situ” static GPS measurements. Due to pre-earthquake sur-

veys of these sites were carried out in different years by

different agencies, the interseismic deformation must be

considered before the coseismic deformation acquired. With

another resurvey 5 months after the main shock, a post-

seismic deformation is estimated. Based on those GPS obser-

vations, both the coseismic and postseismic slip ruptures are

constrained, and then potential seismic hazards in this area

are discussed.
2. GPS data and processing

2.1. Data set

Usually, it is hard to find enough GPS sites in near-field to

constrain the slip rupture for a moderate thrust event,

because of its low surface deformation magnitude. It could be

seen in Fig. 1 and Table 1 there are only two GPS sites in

Crustal Movement Observation Network of China (CMONOC)

near the epicenter of Pishan event. Fortunately, several

groups implemented a GPS campaign based on the geodetic

triangular point in Xinjiang Province around 2000 (Table 1),

which makes it possible to improve the GPS site density and

capture enough observations for this event in near-field

region. There are totally 6 sites employed in this study,

http://dx.doi.org/10.1016/j.geog.2016.07.004
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Table 1 e Statistics of the GPS surveys (revised from He et al. [3]).

Site Longitude (�) Latitude (�) First survey date Epicentral distance (km) CMONOC

Pre-earthquake Site (Y/N)

I086 78.246 37.559 June 15e18, 2013 13.7 Y

G0BI 78.327 37.506 June 15e18, 2000 16.1 N

A506 78.091 37.606 July 30eAug.4, 1998 17.5 N

I416 77.838 37.394 June 23e26, 2013 28.9 Y

KELI 77.906 37.258 July 18e19, 2014 31.3 N

AT11 77.426 37.412 August 20e21, 1993 64.7 N
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including three sites (I086, G0BI, and A506) near the epicenter

within 20 km, two farther sites (I416 and KELI) about 30 km

away, and a farmost site (AT11) about 65 km away.

GPS campaign was carried out two times by our survey

group after themain shock, one is amonth later, and the other

is 4 months later. During these two times GPS field survey

work, Trimble 5700 GPS receivers and Zephyr geodetic an-

tennas were used to collect the data at 30 s sampling for 2e4

days, which is in order to guarantee an effectivemeasurement

time longer than 36 h at each site.

2.2. Data processing

The static GPS solutions are processedwith GIPSY-OASIS-II

(version 5.0) software developed by the Jet Propulsion Labo-

ratory (JPL) [10]. In the processing, JPL's reanalyzed IGS08 orbit

and clock products are adopted and absolute antenna phase

center models for both GPS receiver and satellite antennas

were refined [11]. To reduce tropospheric delay error, the

Global Mapping Function (GMF) [12] tropospheric mapping

function and the Global Pressure and Temperature (GPT)

model [12] are utilized. In addition, the ocean tide model

TPXO7.0 is used to correct the ocean tide loading. The more

detailed processing could be referred to Ding et al. [13].

Combining the GPS data collected before and after the

earthquake, we firstly deduced coseismic displacements

caused by this event. Since the time of pre-earthquake

survey is over decades for some sites, accumulated inter-

seismic displacements could reach up a large value which

could not be neglected in the coseismic displacement esti-

mation. With several times surveys for two CMONOC sites

(I086 and I416), an interseismic deformation rate in hori-

zontal is estimated with 2.7 mm/yr N, 1.9 mm/yr E, and

2.7 mm/yr N, 2.0 mm/yr E respectively. Then the product of

tinterval � vinterseismic is used to estimate the interseismic

displacement for each site (where tinterval is the time span,

and vinterseismic represents interseismic deformation rate).

After that, an accurate coseismic displacement for each

site is obtained [3]. However, this estimation probably

contains a component of early postseismic deformation

because our first time GPS survey was 1 month after the

main shock. Only if a continuous real-time GPS station is

in the near-field, otherwise it could not distinguish the

early postseismic mixed in the coseismic deformation.

Even though a little postseismic deformation mixed in

GPS coseismic deformation, the coseismic deformation

still greatly dominated in contrast to early postseismic

deformation, which is the same appearance in an InSAR

coseismic interferogram.
The second time GPS survey data is processed by the same

strategy as the first one, and then a postseismic deformation

acquired.
3. Coseismic and postseismic deformation

GPS coseismic offsets for each component listed in sup-

porting material in He et al. [3], which are plotted in Fig. 2 in

this paper. All the GPS sites in Fig. 2 show a same pattern

moved northeastward. The maximum displacement is up to

12 cm in horizontal (4.4 cm in eastewest and 10.8 cm in

northesouth) and 8.2 cm in vertical at A506, which is closest

to the epicenter. In the southern part, a farther GPS site

(KELI) shows about 2 cm displacement with no vertical

displacement. Regarding of the AT11 site, it should be little

deformation in theory with its long distance relative to the

epicenter. While it shows a 4.57 cm offset in north direction.

There are several possible factors analyzed for this

abnormal signal as following: (1) data error derives from the

pre-earthquake data; (2) gross error caused by instrument or

surveyor; (3) a deformation caused by other unknown factor.

Uncertainties reflect the dispersion of the position estimated

over this time interval [13]. In addition, the uncertainty of

horizontal component is only millimeter for most sites

except AT11.

Compared with the GPS coseismic deformation, the

postseismic deformation shown in Fig. 3 has a same pattern

but a smaller magnitude. The postseismic deformation at

site A506 could reach up 2e3 cm in this period, implying an

obvious afterslip for Pishan event. This postseismic

deformation is significantly different from the interseismic

deformation and has a great significance to assess the

potential hazard in this region. It is necessary to add the

survey times in future to fully explore the various

processes of postseismic motions.
4. Model for slip rupture

To further understand what role of the independent GPS

data set could play in this event, a slip rupture inversion for

both coseismic and postseismic deformation is completed by

using the analytical solutions of a rectangular dislocation in a

homogeneous, elastic half-space [14]. Here, we fix the fault

geometry for the optimal fault plane provided by He et al. [3]

and enable the fault length and width to be extended to

38 km along the strike and 30 km along the down-dip

http://dx.doi.org/10.1016/j.geog.2016.07.004
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Fig. 3 e The postseismic geodetic observations and simulated displacements by distributed model. Black short line shows

updip projection of the rupture at the surface. (a) Black and blue arrows correspond to GPS-derived horizontal

displacement vectors and predicted ones, respectively. (b) Afterslip distribution of the Pishan earthquake without any

constrained.

Fig. 2 e The coseismic geodetic observations and simulated displacements by distributed model. Black short line shows

updip projection of the rupture at the surface. (a) Black and blue arrows correspond to GPS-derived horizontal displacement

vectors and predicted ones (slip distribution without constrained), respectively. (b) Slip distribution of the Pishan

earthquake without any constrained. (c) Black and blue arrows correspond to GPS-derived horizontal displacement vectors

and predicted ones (slip distribution with shallow-slip constrained), respectively. (d) Slip distribution of the Pishan

earthquake with shallow-slip constrained.
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direction, and then discrete it into 95 patches with a size of

2 km by 2 km. After that, a non-negative linear least-squares

procedure [15] is used to solve slip vectors (dip- and strike-

slip components) of these patches.
4.1. Model of coseismic deformation

Based on the GPS data, a preferred coseismic slip

distribution is shown in Fig. 2(b) with no shallow-slip

http://dx.doi.org/10.1016/j.geog.2016.07.004
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constrained. The slip rupture is concentrated above 5 km

depth with only one slip patch, and the maximum slip is

0.35 m located at the surface. The distributed slip model

yields a geodetic moment of 4.81 � 1018 N$m equivalently

a Mw6.39, slightly smaller than that inferred from the

InSAR þ GPS inversion [3]. However, the main slip should

rupture beneath the surface for with the previous studies

[1,3,8,9], and this slip distribution without depth

constrained is not consistent with a blind fault event. The

main reason maybe GPS is more sensitive than other data

for shallow information in slip inversion.

The focal mechanism solutions from the United States

Geological Survey (USGS), GCMT, and China Earthquake Net-

works Center (CENC) indicate that the 2015 Pishan earthquake

occurred beneath 10 km depth. In addition, there was no

surface rupture found by field surface geology.With the above

prior information, a model inversion with shallow-slip con-

strained is carried out. After the slip confined to beneath 5 km,

a slip distribution is inversed with the same fault geometry

shown in Fig. 2 (d). The slip rupture is concentrated as a disc

with 4 km by 4 km size at depth of 10e12 km, and the

maximum slip is 0.93 m. The distributed slip model yields a

geodetic moment of 6.42 � 1018 N$m equivalently a Mw6.48,

larger than that inferred from the unconstrained slip model

and close to that of CENC.

4.2. Model of postseismic deformation

According to the time-dependent earthquake rupture the-

ory [16,17], postseismic deformation yields to a logarithmic

decay model and it could last a various period ranges from

several weeks [18] to hundreds of years [19]. High density of

postseismic deformation survey both in time and space is

the key to get a perfect result, but mostly it is hard to meet

this requirement. However, the postseismic deformation in

this paper still has a great significance to reflect the

postseismic tectonic activity for thismediumblind fault event.

A simple afterslip model was estimated based on the

postseismic deformation in section 3 using elastic dislocation

theory as in the coseismic case. The same fault geometry was

assumed as for the coseismic model. Afterslip distribution

inverted in Fig. 3 shows a large afterslip located at depth of

5e14 km, and extended almost entirely the whole fault

plane. The maximum afterslip in the model is up to 0.2 m,

which is about one-fifth that of coseismic slip. The afterslip

has released a geodetic moment of 4.03 � 1018 N$m

corresponds to a Mw6.3 sub-event.
5. Discussion and conclusion

Static GPS data independently capture coseismic and

postseismic deformation caused by the Pishan earthquake

provided a rare observations for such a moderate earthquake.

As an independent high-precision (<5 mm) survey technique,

GPS has been widely used in many earthquakes research,

especially for large earthquake such as 2008 Wenchuan [20],

2010 Tohoku-Oki [21], and 2015 Gorkha Nepal [22]. However,

there are only a few moderate earthquakes have been

constrained with only GPS survey [23,24]. Because the
deformation scale of moderate earthquake is usually within

a radius of 10e20 km, which is much smaller than the

interval length of two GPS sites in network in most places of

the world. Thanks to the GPS sites shared by other agencies,

the density of GPS network has greatly improved by

integrating CMONOC and other GPS sites for Pishan

earthquake.

As the first major event occurred along the northwestern

edge of Tibetan Plateau, GPS coseismic and postseismic

deformation in this article will be helpful to assess the tec-

tonic activity and potential geologic hazards in this region.

This Pishan event has triggered approximately 10 cm

coseismic deformation and approximately 2 cm postseismic

deformation which can be seen clearly in Figs. 2(a) and 3(a).

Regarding of the pattern of coseismic and postseismic

deformation, it shows a same pattern moved northeastward,

which indicated the western Kunlun Mountain is still mov-

ing toward Tarim Basin and the afterslip is ongoing. It is a

good agreement with seismic reflection profiles results given

by Lu et al. [8].

With a depth constrained, coseismic slip distribution fits

well with GPS coseismic deformation. All the previous studies

[1,3,8,9] confirmed that Pishan earthquake occurred on a blind

fault at depth of 10 km, and the maximum slip is 0.5e1.0 m.

Fig. 2(d) reveals a similar slip rupture at 10e14 km depth,

which strongly support GPS sites in this article have an

independent capacity to constrain the slip rupture for this

event. Compare with the two slip patches given by He et al.

[1] and Wen et al. [9], the upper slip patch could not be

identified in this article. In the perspective of detailed

constraint, a longer GPS observations are needed. However,

GPS data provided an independent observation for Pishan

event to some extent, which will improve the sensitivity to

determine the shallow slip rupture [25].

It is surprising and interesting that the postseismic slip

rupture release a moment equal the main shock. If the

structure of lithosphere is conducive to the stress release in

this study area, it will reduce the potential earthquake risk.

Postseismic slip rupture in Fig. 3(b) displays the afterslip

originates from a surrounding extension of the coseismic

rupture on the fault plane. Yet it is hard to distinguish

whether the postseismic deformation caused by afterslip or

viscoelastic relaxation mechanisms with the limited data. A

longer data set will be required to study the most probable

model for postseismic deformation.
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