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A B S T R A C T

On 8 August 2017, a Ms7.0 earthquake stroke the city of Jiuzhaigou, Sichuan, China. The Jiuzhaigou earthquake
occurred on a buried fault in the vicinity of three well-known active faults and this event offers a unique op-
portunity to study tectonic structures in the epicentral region and stress transferring. Here we present coseismic
displacement field maps for this earthquake using descending and ascending Sentinel-1A Interferometric
Synthetic Aperture Radar (InSAR) data. Deformation covered an area of approximately 50×50 km, with a
maximum line-of-sight (LOS) displacement of ~22 cm in ascending and ~14 cm in descending observations on
the west side of the source fault. Based on InSAR and Global Positioning System (GPS) measurements, both
separately and jointly, we constructed a one-segment model to invert the coseismic slip distribution and dip
angle of this event. Our final fault slip model suggests that slip was concentrated at an upper depth of 15 km;
there was a maximum slip of ~1.3m and the rupture was dominated by a left-lateral strike-slip motion. The
inverted geodetic moment was approximately 6.75×1018 Nm, corresponding to a moment magnitude of
Mw6.5, consistent with seismological results. The calculated static Coulomb stress changes indicate that most
aftershocks occurred in stress increasing zones caused by the mainshock rupture; the Jiuzhaigou earthquake has
brought the western part of the Tazang fault 0.1–0.4MPa closer to failure, indicating an increasing seismic
hazard in this region. The Coulomb stress changes caused by the 2008 Mw7.8 Wenchuan earthquake suggest that
stress loading from this event acted as a trigger for the Jiuzhaigou earthquake.

1. Introduction

A moderate earthquake with a magnitude of Ms7.0 struck
Jiuzhaigou County, Sichuan, China on 8 August 2017. Its epicentre was
located 33.2°N and 103.88°E, and it had a focal depth of 20 km (http://
www.csi.ac.cn/). The event, which resulted in 25 casualties and>250
injuries, represents one in a series of strong intraplate earthquakes that
have occurred on the eastern boundary of the Bayanhar block since the
2013 Mw6.6 Lushan earthquake and the 2008 Mw7.8 Wenchuan
earthquake (Fig. 1a). According to the aftershock sequence recorded by
the Sichuan Seismic Network, 31M > 3 aftershocks occurred within
10 days of this event, the largest a M4.8 event (http://www.scdzj.gov.
cn/dzpd/dzzj/ljysdzzt2775/). Preliminary teleseismic waveform ana-
lysis suggested that the rupture process for this event occurred on a left-
lateral strike-slip buried fault; the maximum slip was ~0.6m, occurring
at a depth of ~15 km (http://www.cea-igp.ac.cn/). Focal mechanism
solutions from different organisations have also indicated coseismic
rupture caused by left-lateral strike-slip movement (Table. 1). However,
the seismogenic fault responsible for this event has not been identified

or studied.
The Ms7.0 Jiuzhaigou earthquake occurred on the northern section

of the eastern border of the Bayanhar block, within the Tibetan Plateau
(Fig. 1a). Eastward crustal extrusion and the intense deformation of the
active Bayanhar block have caused several strong earthquakes
(M > 7.0) along the block boundary faults, including the 2008 Mw7.8
Wenchuan, the 2001 Mw7.8 Kokoxili, and the 2013 Mw6.6 Lushan
earthquakes (Fig. 1a; Deng et al., 2010; Lasserre et al., 2005; Xie et al.,
2013; Xu et al., 2009). This area contains many branch faults and
complex structures. The Huya fault, the Tazang fault, and the Minjiang
fault are all major active faults in this region (Fig. 1b). Historically,
ruptures have occurred on the Huya fault and on the Minjiang fault
further to the south, including the 1933 Diexi Ms7.5 earthquake, the
1976 Songpan earthquake swarm (M=7.2, 6.7, 7.2), and the 1973
Songpan Ms6.5 earthquake (Fig. 1b; Li et al., 1979; Tang and Lu, 1981;
Tang et al., 1983a, b). The Tazang fault is a Holocene active fault; its
western segment is characterised by strike-slip movement, while the
eastern segment demonstrates a thrust mechanism (Ren et al., 2013). It
has lower slip rates of ~0.3–1.5 mm/yr along the eastern segment (i.e.,
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Fig. 1. Study area maps. (a) Tectonic map of the eastern Tibetan Plateau. Beach balls denote Global Centroid Moment Tensors (GCMT, from http://www.globalcmt.org/CMTsearch.html)
of four large events (>M6.5) and for the 2017 Jiuzhaigou earthquake. Black and yellow bold lines indicate the boundaries of subblocks, including the Qiangtang (I), Bayanhar (II),
Kunlun-Qaidam (III), Chuandian (IV), and Huanan (V) blocks. Grey lines represent active faults. The blue dashed-line rectangle denotes the study area. (b) Enlarged topographic map of
the Tazang fault (TZF), the Minjiang fault (MJF), the Huya fault (HYF), and the Xueshan fault (XSF). Yellow and green dashed-line boxes show the coverage of S1A SAR data. Cyan squares
denote the locations of Global Positioning System (GPS) sites. Yellow circles denote relocated aftershocks following the Jiuzhaigou mainshock (Fang et al., 2017). Beach balls show the
moment tensor of the Jiuzhaigou and historical earthquakes. The white dots in (a) and (b) show the locations of historical events. Horizontal component GPS velocity vectors relative to
stable Eurasia in (a) and (b) are from Gan et al. (2007). (c) Horizontal coseismic displacements observed by GPS stations J416 and JB33. Epicentres are denoted by red stars. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the thrust component) and ~2.9mm/yr on the western segment
(Harkins et al., 2010; Ren et al., 2013). Some of the east–west strike-slip
motion on the Tazang fault has transferred into east–west compression
of the Minjiang and Huya faults (Kirby et al., 2007; Kirby and Harkins,
2013). The Minjiang fault is a thrust fault with a slight left-lateral
strike-slip component (Zhou et al., 2000). The northern segment of the
Huya fault is dominated by left-lateral strike-slip movement, while the
southern segment is characterised by thrust movement (Ren et al.,
2013; Zhu and Wen, 2009). The Jiuzhaigou earthquake, which was the
largest event in this region for 40 years, occurred in the area delimited
by these three active faults (Fig. 1b). There are no surface traces of
active faults in the epicentral area of the current tectonic map because
of difficulties in geological investigation (Fig. 1b). Whether this event
was caused by these three active faults or by another buried fault re-
mains debated.

The epicentre of the Ms7.0 Jiuzhaigou earthquake was located in a
mountainous region with an average elevation of> 4 km. The dense
coverage of vegetation, steep terrain, and sparse distribution of Global
Positioning System (GPS) stations make it difficult to acquire and in-
vestigate coseismic surface deformation in this region (Fig. 1b). Field
investigations were carried out immediately after the earthquake, but
no obvious surface ruptures were found. In this case, InSAR is a key tool
for obtaining the coseismic displacement field and for improving our
understanding of the nature of faulting. Combined with ascending and
descending InSAR observations, near-field high-density geodetic mea-
surements can give robust constraints on fault geometry and slip dis-
tribution inversion at depth (Jiang et al., 2013; Wen et al., 2013). In
addition, the estimation of the Coulomb stress changes on surrounding
faults based on slip distribution is important for seismic hazard as-
sessment.

The faulting and characteristics of the seismogenic fault of the 2017
Ms7.0 Jiuzhaigou earthquake remain poorly understood. Focal me-
chanism solutions suggest that the earthquake ruptured along a NNW
trending fault with a primarily left-lateral strike-slip mechanism and
varied dip angles (Table 1). However, the relocated aftershocks indicate
a high-dip-angle fault plane (Fig. 2). In this study, we acquired co-
seismic displacement fields caused by the Ms. 7.0 Jiuzhaigou earth-
quake using both ascending and descending Sentinel-1A (S1A) InSAR
observations. This approach has been successfully utilised in previous
earthquake studies, including those focused on the 2015 Nepal Mw7.5
earthquake and the 2015 Chile Mw8.3 earthquake (e.g., Grandin et al.,
2015; Solaro et al., 2016). SAR data combined with GPS measurements
were further utilised to model and invert slip distribution at depth, and
then to calculate the coseismic Coulomb stress changes for this event.

2. Data and coseismic deformation

The InSAR dataset in this study consists of four SAR acquisitions;
two from ascending orbits on 30 July 2017 and 11 August 2017, and
two from descending orbits on 6 August 2017 and 18 August 2017. The
detailed parameters of the S1A data are shown in Table 2. S1A carries a
C-band microwave sensor running in Terrain Observation with Pro-
gressive Scans (TOPS) mode. It has a large spatial coverage (i.e.,

250 km) with a repeat time of 12 days (De Zan and Monti Guarnieri,
2006). By utilising the available S1A Single Look Complex (SLC)
images, we generated two D-InSAR interferograms using the GAMMA
package with multilook factors of two and ten in the azimuth and range
directions, respectively (Werner et al., 2000). To compensate for the
residual azimuth phase ramp due to possible mis-registration in the
azimuth direction, the Enhanced Spectral Diversity method was applied
in overlapping areas across adjacent bursts (Prats-Iraola et al., 2012).
We removed the effects of topography from interferograms using a 3-
arc-second Shuttle Radar Topography Mission (SRTM) DEM. The in-
terferograms were then filtered using a power spectrum method
(Goldstein and Werner, 1998), followed by unwrapping with the
minimum cost flow algorithm (MCF; Werner et al., 2000). The un-
wrapped interferograms were then geocoded to geodetic coordinates.

The differential InSAR (DInSAR) interferograms and deformation
maps (Fig. 3) show some incoherent regions in the near-field of the
seismogenic fault, but clear interferometric fringes caused by the 2017
Jiuzhaigou earthquake in both ascending and descending inter-
ferograms (Fig. 3a and c). Low coherence is mainly due to a combi-
nation of dense vegetation coverage and steep terrain in the epicentral
area. The clear fringes are asymmetric on both sides of the source fault
with a NW strike, implying a seismogenic fault in a NW direction across
the coseismic displacement field and different movement features
across this seismogenic fault. The whole displacement field covers an
area of approximately 50× 50 km. The displacement in ascending and
descending unwrapped deformation maps have opposite signs for the
same area (Fig. 3b and d); positive displacement is seen in descending
deformation maps and negative displacement is seen in ascending de-
formation maps for the west-wall of the fault. Such a displacement
distribution is characteristic of a left-lateral strike-slip motion; this is in
agreement with focal mechanism solutions (Table 1). The descending
line-of-sight (LOS) displacement is smaller than that in ascending un-
wrapped interferograms (Figs. 3, 4). Nevertheless, the overall pattern of
the coseismic deformation field in ascending and descending observa-
tions is consistent (Fig. 3b and d).

Two continuously operated GPS stations, J416 and JB33, are close
to the epicentre and are located at the east of the source fault. Detailed
GPS data processing is described in Xu et al. (2017); here, we briefly
present the data that were utilised in this study. The maximum co-
seismic displacements were 7.7 cm and 20 cm to the east and north,
respectively (Fig. 1c). The observed coseismic offsets are also consistent
with left-lateral strike-slip motion on the source fault.

3. Slip distribution inversion and fault modelling

S1A differential interferograms in both ascending and descending
orbits and GPS data can be used to retrieve seismogenic fault para-
meters and slip distributions at depth. Focal mechanism solutions given
by several organisations indicate that the dip angle of the seismogenic
fault varies between 48° and 84°, and the rake angle varies between
−9° and −33° (Table 1). The relocated aftershocks suggest that the
strike of the seismogenic fault is NW (Figs. 1b, 2a). The displacement
gradient of the InSAR displacement field indicates the surface traces of

Table 1
Focal mechanism solutions for the Jiuzhaigou event.

Sourcea Mw Depth (km) Fault plane 1 Fault plane 2

Strike (°) Dip (°) Rake (°) Strike (°) Dip (°) Rake (°)

GCMT 6.5 14.9 242 77 −168 150 78 −13
USGS 6.5 13.5 246 57 −173 153 84 −33
IPGP 8 244 81 −165 151 75 −9
CEAIGP 6.5 19.2 65 82 −137 328 48 −11

a GCMT=Global Centroid Moment Tensors; USGS=United States Geological Survey; IPGP= Institut de Physique du Globe de Paris; CEAIGP= Institute of Geophysics, China
Earthquake Administration.
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the seismogenic fault. By combining these parameters with our InSAR
analysis, we conducted a slip distribution inversion using a one-seg-
ment fault model. In our model, the lower boundary of the fault is at a
depth of 25 km; the length of fault is ~37 km; the strike is 115°, and the
rake angles is in the range of (−45°, 45°), implying a left-lateral strike-
slip motion. The modelled fault extends from 103.7542°E and

33.3825°N (north-west point) to 103.9224°E and 33.0775°N (south-east
point). We used a grid search of the fault dip to determine the dip angle
of the source fault; the best-fit result indicates a dip of ~80° to the
southwest (Fig. 5). The fault plane was discretised into 750 rectangular
patches with a length of 1 km both along strike and downdip. The ob-
served data was modelled in an elastic and homogeneous half-space. In
our inversion, only the dip-slip and strike-slip components are esti-
mated for each patch. Based on these parameters, a linear inversion
method, Sensitivity Based Iterative Fitting (SBIF), was employed (Wang
et al., 2013). The mathematical formulation of the inversion is:

∑= − − + →
=

s D D G s x β Hs minf( ) ‖ ( )‖ ‖ ‖
k

K

k k k
0

0 2 2 2

(1)

where s(x) is the slip vector, k is the sign for different input data sets, D
is the matrix of observational data, D0 is the static offset of observation,

Fig. 2. Aftershocks of the Jiuzhaigou earthquake. (a) Spatial distribution of aftershocks of the Jiuzhaigou earthquake. The black rectangle shows the fault model used in the inversion.
Purple contours show the distribution of the ascending deformation field acquired from Sentinel-1A SAR data. (b), (c), and (d) show cross sections demonstrating the distributions of
relocated aftershocks along the AA′ profile, BB′ profile, and modelled fault plane in (a), respectively. The contours in (d) show the slip distribution constrained by descending and
ascending Sentinel-1A InSAR data and Global Positioning System (GPS) data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 2
Sentinel-1A/IW data parameters used in this study.

No. Track Inclination Master Slave ΔT B⊥ Incidence

(YYMMDD) (YYMMDD) (day) (m) (°)

1 128 Ascending 20170730 20170811 12 35 33.8
2 62 Descending 20170806 20170818 12 48 33.8
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G is the Green function for the elastic half-space, β is the smoothing
factor, H is the Laplacian operator, and ‖Hs‖2 is the slip roughness. In
this inversion, the Green's function was calculated for the homogeneous
elastic half-space model assuming a Poisson ratio of 0.25 using the
method described in Okada (1985). For inversion analysis, we re-
sampled the unwrapped interferograms using a uniform decomposition
method; each patch was composed of 35×35 pixels and the final
InSAR dataset consists of ~7400 points in descending and ascending
measurements.

3.1. Slip distribution inversions from S1A ascending and descending data

Using the constructed fault model, we inverted the fault slip dis-
tribution under the constraint of decomposed ascending or descending
SAR data. Fig. 6a and b show the inverted coseismic slip distributions of
the Jiuzhaigou earthquake, as constrained by ascending or descending
InSAR measurements. The slip distribution inversion constrained by

ascending InSAR data suggests a concentrated high-slip patch with a
magnitude of> 0.4 m at a depth of 5–15 km; a peak slip of 0.9m occurs
at a depth of ~10 km. The mean rake angle is −24.7°, implying a left-
lateral strike-slip slip with a slight normal dip-slip component. The
inversion constrained by descending data displays a concentrated slip
patch at a shallower depth of 0–15 km. The maximum value of this area
is ~1.2 m at depth of 0–2 km. The mean rake angle is −8°. Both results
suggest that the rupture was dominated by left-lateral strike-slip mo-
tion; however, the slip distribution shows different patterns. By com-
paring these two results with those from preliminary teleseismic wa-
veform analysis (http://www.cea-igp.ac.cn/), we can infer that the slip
distribution constrained by ascending data is more reasonable. In ad-
dition, field investigation also suggests that the rupture did not break
the surface. This difference in slip distribution may result from the low
quality of data for the near-field of the fault in descending observations.
We attempted to invert the slip distribution by masking deformation
areas in the descending deformation field and found that the rupture

Fig. 3. Coseismic displacement fields of the 2017 Jiuzhaigou Ms7.0 earthquake. Sentinel-1A descending interferograms (a) and displacement field (b). Sentinel-1A ascending inter-
ferograms (c) and displacement field (d). The red circles in (a) and (c) represents the epicentre of this event from the United States Geological Survey (USGS). White lines in (a) and (c)
and red lines in (b) and (d) denote surrounding active faults. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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still broke the surface. We also inverted the slip distribution under the
constraint of ascending InSAR and GPS data (Fig. 5c). The resulting slip
pattern was similar to that using just the ascending InSAR data, while
the slip magnitude was smaller; peak slip was found to be ~0.7m
(Fig. 5a and c).

3.2. Joint slip distribution inversion using both InSAR and GPS data

Using the weight ratio 1:1:1, we made a joint fault slip inversion
using GPS data, and both ascending and descending InSAR data as
constraints (Figs. 6d, 7). We identified a concentrated slip patch located
at a depth of 2–15 km; the peak modelled slip was found to be ~1.3 m,
located at a depth of ~6 km. The total seismic moment released by the
earthquake rupture was approximately 6.75× 1018 Nm, corresponding
to a moment magnitude of Mw6.5. The slip sense was characterised by

a significant component of left-lateral strike-slip with slight normal dip-
slip motion with a mean rake angle of approximately −10°. Aftershocks
were generally distributed on both sides of the rupture area along the
fault strike and in an unruptured region along the downdip direction of
fault (Figs. 2d, 7). The rupture length of the seismogenic fault was
~25 km. The residuals between observed and modelled LOS InSAR
measurements and GPS data (Fig. 8) suggest that simulated and ob-
served LOS displacements are well reconciled and that the average re-
sidual is ~6 cm. However, we observed some significant mismatches
between observations and predictions, especially in the near-field of the
fault in the joint inversion. The main error source may be low quality
data for the near-field of the fault, which is characterised by dense
coverage of vegetation. Other possible sources of error include the at-
mospheric delay, DEM error, inelastic deformation, and simplification
of the seismogenic fault.

4. Coulomb stress changes analysis

Most aftershocks occurred between 8 August 2017 and 22 August
2017, the largest of which was a M4.8 event, and were characterised by
a dominant strike-slip motion (Fang et al., 2017). Previous studies have
shown that static Coulomb stress can successfully forecast the approx-
imate location of large damaging aftershocks within months of a large
mainshock (Barka, 1999; King et al., 1994; McCloskey et al., 2005;
Martínez-Díaz et al., 2012). In order to evaluate static stress changes in
the surrounding regions following the Jiuzhaigou earthquake, we cal-
culated Coulomb stress changes using the method of Scholz (1990):

= −σ τ μ σΔ Δ (Δ )c s n (2)

where Δσc is the Coulomb stress change on a specific receiver fault; Δτs
and Δσn are changes in shear and normal stress acting on the receiver
fault, respectively; and μ is the effective friction coefficient. In following
calculation, changes in the shear stress Δτs on a receiver fault are po-
sitive; Δσn is positive for increasing clamping normal stress where
pressure is defined as positive. Using the inverted fault slip sources
constrained by ascending and descending InSAR and GPS data, we

Fig. 4. Line-of-sight (LOS) displacement profiles. (a) LOS in descending InSAR measurements along profile CC′. (b) LOS in descending InSAR measurements along profile DD′. (c) LOS in
ascending InSAR measurements along profile CC′. (d) LOS in ascending InSAR measurements along profile DD′. The locations of profiles CC′ and DD′ are shown in Fig. 3.

Fig. 5. Trade-off curve between root mean square (RMS) misfit and dip angle for a west-
dipping nodal plane. The red cross denotes the optimal dip angle of 80° used to invert the
slip distribution. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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adopted a model with variable dislocation sources embedded in an
elastic half-space. In this study, a friction coefficient of 0.4 was chosen;
this value is suitable for continental strike-slip faults. We resolved the
stress at varied depth.

Considering that most of the aftershocks were distributed in a
narrow belt along the NNW mainshock rupture zone, we calculated the
Coulomb stress changes at different depths, from 5 to 20 km, using a
strike-slip plane for receive faults with the same orientation as the

Fig. 6. Slip distributions. Slip distributions inferred from inver-
sions constrained by (a) ascending (Asc) InSAR measurements,
(b) descending (Desc) InSAR measurements, (c) ascending InSAR
measurements and Global Positioning System (GPS) data, and (d)
ascending and descending InSAR measurements and GPS data.
Green stars denote the hypocentre of the Jiuzhaigou earthquake
from the United States Geological Survey (USGS). (For inter-
pretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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rupture to reveal the triggering relationship between the mainshock
and aftershocks (Fig. 9). Fig. 9a and b show that the largest stress in-
crease appeared on, or near, the mainshock fault plane at a depth of 5
and 10 km, where>50% of the aftershocks occurred. An obvious stress
decreasing zone was observed near the seismogenic fault at a depth of
15 and 20 km, where only a few aftershocks occurred (Figs. 2d, 9c and
d); this result indicates that the mainshock mainly triggered aftershocks
at depths of 5–10 km. Fig. 2d presents the aftershock distribution along
the fault plane; we found that aftershocks occurring within 3 days of the
mainshock had a much deeper distribution than those that occurred
later. The temporal evolution of the aftershocks towards a shallower
depth may have been controlled by stress loading caused by the rupture
of the mainshock. It is interesting that the significant stress increasing
zone found at a depth of 15 and 20 km in the northern part of the
seismogenic fault was without obvious aftershocks (Fig. 9c and d); this
may reflect the complex regional crustal structure and fault geometry.

Next, we computed the stress changes on the Minjiang and Tazang
faults based on their estimated geometry (Deng et al., 2007; Ren et al.,
2013) in order to investigate the influence on these faults on the
Jiuzhaigou earthquake (Fig. 10). The results show that the western part
of the left-lateral strike-slip Tazang fault was brought 0.1–0.4MPa
closer to failure (Fig. 10a and b), while the southern part of the reverse/
left-lateral Minjiang fault saw a Coulomb static stress increase of<
0.1MPa (Fig. 10c and d). While these regions do not have a historical
record of earthquake activity, our results suggest they represent a sig-
nificant seismic hazard; the Tazang fault in particular requires further
study.

5. Discussion

5.1. Seismogenic fault and tectonic implications

The close proximity of the buried seismogenic fault of this event to
the Tazang and the Huya faults raises the question about the relation-
ship and interaction between these faults. The epicentre of 2017
Jiuzhaigou earthquake was located in a triangular zone delimited by
the Tazang fault, the Minjiang fault, and the Huya fault (Fig. 1b);
however, the relationships and interactions between the seismogenic
fault and these active faults remain unknown. Our results indicate that
the seismogenic fault of the 2017 Jiuzhaigou earthquake is a buried

strike-slip fault. The northern end is close to the Tazang fault, and the
southern end extends up to the Huya fault. We identified it as the
northwestward extension of the Huya fault because: (1) the surface
trace of the seismogenic fault derived from InSAR and the distribution
of relocated aftershocks are both consistent with a northwestward ex-
tension of the northern segment of the Huya fault (Figs. 2a, 11); (2)
focal mechanism solutions for both the 2017 Jiuzhaigou Ms7.0 event
and the 1973 Ms6.5 event indicate a large component of left-lateral
strike-slip motion, which is consistent with the northern segment of the
Huya fault (Figs. 1b, 11); (3) the Jiuzhaigou earthquake ruptured a
seismic gap on the north of the 1976 Songpan earthquake swarm
(M=7.2, 6.7, 7.2) and the 1973 Songpan Ms6.5 earthquake (Fig. 11);
if this is the case, the 2017 Ms7.0 Jiuzhaigou event, the 1973 Ms6.5
Songpan and 1976 Songpan earthquake sequences ruptured through
the Huya fault. This result would imply that the earthquake risk on the
Huya fault is decreasing. However, it should be noted that the rupture
of the Jiuzhaigou earthquake brought the western segment of the Ta-
zang fault 0.1–0.4MPa closer to failure, and the southern segment of
the Minjiang fault< 0.1MPa closer to failure (Fig. 10). The Tazang
fault has suffered unknown historic ruptures in recent decades (Kirby
et al., 2007). The southern part of the northern segment of the Minjiang
fault ruptured during a M6.5 event in 1748, a M6.75 event in 1960, and
a Ms6.0 event in 1933 (Fig. 11; Table 3). The southern segment of the
Minjiang fault ruptured during a Ms7.5 event in 1933 (Fig. 11; Table 3).
Thus, the seismic hazard on the Tazang fault is increasing.

5.2. InSAR displacement features of the Jiuzhaigou earthquake

The Jiuzhaigou earthquake occurred on a blind left-lateral strike-
slip fault without obvious surface rupture. Owing to complex topo-
graphy and dense coverage of vegetation in this region, it is difficult to
investigate the geometry and motion characteristics of this fault
through field investigation. However, the InSAR deformation field
produced by this event is helpful for our understanding of fault motions
and properties. The coseismic displacement fields observed for this
event using ascending and descending InSAR data are both distributed
asymmetrically on the two sides of the fault with larger measurements
on the western wall. Fialko (2006) suggests that the properties of the
rock (i.e., the viscosity coefficient variation caused by postseismic re-
laxation on both sides of the fault) and a parallel faulting structure with

Fig. 7. Perspective view of fault slip and aftershocks distribution of the 2017 Jiuzhaigou Ms7.0 earthquake. The green star denotes the hypocentre of the Jiuzhaigou earthquake from the
United States Geological Survey (USGS). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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a low-dip-angle fault would contribute to an asymmetric deformation
field caused by rupture of strike-slip faults. Our coseismic interferogram
covers only 3 days after the mainshock in the ascending observations
and 10 days for the descending observations (Table 2); therefore,
postseismic deformation effect can be neglected. The relocated after-
shocks indicate an approximately vertical fault plane and our inversion
results also indicate a high-dip fault. Therefore, we speculate that the
asymmetry of the displacement field produced by this event was mainly
caused by complex movement across the fault.

It is common that the LOS displacement field caused by the strike-

slip motion of a fault indicates different patterns. The 2003 Bam (Iran)
Mw6.6 earthquake was caused by a predominantly right-lateral strike-
slip motion on a subvertical fault; its LOS displacement field was
asymmetrical about the fault in both ascending and descending ob-
servations and featured a typical quadrantal distribution (e.g., Fialko
et al., 2005). The 2010 Yushu (China) Mw6.8 earthquake was a left-
lateral strike-slip event that showed different deformation patterns from
the Bam earthquake; the typical quadrantal distribution was not ob-
vious in its LOS displacement field (e.g., Qu et al., 2013). The LOS
displacement field for the Jiuzhaigou earthquake was largely similar to

Fig. 8. Observed and modelled parameters of the 2017 Jiuzhaigou Ms7.0 earthquake. (a, d) InSAR line-of-sight (LOS) observations, (b, e) model calculations, (c, f) residuals, (g, h, i)
modelled 3-D displacement field. Black lines denote the surface projection of the fault plane. Cyan stars denote the earthquake epicentre from the United States Geological Survey (USGS).
Red lines denote active faults. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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that of Bam earthquake, having a quadrantal distribution, while the
majority of the deformation occurred to the west of the fault in both
ascending and descending interferograms (Fig. 2). Indeed, the pattern
of the coseismic interferogram is closely related to the geometry and
movement of the seismogenic fault.

The total LOS displacements in ascending and descending inter-
ferograms largely depend on the contributions of east–west and up-
down components; these two components sum constructively or de-
structively for two sides of a fault. A quadrantal distribution is obvious
in east–west and up-down components of the Bam earthquake (Funning
et al., 2005); for the Yushu earthquake, the north–south and up-down
components feature a quadrantal distribution (e.g., Wang et al., 2014).
Little of the north–south motion contributes to InSAR LOS displacement
as compared with east–west and vertical components; therefore, in the
highly asymmetrical LOS deformation pattern with a quadrantal

distribution, the majority of LOS displacement was on one side of fault
in descending or ascending observations of the Bam earthquake (e.g.,
Funning et al., 2005). East–west displacement was dominant in the
Yushu earthquake, so the quadratic distribution was not obvious. In this
study, modelled 3-D displacement components (Fig. 8g, h, and i) show
that the quadrantal distribution is obvious only in the east–west com-
ponent (Fig. 7g). Vertical displacement is characterised by normal dip-
slip movement and large displacement occurred on the west wall of the
fault (Fig. 8h); north–south displacements contribute little to the LOS
measurements (Fig. 8i). The summing of the east–west and up-down
components constructively or destructively will mainly affect the de-
formation pattern in the west wall; the majority of LOS displacement
occurred on two sides of the seismogenic fault in descending or as-
cending observations (Fig. 2b and d); the quadrantal distribution is
obvious in the final interferograms (Fig. 2a and c).

Fig. 9. Static Coulomb stress changes caused by the 2017 Jiuzhaigou Ms7.0 earthquake on planes with the same orientation as the rupture (i.e., strike= 155°, dip= 80°, rake=−10°).
Depth varies from 5 to 20 km. Black lines denote active faults. Cyan stars mark the epicentre from the United States Geological Survey (USGS). White dots represent aftershocks at depths
of 0–7 km (a), 7–13 km (b), 13–17 km (c), and 17–22 km (d). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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5.3. Relationship with the 2008 Wenchuan Mw7.8 earthquake

The Bayanhar block is a very active sub-block within the Tibetan
Plateau. In the last 20 years, seven strong earthquakes (M7–8) have
occurred on its boundary faults, including the 2001 Kokoxili Mw7.8,
2008 Wenchuan Mw7.8, and 2013 Lushan Mw6.6 earthquakes (Fig. 1a;
Lasserre et al., 2005; Xie et al., 2013; Xu et al., 2009; Xu et al., 2013).
The 2008 Wenchuan Mw7.8 earthquake was the strongest recorded
event along the eastern boundary of Bayanhar block. The rearrange-
ment of crustal stresses for such a large-magnitude earthquake com-
monly leads to subsequent damaging earthquakes (Parsons et al., 2000;
Stein, 1999). The 2017 Jiuzhaigou Ms7.0 earthquake occurred on a
buried fault in the northern part of the eastern boundary of the
Bayanhar block. The distance between their epicentres is approximately
250 km, and the distance between the epicentre of the Jiuzhaigou
earthquake and the northern segment of the Longmenshan fault belt is

approximately 150 km. A previous study on Coulomb stress changes
from the 2008 Wenchuan earthquake interprets that this large-magni-
tude event brought the Kunlun and Minjiang faults in the eastern Ti-
betan Plateau 0.02–0.05MPa closer to failure (Toda et al., 2008). Li
et al. (2013) suggested that the Coulomb failure stress change caused by
the Wenchuan earthquake showed a significant increase,
~0.05–0.25MPa, on the Minjiang fault, the Huya fault, and the
southeastern segment of the Tazang fault. Huang et al. (2017) showed
that coseismic Coulomb stress changes on the hypocentre of the Jiuz-
haigou earthquake that were caused by the Wenchuan earthquake were
about 8 kPa, and that the postseismic Coulomb stress changes were up
to ~12–16 kPa, bringing the Jiuzhaigou earthquake forward by
6–8 years. Wang et al. (2010) compared the accumulation and release
of seismic moment in the eastern Tibetan Plateau and suggested that
the moment deficit in the Jiuzhaigou epicentral area could produce an
Mw6.9 event in the 50 years subsequent to the Wenchuan earthquake.

Fig. 10. Static Coulomb stress changes caused by the 2017 Ms7.0 Jiuzhaigou earthquake. (a, b) Static Coulomb stress changes using NW Tazang as the receiver fault (i.e., strike= 142°,
dip= 70°, rake= 0°), as shown in the top right corners of the plots. (c, d) Static Coulomb stress changes using NS Minjiang as the receiver fault (i.e., strike= 88°, dip= 60°, rake= 90°),
as shown in the top right corners of the plots.
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We calculated the coseismic stress changes imparted by the Wenchuan
earthquake using the variable slip source models of Zhang et al. (2011)
in elastic half-space. We resolved the stress changes at 10 km depth
based on the estimated geometry of the Jiuzhaigou earthquake seis-
mogenic fault obtained in this study (Table 3; Fig. 12). The results show
a ~5–10 kPa increase in the static stress in the epicentral area of the
Jiuzhaigou event along ~35 km of its seismogenic fault. Therefore, it is
possible that stress loading from the Wenchuan earthquake had a
triggering effect on the Jiuzhaigou earthquake, advancing the date of its
occurrence.

6. Conclusions

In this study, we mapped the coseismic deformation field of the
2017 Jiuzhaigou earthquake using S1A ascending and descending data.

Obvious displacement from this event was distributed over a
50× 50 km area. The maximum observed LOS displacements were
0.14m and 0.22m in the descending and ascending unwrapped inter-
ferograms, respectively. Based on observations from the InSAR data,
and on focal mechanism solutions and relocated aftershocks, we con-
structed a one-segment fault model to invert the slip distribution at
depth. Inversions from ascending and descending displacement fields
both suggest only one concentrated slip patch, but with different slip
patterns. These differences may result from low quality InSAR LOS
measurements near the fault. A robust inversion from ascending and
descending InSAR data and GPS data shows that the slip mainly oc-
curred at a depth of 2–15 km, with a maximum slip of ~1.3 m. The
event was characterised by left-lateral strike-slip motion with a slight
normal dip-slip component; the rupture did not break the surface. The
results of our joint inversion are consistent with seismological results.

Fig. 11. Approximate rupture areas of historical earthquakes on
the Huya and Minjiang faults. Black dashed-line ellipses denote
Coulomb stress increasing zones on the Tazang and Minjiang
faults. Green ellipses denote approximate rupture lengths; de-
tailed information is listed in Table 3. Blue arrows denote hor-
izontal component Global Positioning System (GPS) velocity vec-
tors relative to stable Eurasia before 2007. Red arrows denote
postseismic horizontal component GPS velocity vectors after the
2008 Wenchuan earthquake (data from Li et al., 2017). (For
interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Table 3
Historic earthquakes and their ruptures on the Minjiang and Huya faults.

No. Time Magnitude Latitude (°) Longitude (°) Fault Rupture length (km) Study

1 1748 Ms6.5 32.80 103.70 Minjiang ~15 Zhou et al. (2000)
2 1933 Ms7.5 31.9 103.6 Minjiang >30 Wang and Shen (2011)
3 1933 Ms6.0 32.30 103.6 Minjiang ~10 Zhou et al. (2000)
4 1960 Ms6.7 32.78 103.67 Minjiang ~15 Deng (2013)
5 1973 Ms6.5 32.93 103.9 Huya 15 Zhu and Wen (2009)
6 1976 Ms7.2 32.72 104.08 Huya 30 Zhu and Wen (2009)
7 1976 Ms6.7 32.62 104.15 Huya 12 Zhu and Wen (2009)
8 1976 Ms7.2 32.48 104.08 Huya 22 Zhu and Wen (2009)
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The calculation of Coulomb stress changes indicates that the western
part of the Tazang fault was brought 0.1–0.4MPa closer to failure,
while the southern part of the Minjiang fault was increased
by<0.1MPa.
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