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ARTICLE INFO ABSTRACT

As occurred during the tourist season, the 2017 M,, 6.5 Jiuzhaigou (China) earthquake led to destructive da-
mages. The seismogenic fault of this event was merely speculated to be the northern extension of the Huya fault,
while no apparent surface ruptures were discovered in the field investigation. Previous studies and released
moment tensor solutions indicated the Jiuzhaigou earthquake was dominated by left-lateral strike slip with
partial normal-slip component. It seems unintelligible that the normal slip occurred in this event as the epicenter
was located near the boundary of convergent blocks. Hence, a reasonable and elaborate source rupture model is
necessary to investigate such a blind fault and the role it plays in the complex fault system of this region.
Combining space-based geodetic, teleseismic or regional seismic observations can provide detailed information
about earthquake ruptures. We first attempted to determine the fault geometry using the Bayesian approach with
synthetic aperture radar interferograms (InSAR). And then the fault geometry was refined based on the relocated
aftershock distribution, and a two-segment fault model was constructed. Based on the two-segment model, we
resolved the source rupture process of the 2017 Jiuzhaigou earthquake through the joint inversion of strong-
motion, teleseismic body-wave and InSAR data. The inversion results reveal a hybrid source mechanism, in
which normal and thrust slips coexist besides the strike-slip component. We suggest that the eastward motion
with the extrusion of the lower crustal flow in the northeastern margin of the Bayan Har block is responsible for
such a faulting behavior. The co-seismic Coulomb stress changes show a significant stress loading in the western
segment of the Tazang fault, increasing its seismic hazard. Due to the lack of aftershocks to the southeast of the
seismogenic fault, the probably enhanced seismicity in the northern segment of the Huya fault is also worth
further attention.
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1. Introduction

A strong earthquake struck Jiuzhaigou County, Sichuan Province,
China at 13:19:49 on 8 August 2017 (UTC), and caused 525 injuries and
25 casualties (Nie et al., 2018). The China Earthquake Networks Center
(CENC) noted that the earthquake was a M; 7.0 event and its epicenter
was located at 103.88°E and 33.20°N, with a focal depth of 20 km. The
moment tensor solutions determined by the U.S. Geological Survey
(USGS) and the Global Centroid Moment Tensor Project (GCMT)
showed that the moment magnitude of the event was 6.5 and it was
dominated by left-lateral strike slip. The Bayan Har block, a secondary
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block of the Tibetan Plateau, has complex geological structures. The
occurrence of the Jiuzhaigou earthquake on the northeastern edge of
the Bayan Har block indicated that it is still tectonically active (Liu
et al.,, 2006; Wang et al., 2007). Ren et al. (2017) suggested that the
event resulted from the eastward extension of the eastern Kunlun fault
at its eastern end. Xu et al. (2017) proposed the seismogenic fault of the
earthquake was suspected to be the northern extension of the Huya
fault due to similar kinematic properties, but there were no surface
ruptures discovered in the field investigation. As the possible seismo-
genic fault might be a blind fault, it was not clearly identified in pre-
vious studies (Yi et al., 2017). Moreover, the motion features of the
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seismogenic fault are still not well-known, and the role it plays in the
complicated surrounding fault system of this region has only been in-
ferred. Thus, a reasonable and elaborate source rupture model is ur-
gently necessary.

Multiple studies have been carried out to understand the source
rupture process of the Jiuzhaigou earthquake using different data sets
and methods, among which Ji et al. (2017) and Sun et al. (2018) at-
tributed the event to a source rupture of multiple faults. Ji et al. (2017)
adopted a fault model containing two northeastward dipping segments,
and determined the co-seismic slip distribution using InSAR data. Sun
et al. (2018) indicated a complex source rupture consisted of three fault
segments through the joint inversion of teleseismic body-wave and
InSAR data, and proposed that the eastward extrusion of the Tibetan
Plateau was responsible for the occurrence of the event. However, more
studies chose to approximate the source geometry to a single planar
fault model. Zhang et al. (2017) conducted a joint inversion of tele-
seismic and InSAR data, and discussed the optimal depth of the rupture
starting point, which was finally determined as 11 km. Using tele-
seismic body-wave data, Xie et al. (2018) derived a source rupture
model dominated by strike slip, in which there were two energy-re-
leasing stages and the first one released most of the seismic moment.
Nie et al. (2018) and Zhao et al. (2018) conducted the joint inversion of
InSAR and Global Positioning System (GPS) displacement data. Zhao
et al. (2018) suggested that the stress loading from the 2008 Wenchuan
M,, 7.9 earthquake had a triggering effect on the Jiuzhaigou event.
Shan et al. (2017) inverted the Sentinel-1 interferograms using a single
planar fault in which a slip asperity occurred. Most of previous source
models show a strike-slip focal mechanism with a component of normal
faulting, which is consistent with the released moment tensor solutions.
However, the Jiuzhaigou earthquake was located near the boundary of
convergent blocks. If the seismogenic fault were an extension of the
Huya fault, a strike-slip and thrust fault, the focal mechanism should be
controlled by the thrust slip besides the strike-slip component. In terms
of regional tectonics, the conclusions resulted from previous studies
seem inconsistent with the identified active faults. Therefore, an ade-
quate and reasonable explanation is imperative for such a distinctive
rupture pattern.

The extractable source information in a single type of data is lim-
itable, and data diversity can help to overcome the difficulties in source
imaging that arise using only a single kind of data set (Melgar and Bock,
2015). After the Jiuzhaigou earthquake occurred, the strong-motion,
teleseismic waveform records and InSAR data related to this event were
all released and made available (Fig. 1). This provided us with a good
opportunity and motivation to investigate a detailed spatiotemporal
history of the source rupture using the joint seismo-geodetic inversion.
In this study, when first assuming a planar fault as the source model of
the Jiuzhaigou earthquake, we estimated the posterior probability
distribution of fault geometry parameters using the Bayesian approach
with InSAR data. Furthermore, delineated by the spatial distribution of
relocated aftershocks, a refined two-segment fault model was de-
termined. We adopted the two-segment source geometry and derived its
rupture history from the joint inversion of several types of data sets.
Afterwards, we calculated the co-seismic Coulomb stress changes in
surrounding active faults, and evaluated their seismic hazard in the
future. Finally, relating to regional tectonics, we attempted to explain
the hybrid source mechanism of the 2017 Jiuzhaigou earthquake re-
vealed by the joint inversion.

2. Finite fault model

The distribution of aftershocks relocated by Song et al. (2019) fol-
lowing the mainshock in 10 days shows that the aftershocks con-
centrate in a north-west oriented band (Fig. 2a), which is close to the
strike direction of the Huya fault located to the south. However, there
were no obvious surface breaks captured in the earthquake (Xu et al.,
2017), so we could not yet simply associate the unmapped seismogenic
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Fig. 1. Study area map of the 2017 M,, 6.5 Jiuzhaigou earthquake. The beach
ball in red shows the focal mechanism of the Jiuzhaigou earthquake derived
from the joint inversion, and the red lines are the projected top edge traces of
the two-segment fault model. Gray triangles indicate the strong-motion and
teleseismic stations (in the hemispherical inset) used in this study. The colored
dashed frames represent the coverage of Sentinel-1 interferograms. The black
frame indicates the area illustrated in Fig. 2a. Dark blue lines depict the active
faults in this region (Deng et al., 2003). The focal mechanisms of the 1973
Songpan-Huanglong earthquake and the 1976 Songpan sequence are also
shown in blue. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)

fault with a northern extension of the Huya fault. Though the surface
deformation acquired by InSAR images has dense observations that are
sensitive to the fault geometry, the fault geometry is not able to be
directly recognize due to the severe loss of coherence in the near-field
of the source region, where the lush vegetation and rugged terrains
strongly influenced the imaging capability of the C-band Sentinel-1
satellite. To determine the geometry of such a blind seismogenic fault,
based on the hypothesis of a single planar fault, we adopted the
Bayesian approach to estimate the posterior probability distribution of
model parameters using InSAR data.

2.1. InSAR observation

Two Sentinel-1 interferograms acquired both in ascending and
descending orbits were used to retrieve the co-seismic ground de-
formation that covers the epicenter area (Table 1). Following the
standard two-pass InSAR data processing method (Xu et al., 2016), we
processed the interferograms with GAMMA software and utilized the
30 m Shuttle Radar Topography Mission digital elevation model (SRTM
DEM) to simulate and eliminate the topographic signals (Farr et al.,
2007). To increase the signal-to-noise ratio (SNR), the interferograms
were multi-looked to an approximately 30 m pixel spacing. The inter-
ferograms were then filtered with an improved Goldstein filter (Li et al.,
2008) and unwrapped using the minimum cost flow method (Chen and
Zebker, 2001). Afterwards, the unwrapped interferograms were geo-
coded into the World Geodetic System 84 (WGS84) coordinate system.
Finally, we carefully checked the results of phase unwrapping, and
masked out areas with low coherence in which some remaining un-
wrapping errors could not be corrected. Considering the large amount
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Fig. 2. (a) Distribution of the aftershock sequence (M = 1) following the mainshock in 10 days. The blue and green circles indicate the aftershocks of Cluster #1 and
Cluster #2, respectively. The gray circles are the aftershocks that cannot be projected into two segments. The orange and pink frames are separately the projections of
the northern and southern segments. The yellow star depicts the epicenter of the mainshock. Fault abbreviations are TZ: Tazang fault, MJ: Minjiang fault, HY: Huya
fault. (b) Cross-section A-A' that is parallel to the strike of the northern segment. (c) Cross-section C-C' that is perpendicular to the strike of the northern segment. The
colored plane with an orange frame in (b) and the orange line in (c) both represent the projection of the northern segment. (d) Cross-section B-B' that is parallel to the
strike of the southern segment. (e) Cross-section D-D' that is perpendicular to the strike of the southern segment. The colored plane with a pink frame in (d) and the
pink line in (e) both represent the projection of the southern segment. The yellow star in (b) and (d) indicates the hypocenter of the mainshock. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

of data points in unwrapped interferograms, we subsampled them using
the quadtree method without losing significant information (Jonsson
et al., 2002).

2.2. Bayesian estimation for fault geometry

Bayesian methods use probability models in inverse problems to
quantify our state of knowledge by explicitly treating the uncertainties
related to the observation process and the uncertainties due to missing
information or model errors, and from this we can ascribe a posterior
plausibility to each model in a set of proposed models (Jaynes, 2003;
Beck, 2010). This posterior probability distribution describing the
plausibility of each member of the ensemble of models is the “solution”
to our inverse problem (Minson et al., 2013). Considering a model
parameter vector, m in the M-dimensional model space relating to the
data vector d in the N-dimensional data space: d = G(m) + &, where
G(m)is the forward modeling operator with ¢ error. Depending on the
Bayesian approach, it allows us to use the prior information to obtain an
estimation of the posterior probability distribution of model parameters
to a generic inverse problem (Tarantola, 2005; Bagnardi and Hooper,
2018; Dutta et al., 2018):

p(d | m)p(m)
p(d) @

where p(d| m) is the likelihood function of m given d based on residuals
between the data and the predicted observation with m, p(m) expresses
the prior information of model parameters, and the denominator is a
normalizing constant independent of m. When we consider the

p(mid) =

)

Table 1
Sentinel-1 interferograms used in this study.

observed data to have Gaussian uncertainties with zero mean and
covariance matrix X4, the likelihood function is described as following:

p(im) = exp| 3@ - Gay 3, @ - G |

1
(271.)le| zd |1/2
(2)

While the prior information of model parameters is often unavail-
able, in which case a so-called uninformative Jeffreys prior is used
(Jeffreys, 1983; Ulrych et al., 2001; Bagnardi and Hooper, 2018). In the
framework of the Bayesian Earthquake Analysis Tool (BEAT), devel-
oped by Vasyura-Bathke et al. (2020) based on the Python seismology
toolbox Pyrocko (Heimann et al., 2017), the prior distribution of each
model parameter is set as independent and uniform with a finite range
of possible values, and the upper and lower bounds can be added out-
side which p(m) = 0. Afterwards, the BEAT package implements the
Sequential Monte Carlo (SMC) sampling algorithm (Minson et al., 2013)
to evaluate the high-dimensional posterior probability distribution. The
SMC sampling algorithm is based on the Transitional Markov Chain
Monte Carlo (TMCMC) algorithm of Ching and Chen (2007) that
combines transitioning and resampling with the Markov Chain Monte
Carlo (MCMC) simulation of the Metropolis algorithm (Metropolis
et al., 1953). It outperforms the unparallelizable Metropolis algorithm
as sampling a probability distribution function (PDF) with multiple
Markov chains, which makes the sampling more efficient (Minson et al.,
2013).

Given the line-of-sight (LOS) displacement data retrieved from two
Sentinel-1 interferograms, we used BEAT to estimate the posterior PDF
of the fault geometry parameters. Fig. 3 shows the resulting histograms

Sensor Master (yy/mm/dd) Slave (yy/mm/dd) Before (day) After (day) Perpendicular baseline (m) Orbit Incidence angle (deg.)
Sentinel-1 2017/07/30 2017/08/11 9 36 Ascending 43.8
Sentinel-1 2017/08/06 2017/08/18 2 10 -67 Descending 39.2
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Fig. 3. 1-D and 2-D posterior PDF plots of the fault geometry parameters derived from the Bayesian estimation using InSAR data. Red lines in the 1-D PDF plots and
red points in the 2-D PDF plots show the best-fit values of parameters. Cold colors in the 2-D PDF plots show high probability region, and warm colors show low
probability region. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of 1-D marginal PDF for each parameter and the plots of 2-D joint PDF
for each parameter pair. The optimal values of the model parameters
correlate well with the peaks of the Bayesian estimation (the predicted
InSAR data and residuals are shown in Fig. S1). According to the 95%
confidence interval given by the inversion, the InSAR data can be well
explained by the slip on a 21.9- 23.1 km-long, 3.3- 6.8 km-wide fault,
striking 150.1° ~ 152.6° and steeply dipping at 62.8° ~ 70.2°. The
0.8- 1.5 m slip with a —10.4° ~ —7.0° rake is consistent with the focal
mechanism of left-lateral strike-slip fault with a minor normal-slip
component. Assuming a shear modulus of 3.0 x 10* MPa, the moment
magnitude corresponding to the best-fit geometry model is equal to 6.4,
slightly less than the magnitude of 6.5 reported by GCMT and USGS.
The 2-D marginal PDF plots clearly show the trade-offs between fault
width, depth and slip. Conversely, the shift distance of the epicenter,
the length, strike, dip of the fault plane, and the rake direction can be
well constrained. The seismogenic widths of strike-slip faults play an
important role in rupture propagation and are usually less than
20- 30 km. There appears to be a boundary near the width of 10 km
where the aspect ratio (the ratio between the length and width of
rupture extent) increases drastically. If the seismogenic width is less
than the critical width, then the rupture will become self-arresting and
the aspect ratio is generally less than 8 (Weng and Yang, 2017). Under
the hypothesis of uniform slip in the Bayesian approach, the aspect ratio
estimated from the 95% confidence interval of length and width is
3.2- 7.0, which implies the width may control the rupture length. The
upper limit of the 95% confidence interval of width is less than the
critical value of 10 km, however, the expanding range of aftershocks in
depth has exceeded 20 km (Fig. 2). It is possible that a subcritical
seismogenic width is not adequate to accommodate the whole rupture
extent. In order to investigate the rupture extent and the inhomogeneity

of fault slip, an inversion of slip distribution is necessary, and the size of
the fault plane, especially the width should be large enough to naturally
vanish the parameter trade-offs generated from the Bayesian estima-
tion.

2.3. Slip distribution derived from InSAR data

To determine details of the slip distribution, fixing the strike and dip
of the fault plane according to the optimal model parameters estimated
from the Bayesian approach, we enlarged the fault plane as
40 km x 22 km, and then discretized it into 220 subfaults, among
which each one possessing a size of 2 km x 2 km. We used the epi-
center located by USGS, 103.855°E and 33.193°N, as the initial value in
the Bayesian inversion. Based on the shift distances of the epicenter in
both east-west and north-south directions revealed by the Bayesian
inversion, the updated hypocenter is located at 103.814°E and
33.224°N with a depth of 9 km. The optimal fault dip indicated by the
Bayesian estimation is 66.6°, while the previous studies and released
focal mechanisms all indicated a steeper fault plane (> 70°). The uni-
form slip distribution hypothesis in the Bayesian estimation and the loss
of coherence of InSAR data in near-field might not efficiently constrain
the fault dip. To obtain a more plausible finite fault model, fixing other
parameters estimated from the Bayesian inversion, we conducted static
inversions with InSAR displacement data to determine the fault dip by
grid search technique. Starting from the dip of 66.6° to nearly 90° with
an increment of 1°, the trade-off curve between the tested values and
the normalized misfit is shown in Fig. 4a. The trade-off curve illustrates
that the dip of 83.6° generates the best fit of InSAR data, we selected it
as the fault dip. In addition, the strike was set as 151.4°, and the rake
direction of subfaults was limited within 0° * 45° mainly allowing
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Fig. 4. (a) Trade-off curve between the fault dip and the normalized misfit in static inversion trials using InSAR data. The red solid circle shows the preferred dip. (b)
Co-seismic slip distribution determined by the inversion of InSAR data with the preferred fault dip. The slip contour interval is 0.1 m and the yellow star indicates the
hypocenter. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

sinistral fault slips. The corresponding co-seismic slip distribution is
shown in Fig. 4b, in which the focal mechanism is dominated by strike
slips with a mixture of normal slips and few reverse slips. Large slips
mainly occur in the northwest at the shallow depth, but are weakened
near the top edge of the fault plane. The released seismic moment is
5.3 x 10'® N'm (M,, 6.4), and the peak slip is close to 0.6 m, which is
slightly small for an event of magnitude ~6.5. We think the absence of
near-field displacement that greatly affected the amount of slips, may
cause the underestimation of the peak slip and the releasing moment.

2.4. Two-segment fault delineated by aftershocks

From a rough map-view perspective, the relocated aftershocks seem
to linearly distribute along a north-west strike. The InSAR data were
well resolved by the static inversion using a single planar fault model.
However, as shown in Fig. 2a, a slight deflection from north to south in
the extending orientation is not difficult to be found in the horizontal
distribution of aftershocks. It is particularly obvious that the two ends
of the band zone where most aftershocks concentrate have different
strike directions. The occurrence of the slight deflection is located close
to 33.2°N, so we took this position with its vicinity as a boundary. And
the aftershocks were divided into two clusters following the boundary.
The distributed orientation of Cluster #1 is consistent with the strike of
the single planar fault, which was used in the aforementioned static
inversion of InSAR data. While the aftershocks of Cluster #2 appear to
follow a strike direction of 145°. This implies a more complex seismo-
genic structure rather than a single planar fault. To obtain a more
reasonable source geometry, we attempted to construct a two-segment
fault model to match the spatial distribution of two aftershock clusters.
The strike of the northern segment was set as 151.4° with a length of
24 km, and the southern segment oriented following the strike of 145°
with a length of 16 km. Both segments had a width of 22 km and a
common dip of 83.6°. The hypocenter (rupture starting point) was
placed in the northern segment. In Fig. 2, we set up four cross-sections,
among which A-A' and B-B' are parallel to the strike directions of the
northern and southern segments respectively, and cross-sections C-C'
and D-D' are separately perpendicular to A-A' and B-B'. The aftershocks
of two clusters were separately projected into cross-sections A-A' and B-
B'. In cross-section A-A' (Fig. 2b), most aftershocks of Cluster #1 are
localized at the depth less than 15 km. While the aftershocks of Cluster
#2 mainly concentrate at the depth of 5- 16 km in cross-section B-B'
(Fig. 2d). Moreover, the projections of two fault segments in cross-
sections C-C' and D-D' both show a good fit between the fault dip and
the aftershock distribution (Fig. 2c and Fig. 2e). Hence, this two-seg-
ment fault model delineated by the aftershock distribution can help us
to reconstruct the elaborate history of the source spatiotemporal rup-
ture in the Jiuzhaigou earthquake.

3. Joint inversion

Combining multiple types of data for studying the source rupture
process has become a developing trend in source kinematic inversions.
We can extract the spatiotemporal evolution process of earthquake
source rupture from seismic waveform records. Compared with the
teleseismic body-wave, the regional strong-motion data contain more
high-frequency information related to rupture details due to weak at-
tenuation (Hartzell and Heaton, 1983; Sekiguchi et al., 2000; Sekiguchi
and Iwata, 2002; Zheng et al., 2018). The teleseismic body-wave data
implying the general characteristics in the source rupture area, can be
effectively complementary to the resolution capability of strong-motion
data. InSAR data that has been widely used to measure the co-seismic
ground deformation since the 1992 Landers earthquake (Massonnet
et al., 1993; Jénsson et al., 2002; Xu, 2017), are helpful in determining
co- or post-seismic slip distribution (Xu et al., 2018; Liu and Xu, 2019).
Hence, the combination of multiple data sets for a joint inversion will
generate a more robust picture of the source rupture (Delouis et al.,
2002). Based on the two-segment fault model delineated by the after-
shock distribution, combining the InSAR data used in the Bayesian es-
timation with the strong-motion and teleseismic waveform data, we
conducted a joint inversion to derive the source rupture process of the
Jiuzhaigou earthquake.

3.1. Strong-motion and teleseismic waveforms

Owing to complicated geomorphologic conditions, strong-motion
stations are not densely distributed in the vicinity of the epicenter. We
used the three-component strong-motion acceleration waveform re-
cords at 10 stations of the China Strong Motion Network operated by
the Institute of Engineering Mechanics, China Earthquake
Administration (CEA). Their epicentral distance ranges from 30 km to
150 km. The initial strong-motion data had been preprocessed, in-
tegrated into velocity waveforms, filtered between 0.05 and 0.6 Hz, and
resampled at 5 Hz. The strong-motion stations are indicated by the gray
triangles with station names in Fig. 1.

The teleseismic body-wave data were provided by the Data
Management Center of the Incorporated Research Institutions for
Seismology (IRIS DMC). To improve the azimuthal coverage for the
source area, we selected 33 vertical components of P-wave with epi-
central distance ranging between 30° and 90°. The instrument response
was removed from initial records to obtain velocity waveforms with a
better spatiotemporal resolution (Wald et al., 1996). Similar to the
strong-motion data, the teleseismic waveforms were integrated into
displacement data, filtered between 0.02 and 0.1 Hz and resampled at
5 Hz. The teleseismic stations are indicated by the gray triangles in the
hemispherical inset of Fig. 1.
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3.2. Inversion methodology

We used the multi-time-window linear inversion strategy (Olson
and Apsel, 1982; Hartzell and Heaton, 1983; Sekiguchi et al., 2000;
Sekiguchi and Iwata, 2002) to estimate the kinematic source rupture
process of the 2017 Jiuzhaigou earthquake. In this method, the rupture
history is discretized in both space and time domains. The linear re-
lationship between the source model and the observed data (displace-
ment, velocity or acceleration records) is constructed based on the re-
presentation theorem (Aki and Richards, 2002). For discretization in
space domain, the finite fault plane is divided into small subfaults, and
each subfault is regarded as an independent point source when sa-
tisfying the far-field hypothesis. For discretization in time domain, the
moment releasing history of a subfault is represented by several time-
window functions. Based on the representation theorem, the observa-
tional equation is described as following:

nf nslip ntw

U(t) = Z Z Z Mif islip, ith(t - Attrig) * Glj islip (t),

if=1 islip=1 iw=1 3)

with 1 <if<snf,1 <itw < ntw, 1 < islip < nslip (nslip = 2).

Here, the subscripts if, itw, isilp are indices for the subfault, time-
window function and slip direction, respectively. More details were
described in Zheng et al. (2018). According to the observational
equation, a projection from the model space to the data space can be
constructed using the Green's function matrix to obtain a modified
matrix form of the observational equation as below,

GS dS
GT dT
G |mz|d |
S
/1.( t) 0
Ss (0) 4

In this equation, Gs and Gr are separately the matrices of Green's
functions of strong-motion and teleseismic body-wave convolved with
the time-window function. G; is the Green's function matrix of InSAR
data, namely, the projection of Green's functions of the ground de-
formation displacement into the satellite LOS direction. As a static
observation of the ground deformation, G; should be extended into
multiple time-windows to satisfy the model parameter vector m. We
used the frequency wavenumber integration code provided by Zhu and
Rivera (2002) to calculate Green's functions for strong-motion and
InSAR data sets. For the station side of strong-motion records and the
source region, the velocity model (Table S1) was assumed as a hor-
izontally layered structure (Shen et al., 2016) modified by empirical
relations of Brocher (2005). Based on the crustal structure of CRUST1.0
model (Laske et al., 2013) with the mantle and core parts of the AK135
reference earth model (Kennett et al., 1995), the Green's function of
teleseismic body-wave were generated by Multitel3 developed by Qian
et al. (2017) with considering both direct and core-reflected waves. ds

(a)

Along Strike

Along Dip
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and dr are the strong-motion and teleseismic body-wave data vectors,
respectively. d; is the InSAR data vector. Following Chen et al. (2018),
we normalized all data sets by their own Frobenius norms. After several
trials, our preferred weighting scheme for the InSAR, strong-motion and
teleseismic data sets is 1.0, 0.4, 0.25, respectively. S, and S, are the
temporal and spatial smoothing constraint matrices, respectively,
which are imposed on the source model parameter to stabilize the in-
version problem and obtain a physically reasonable result. A is a scalar
coefficient that controls the smoothing strength. The nonnegative least-
squares algorithm developed by Lawson and Hanson (1974) was used to
solve the observational equation.

In addition, we developed a revised form of the differential
smoothing constraint based on that proposed by Yagi et al. (2004). The
conventional differential form of the smoothing constraint is separated
in time and space domains. The smoothing with respect to time domain
is:

{mix, iw, islip, itw—1 — 2Mix, iw, islip, itw + Mix, iw, islip, iw+1 = 0

Mix, iw, islip, 0 = Mix, iw, islip, iw+1 = 0 (5)

The smoothing constraint with respect to space domain is in-
troduced by a Laplacian finite-difference operator:

ntw
Zim:l Mix—1, iw, islip, iw + Mix41, iw, islip, iw
+ Mix, iw-1, islip, itw
+Mix, w1, istip, iw — Mix, iw, istip, iw = 0
Mo, iw, islip, itw = Mix+1, iw, islip, itw = Mix, 0, islip, itw

= Mix, iw+1, islip, iw = 0 6)

where the subscripts ix and iw are indices of the ix-th subfault in the
strike direction and the iw-th subfault in the downdip direction, re-
spectively. The conventional smoothing constraint requires two hyper-
parameters to separately control the temporal and spatial smoothing
strengths. It is difficult to look for optimal values of two hyper-para-
meters in an extraordinarily wide range by grid search, also not suitable
for rapid inversions. Thus, we attempted to use a single hyper-para-
meter to control two smoothing constraints simultaneously and facil-
itate the emergence of the optimal. This requires that the revised
smoothing constraint can adaptively adjust its smoothing strength ac-
cording to the geometric size of the earthquake source model. The
spatial smoothing constraint (Fig. 5a) is imposed on one subfault
(coefficient of the time-window is my) and n adjacent subfaults (coef-
ficients of the time-windows are my, mo, ..., my,),

n
CL)()(Z mi-w; — 4m0] =0,

i=1

@)

in which,

i+l

Fig. 5. Schematic description of the smoothing constraint, referring to Funning et al. (2014). (a) Spatial smoothing. (b) Temporal smoothing. (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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Here, t,, is the maximum triggering time of the first time-window,
proportional to the fault size. t, and t; are the triggering times of the
constrained subfault and adjacent subfaults, respectively. wo is the
smoothing weight for the individual constraint of a subfault related to
the geometric size of the whole rupture extent. w; expresses the relative
weight of smoothing on the subfault constrained by adjacent subfaults.
The temporal smoothing constraint (Fig. 5b) is imposed on one time-
window (coefficient of the time-window is my) and two neighboring
time-windows (coefficients of the time-windows are m; and ms),

n
wo(z mi-w; — 2m0] =0,

i=1 (©)

in which,

n 1/n
w = (H tm/Ati) .

i=1

1/At
W=

1/At
i=1

Aty =dtw, (i=1,--,n;n = 2) (10)

Since the time-window interval dtw is always constant between each
pair of neighboring time-windows, the temporal smoothing constraint
can be further simplified into

w; =1,

n
CU()(Z m; — Zmo) =0.

i=1

1D

A number of inversion trials were conducted to determine the op-
timal value of the single hyper-parameter, and the preferred smoothing
factor was selected as 0.016 (Fig. S2). Considering the trade-off be-
tween the rupture propagating velocity (the triggering speed of the first
time-window) and the rise time, we also tested the prescribed rupture
velocity from 2.2 km/s to 3.2 km/s (corresponding to 60-90% of the
local S-wave speed) with an interval of 0.2 km/s, and the rise time of
time-window from 0.8 s to 2.4 s with an interval of 0.2 s (Fig. S2).
Finally, the prescribed rupture velocity was selected as 3.2 km/s, al-
lowing a maximum rise time of 8.0 s within 7 triangle time-windows.

4. Results

Fig. 6a shows the final slip distribution derived from the joint in-
version. The source rupture model releases a scalar seismic moment of
7.9 x 10®* Nm (M,, 6.5). A large asperity occurs in the northern seg-
ment, extending for about 15 km along the downdip direction from the
top edge. Significant slips dominated by left-lateral strike-slip compo-
nent concentrate in this large patch and center at the rupture starting
point. The peak slip of 0.8 m also occurs at the rupture starting point.
Slips in the southern segment concentrate on its northern side, and up
to about 0.5 m. The uppermost slips of two segments are not compar-
able with those at depth, implying that such a shallow earthquake
cannot generate surface breaks. The comparison of relocated after-
shocks and the final slip distribution is depicted in Fig. S3. In the
northern segment, most aftershocks occur in the large slip patch but
surround the rupture starting point. This is consistent with that regions
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of sharp changes from high to low slip in the interior of the rupture area
often have aftershocks (Das and Henry, 2003). Meanwhile, plenty of
aftershocks are located in the less slipped area of the southern segment.
The increased stress caused by the mainshock possibly contributes to
the complementary aftershock distribution. Taken as a circular fault,
the large slip patch has a radius (R) of 8 km and an average slip (AD) of
0.6 m. With a shear modulus (i) of 3.0 X 10* MPa, tpe average stress
drop (A0), estimated using the expression Ac = {u—- (Kanamori and
Anderson, 1975), is about 3.1 MPa. This is consistent with previous
observations of stress drop that were usually less than 5.0 MPa in
western China (Cheng et al., 2020).

In addition, the slip distribution shows a rather strange faulting
pattern, in which the normal and thrust slips coexist in a single event,
besides the desired strike-slip component. The normal slips are obvious
at the shallow depth in both segments, but decrease along the downdip
direction. While in the deep part of two segments, the thrust slips
dominate and almost only occur in this area. Furthermore, we synthe-
sized the focal mechanism from the cumulative moment tensor of
subfaults through Pyrocko (a seismic analysis toolbox based on Python,
developed by Heimann et al. (2017)). An ordinary focal mechanism was
obtained, whose equivalent rake is —7° (Fig. 6d). Apart from a normal-
slip component (M,, 6.1), the decomposition of the cumulative moment
tensor also shows a thrust component (M, 5.8) estimated from the joint
inversion. Apparently, the slip distribution reveals more about the in-
homogeneous source rupture compared with the point-source moment
tensor, and indicates that the seismogenic fault plays a special role in
regional tectonics. The Tazang fault, the eastern terminus of the eastern
Kunlun fault to the north of the seismogenic fault, is dominated by
purely strike slip. But the faulting mechanism of the northern segment
of the Huya fault or the Minjiang fault is controlled by left-lateral strike
slip and thrust slip. As the strike changes from east-west of the Tazang
fault to nearly north-south of the Huya fault, the motion of the Bayan
Har block accommodated by its northeastern margin is converted from
purely strike slip into a mixture of sinistral strike slip and thrust slip.
However, the thrust component of the Jiuzhaigou event estimated from
the joint inversion is not comparable to that of strike slip, and almost
cancelled out by the larger normal-slip component in the cumulative
moment tensor. This demonstrates that the motion property of the
seismogenic fault is between the Tazang fault and the northern segment
of the Huya fault. The seismogenic fault is a transition zone between the
Tazang fault and the Huya fault, and connects them together to form a
part of the horsetail-shaped structure of the eastern Kunlun fault
system. Details are discussed in the following section.

Fig. 6b shows the moment releasing rate function of each subfault.
Subfaults in the asperity area start to rupture instantaneously as long as
the first time-window is triggered by a prescribed rupture velocity.
Most of subfaults at depth possess a source time function that seems like
a unimodal pulse, and larger slip often corresponds to a longer dura-
tion. While those in the shallow part of the fault plane have a more
complex source time function, and are releasing seismic moment
throughout the maximum allowed duration. At the first 2 s of the source
process, the rupture expands outwards following a circular pattern,
after which the rupture propagating front turns into an uneven shape.
Since the first time-windows of a few subfaults are not triggered, the
rupture front turns into a heterogeneously bilateral extension. The
snapshots of the source rupture process are presented in Fig. 7. The
source model indeed shows a bilateral rupture pattern, and the total
duration is nearly 15 s. The source rupture starts in the northern seg-
ment, and then the rupture front propagates into the southern segment
after about 2 s. The rupture of the asperity in the northern segment
starts from the onset of the whole source process and lasts approxi-
mately 10 s. This is consistent with the cumulative moment releasing
rate function illustrated in Fig. 6¢, in which the energy releasing process
consists of two stages. The first stage, which starts from the rupture
initiation, results in a large slip patch and lasts approximately 10 s,
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Fig. 6. (a) Final slip distribution derived from the joint inversion. The slip contour interval is 0.1 m and the yellow star indicates the rupture starting point. (b)
Seismic moment releasing rate functions of subfaults in the two-segment fault model. The background is the rupture front evolution with respect to time. The slip
contour is also plotted in white lines. (¢) Cumulative seismic moment releasing rate function of the two-segment fault model. (d) Cumulative moment tensor of the
final slip distribution that can be decomposed into a M,, 6.5 strike-slip component, a M,, 6.1 normal-slip component and a M,, 5.8 thrust-slip component. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

reaching its maximum moment rate at about 4.5 s and releasing the
majority of earthquake energy. After this peak, the moment rate starts
to decrease but becomes flat in 7- 9 s, and then continues to decrease.
The second stage may be attributed to minor slips in remaining rupture
areas of the fault plane, which corresponds to the last 5 s of the total
rupture.

Fig. 8 compares the observed records and synthetic waveforms of
strong-motion and teleseismic P-wave. Data of all strong-motion sta-
tions and most of teleseismic stations are well resolved, but the initial
motions at a few teleseismic stations with azimuth 272° ~ 339° cannot
be modeled with good fit. In the study of Sun et al. (2018), a thrust
subevent initiated at the hypocenter were resolved by a multipoint
source inversion to fit the initial waveforms. Nevertheless, the absence
of the structure in our source model related to such a thrust subevent,
does not generate significant influences on modeling the near-filed data
of strong-motion and InSAR. Moreover, the thrust structure proposed in
Sun et al. (2018) is too small to directly identify from the aftershock
distribution. More investigations will be needed to verify the existence
of the small thrust structure and the source complexity implied by the
teleseismic data. The moment tensor solutions of similar thrust after-
shocks should provide strong support. It is necessary to extract the
moment tensor solutions of some typical aftershocks near the

hypocenter because the thrust subevent was located there. Apart from
the waveform data, the comparison between two observed InSAR
images and the predicted data are presented in Fig. 9 and Fig. S4, both
for the unwrapped displacement and wrapped interferograms of ground
deformation. The fit in the near-field area of the descending image is
not comparable to that in the ascending image, because the corre-
sponding areas were masked during preprocessing due to the severe loss
of coherence.

5. Discussion
5.1. Co-seismic Coulomb stress changes

The seismic stress triggering theory indicates that regional stress
accumulated by tectonic motion is released when earthquakes occur.
The accumulated stress does not vanish immediately, but is redis-
tributed through the process of stress transfer, which may trigger suc-
cessive earthquakes. The positive change of Coulomb failure stress
(CFS) increases stress loading in certain regions and enhances the
possible seismicity and vice versa (King et al., 1994; Stein et al., 1994).
In order to understand the probable change of regional seismicity in-
duced by the 2017 Jiuzhaigou earthquake, we calculated the co-seismic
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CFS changes in major active faults via Coulomb 3.3 software (Toda
et al., 2011). The effective friction coefficient is intended to include the
effects of pore fluids as well as the material properties of the fault zone
(Harris, 1998), and a larger value of this coefficient means a larger
contribution coming from the normal stress change. When the stress
change is dominated by the compression or tension in the fault plane,
the friction coefficient can cause a significant CFS change, even its
polarity. Most of receiver faults accommodate the accumulated shear or
normal stress caused by the eastward motion of the Bayan Har block.
The applied stress properties, to some extent, depend on whether the
strike of the fault is parallel or perpendicular to the motion of the block.
For a more detailed analysis, we calculated the co-seismic CFS changes
using several friction coefficients, including 0.1, 0.4 and 0.7.

Fig. 10 shows the co-seismic CFS changes corresponding to different
friction coefficients. The geometry and slip sense of receiver faults were
adapted from Deng et al. (2003) and Shan et al. (2009). The eastern
segment of the Tazang fault lies in a shadow zone. But a positive CFS
increase (up to 0.06— 0.2 MPa) occurs in the western segment. In a
similar situation, the CFS change in the western part of the northern
branch of the Tazang fault is positive, while negative in the eastern
part. Because the low slip rate led to a sluggish accumulation of inter-
seismic stress (Ren et al., 2013a), the seismicity of the Tazang fault was
weak over the past centuries, leaving a gap zone of destructive earth-
quakes near the easternmost part of the eastern Kunlun fault. Mean-
while, the maximum shear strain rate is stably high in the Maqin-Maqu

segment of the eastern Kunlun fault (Xu et al., 2017). The Jiuzhaigou
earthquake has caused further stress loading in the Tazang fault, in-
creasing its seismic hazard in the future. The CFS changes of the Hanan
and Wenxian fault to the east of the mainshock are positive, but the
increase of CFS is still less than the earthquake triggering threshold of
0.01 MPa (Hardebeck et al., 1998). A linear change of CFS with the
change of the friction coefficient is localized in the Bailongjiang fault
and the northern segment of the Longriba fault, implying more con-
tribution of the normal stress change. Though CFS in most part of the
northern segment of the Minjiang fault is unloading, a small area of
increased CFS exceeding 0.2 MPa still exists regardless of the value of
the friction coefficient. The historical seismicity of the northern seg-
ment of the Minjiang fault was weaker than its southern segment,
where the 1933 Diexi M 7.5 earthquake happened (Wang et al., 2011).
It is difficult to directly evaluate the seismicity trend of the northern
segment only depending on the CFS change induced by the Jiuzhaigou
earthquake, which is nearly negligible in the southern segment. The
polarity of the CFS change in the Xueshanliangzi fault is greatly influ-
enced by the friction coefficient. The CFS of its westernmost part is
increased when using a smaller coefficient, but its change even turned
into negative when adopting a larger one. The Huya fault, together with
the eastern part of the Xueshanliangzi fault, is suffered a positive CFS
change. The northern end of the Huya fault is adjacent to the southern
segment of the seismogenic fault, and the earthquake has caused ob-
vious stress increase (up to 0.1 MPa) in the northern segment of the
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Fig. 8. (a) Comparison between the synthetic waveforms obtained from the joint inversion and the observed strong-motion records (velocity). The maximum
amplitude of the observed (black font) and synthetic waveform (red font) is shown to the right of each waveform, in centimeters per second. (b) Comparison between
the synthetic waveforms and the observed teleseismic P-wave records (displacement). The maximum amplitude of the observed (black font) and synthetic waveform
(red font) is shown to the right of each waveform, in micrometers. The azimuth and distance in degrees are shown at the beginning of each record with the azimuth
on top. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Huya fault. As shown in Fig. 1, the 1973 Songpan-Huanglong M; 6.5
earthquake and the 1976 Songpan sequence including three earth-
quakes with My > 6.5 implies that the Huya fault may have the po-
tential of accumulating a large amount of tectonic stress (Jones et al.,
1984). Moreover, the Jiuzhaigou earthquake has increased the stress
loading in the Huya fault, but aftershocks in the corresponding area are
quite rare. Thus, the seismic hazard of the Huya fault cannot be ig-
nored. In addition, the CFS change in the Qingchuan fault was also
calculated, but it is too small to be thought over.

5.2. Seismogenesis associated with regional tectonics

The Jiuzhaigou earthquake occurred in the middle of China's north-
south seismic belt, by which the eastern Kunlun fault and the
Longmenshan fault belt are connected. As the northern boundary of the
Bayan Har block, the eastern Kunlun fault is a major left-lateral strike-
slip fault that accommodates and transfers the displacement caused by
the eastward motion of the Tibetan Plateau (Xu et al., 2017). Located at
the eastern terminus of the eastern Kunlun fault, the Tazang fault is
moving at 1.4- 3.2 mm/yr based on geological and geodetic data (Ren
et al., 2013b). Between the Tazang fault and the Longmenshan fault, the
west-dipping Huya fault and Minjiang fault may convert the left-lateral
strike slip into the thrust motion. The nearly north-south striking, west
dipping Huya fault is thought to be divided into two segments by the
east-west striking Xueshanliangzi fault. The dip of the northern segment
is 40° ~ 80° and that of the southern segment is 30° ~ 70° (Ren et al.,
2017). With a gentler dip, the strike of the southern segment is close to
north-south, nearly perpendicular to the motion of the Bayan Har block.
It is difficult for the southern segment to continue sustaining strike slip.
Thus, the southern segment of the Huya fault is dominated by the thrust
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slip, while the northern segment behaves as a left-lateral strike-slip
fault. This is consistent with the focal mechanism of the 1973 Songpan-
Huanglong earthquake occurred on the northern segment of the Huya
fault, while the 1976 Songpan sequence struck the southern segment.
The focal mechanism of the Jiuzhaigou earthquake is more similar to
that of the 1973 event, whose dense aftershocks distributed along the
northern segment of the Huya fault reaching approximately 33°N (Xu
et al., 2017). Hence, the Jiuzhaigou earthquake, the 1973 Songpan-
Huanglong earthquake and the 1976 Songpan sequence have formed a
north-south trending seismic zone with their aftershocks, filling up the
seismic gap left by historical earthquakes. Furthermore, the Minjiang
fault and the Huya fault can be considered as the western and eastern
boundaries of the Minshan uplift zone, respectively. The newly identi-
fied fault that led to the Jiuzhaigou earthquake makes the northeastern
boundary of the Minshan uplift zone continuous and more complete.
The eastern Bayan Har block and its vicinity are the leading edges of
the Tibetan Plateau, in which the seismicity has been strong during
recent years (Deng et al., 2014). At the northeastern margin, the eastern
Kunlun fault branches out into a horsetail-shaped structure, and a large
part of strike-slip motion is migrated into this structure. The epicenter
of the Jiuzhaigou earthquake was located within the northern extension
of the Huya fault. Li et al. (2018) used continuous and campaign GPS
data acquired after the destructive 2008 Wenchuan earthquake, from
2009 to 2017, to analyze the strain-rate field in the northeastern margin
of the Bayan Har block. The results suggested that there was significant
strain accumulation in the vicinity of the epicenter before the Jiuz-
haigou earthquake, and the shear strain rate was approximately
3.0 mm/yr with an obvious tensile strain rate up to 3.1 mm/yr. Apart
from the strike slip, the source mechanism derived from the joint in-
version in this study also contains a mixture of normal and thrust slips.
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It is rather strange that normal and thrust slips both occur in a single
event. Based on previously proposed evolution models of the Tibetan
Plateau, the viscous flow in the middle-to-lower crust was responsible
for the uplift of the whole Tibetan Plateau and the extrusion of its
eastern margin (Clark et al., 2005; Royden et al., 2008; Sun et al.,
2018). Ye et al. (2018) resolved the velocity structure across the Tibet-
Qinling transition zone, in which a low velocity body gradually wea-
kened to east, presenting the extruding process of the crustal flow. The
eastward expansion of the weak material provided the driving force for
lifting the Minshan uplift zone and surrounding regions, accompanying
the thrust slip occurred in historical earthquakes of the Huya fault.
However, the weak material of the crustal flow is blocked and cut-off by
existed faults, also including the seismogenic fault of the Jiuzhaigou
event (Ye et al., 2018). Depending on the 3-D inversion of magneto-
telluric data, Sun et al. (2019) suggested that the Jiuzhaigou earth-
quake should be located between the upward-extending high con-
ductivity layer and the high resistivity body near the surface. The depth
of the high conductivity layer is greater in the southwest than that in
the northeast. Numerous strong earthquakes have occurred within the
high resistivity body along the boundary of the high and low resistivity
structures (Sun et al., 2019). The mentioned boundary should corre-
spond to the actually existed Huya fault and the seismogenic fault of the
Jiuzhaigou earthquake. Considering being situated in such a collision
margin of the Bayan Har block, the seismogenic fault should behave as
a left-lateral strike-slip fault with thrust motion like the Huya fault. But
the invasion of the crustal flow changed the tectonic setting of the re-
gion. The invasion and the buoyancy of the crustal flow as well as the
eastern motion of the block lifted the area of the hanging-wall side, and
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finally generated the Minshan uplift zone. And this process could be
accompanied by many tectonic adjustments, such as unrecorded his-
torical earthquakes. The eastward extrusion of the crustal flow is ob-
structed by the seismogenic fault. But the crustal flow has crossed be-
yond the fault from the bottom (Ye et al., 2018), therefore, its existence
at the eastern side to some extent promoted the lifting of the footwall.
Since the crustal flow has just invaded the eastern side of the fault,
compared with the hanging-wall side, the squeezing of the invasive
material in current stage made the area of the footwall side easier to be
lifted or generate more obvious accumulation of tensile strain. This is
consistent with the regional strain-rate field revealed by the GPS
measurement (Li et al., 2018). The accumulated tensile strain caused
and were released in the Jiuzhaigou earthquake, and led to the normal
slips that occur in the co-seismic slip distribution. In the deep part of the
fault, a few thrust slips came from the motion of the hanging-wall,
which was caused in the localized area of squeezing that is closer to the
extrusion of the crustal flow and the eastward motion of the block. The
co-seismic slip distribution presents the motion of the hanging-wall
relative to the footwall. But the normal and thrust slips coexisting in the
fault plane, were possibly generated by the absolute motions of the
hanging-wall and the footwall respectively. Therefore, such a hybrid
mechanism, containing both normal and thrust slips, is not contra-
dictory for a single earthquake event. As illustrated by the conceptual
model in Fig. 11, we suggest that the eastward motion with the ex-
trusion of the lower crustal flow in the northeastern margin of the
Bayan Har block is responsible for such a hybrid source mechanism of
the 2017 Jiuzhaigou earthquake. Considering the continuous extrusion
of the crustal flow, we speculate that the area of the footwall side will
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Fig. 10. Distributions of the co-seismic CFS changes in surrounding active faults induced by the Jiuzhaigou earthquake calculated with three effective friction
coefficients. (a) Effective friction coefficient is 0.1. (b) Effective friction coefficient is 0.4. (c) Effective friction coefficient is 0.7. Fault abbreviations are BLJ:
Bailongjiang fault, TZ: Tazang fault, LRB: Longriba fault, MJ: Minjiang fault, XSLZ: Xueshanliangzi fault, HY: Huya fault, HN: Hanan fault, WX: Wenxian fault, and
QC: Qingchuan fault. (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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N

Moho

Fig. 11. A conceptual model showing the co-seismic slip distribution and
seismogenesis of the 2017 Jiuzhaigou earthquake. The crustal flow material has
crossed beyond the fault from the bottom, therefore, its existence at the eastern
side to some extent promoted the lifting of the footwall. Since the crustal flow
has just invaded the eastern side of the fault, compared with the hanging-wall
side, the squeezing of the invasive material in current stage made the area of the
footwall side easier to be lifted or generate more obvious accumulation of
tensile strain. The accumulated tensile strain caused and were released in the
Jiuzhaigou earthquake, and led to the normal slips in the co-seismic slip dis-
tribution. In the deep part of the fault, a few thrust slips came from the motion
of the hanging-wall, which was caused in the localized area of squeezing that is
closer to the extrusion of the crustal flow and the eastward motion of the block.
Therefore, we suggest that the eastward motion with the extrusion of the lower
crustal flow in the northeastern margin of the Bayan Har block is responsible for
such a hybrid source mechanism, in which sinistral strike slip, normal and
thrust slips all occur during the 2017 Jiuzhaigou earthquake. Fault abbrevia-
tions are TZF: Tazang fault, HYF: Huya fault. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

be continuously lifted or cause the accumulation of strain, resulting in
an increase of the seismicity in the future. Of course, this inference
requires and is also worth of more in-depth investigations, such as the
dynamics-based numerical simulation.

6. Conclusions

In this study, based on a two-segment fault geometry delineated by
the spatial distribution of relocated aftershocks, we investigated the
detailed source rupture process of the 2017 M,, 6.5 Jiuzhaigou earth-
quake by the joint inversion of strong-motion, teleseismic body-wave
and InSAR data. The maximum co-seismic slip is 0.8 m. The whole
rupture process lasts approximately 15 s and releases a seismic moment
of 7.9 x 10® N'm (M,, 6.5). The joint inversion reveals a hybrid source
mechanism dominated by left-lateral strike slip with components of
both normal and thrust slips. The previously unidentified seismogenic
fault is located in the northern extension of the Huya fault and has
become an element of the horsetail-shaped structure of the eastern
Kunlun fault, making the northeastern boundary of the Minshan uplift
zone continuous and more complete. The mainshock and aftershocks of
this earthquake have filled up the seismic gap left since the 1973
Songpan-Huanglong earthquake and the 1976 Songpan sequence,
forming a north-south trending seismic zone. The material flow in the
middle-to-lower crust invaded the northeastern edge of the Bayan Har
block, and changed the tectonic setting of this region. The invasion of
the crustal flow made the footwall of the seismogenic fault easier to be
lifted or generate more obvious accumulation of tensile strain. The
accumulated tensile strain was released in the Jiuzhaigou earthquake,
and led to the normal slips occurring in the co-seismic slip distribution.
In the deep part of the fault, a few thrust slips came from the motion of
the hanging-wall, which was caused in the localized area of squeezing
that is closer to the extrusion of the crustal flow and the eastward
motion of the block. Therefore, we suggest the eastward motion with

13

Tectonophysics 789 (2020) 228538

the extrusion of the lower crustal flow in the northeastern margin of the
Bayan Har block is responsible for such a hybrid source mechanism of
the 2017 Jiuzhaigou earthquake. The induced co-seismic CFS changes
show a significant stress loading in the western segment of the Tazang
fault, increasing its seismic hazard. Due to the lack of aftershocks to the
southeast of the seismogenic fault, the probably enhanced seismicity
implied by the positive CFS change in the northern segment of the Huya
fault is also worth further attention.
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