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The Ganzi-Yushu-Xianshuihe fault (GYXSF), a large strike-slip fault located on the east side
of the Tibetan Plateau, has seen high seismic activity in recent years. However, despite the
earthquake risk posed by this fault, there is a lack of high-resolution geodetic survey results
regarding the current slip rate. We have used 4-track ascending and 5-track descending
Sentinel-A/B SAR Interferometric Synthetic Aperture Radar (InSAR) data from 2014 to
2020, to obtain the current slip rate of the entire GYXSF within the radar’s line of sight
(LOS), with high resolution. Both INSAR and published Global Positioning System (GPS)
data were integrated to calculate a high-resolution three-dimensional deformation field and
strain rate field of the GYXSF. We have also used the screw dislocation model to calculate
current slip rates in the fault-parallel direction at 20 km intervals. The key findings of our
study are as follows. (1) The current slip rate of the GYXSF is segmental: the slip rate of the
Ganzi-Yushu fault (GYF) gradually increases from ~1 to ~6 mm/yr from the north-west to
the southeast, while the slip rate of the Xianshuihe fault (XSF) increases from ~8.5 to
~12mm/yr from the north-west to the southeast. (2) There are non-negligible post-
earthquake deformations along the GYXSF, and our best fitting results show that an
approximately 100 km long section of the GYF has undergone post-seismic after-slip in the
4-10 years since the 2010 Yushu M 6.9 earthquake, with a maximum cregp of ~2.2 mm/yr
(8) The strain rate is dispersed in the GYF region but concentrated on the fault in the XSF
region. There is also a measurable strain rate on secondary faults north of the GYXSF,
implying the seismic hazard of these secondary faults cannot be ignored. (4) The
continuous deformation and block-like models are the best models to explain the
observations and deformation characteristics of the GYF and XSF, respectively.
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INTRODUCTION

The Ganzi-Yushu-Xianshuihe fault (GYXSF) is an approximately
1,000 km long Holocene left-lateral strike-slip fault system,
obliquely aligned along the southern boundary of the Baynhar
block (Figure 1). Part of the GYXSF is the left-lateral strike slip
Ganzi-Yushu fault (GYF), which has a total length of nearly
770 km. It can be divided into five sections based on geological
observations and characteristics of the faulted landform: the
Fenghuoshan-Dangjiang, Yushu, Dengke, Manigange, and
Ganzi sections (Zhou et al., 1996; Wen et al, 2003). The
GYXSF also contains the Xianshuihe fault (XSF), which has a
total length of nearly 350 km, and is formed when eastward
movement of the Tibetan Plateau was resisted by the stable South
China block, which resulted in the clockwise rotation of the
internal sub-blocks. The XSF can also be divided into five
sections: the Luhuo, Daofu, Qianning, Kangding, and Moxi
sections (Li, 1997; Wen, 2000).

GYXSF is one of the most complex active structures in the
Tibetan Plateau, and it is usually regarded as an important path
for the southeastward exclusion of crustal material from the Indo-
Eurasian collision zone (England and Houseman, 1986;
Tapponnier et al, 2001; Zhang et al, 2004). Therefore,
obtaining the current slip rate of each section of the GYXSF
can be helpful for understanding the mechanisms underlying the
eastward expansion of the Tibetan Plateau. The GYXSF is also
one of the most seismically active intra-continental fault systems
in China (Wen et al,, 2008; Xu et al., 2017). Historical earthquake
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records and paleoseismic data reveal that the GYF and XSF have
experienced more than 20 earthquakes > M 6.5 since A.D. 1700,
including the 2010 M 6.9 Yushu earthquake (Zhou et al.,, 1997;
Wen et al,, 2003; Wen et al., 2008; Chevalier et al., 2018).
Therefore, precise determination of the current slip rates of
the GYXSF is of great importance for analyzing regional
earthquake hazards.

Many studies have calculated the slip rate of the GYXSF using
geological and geodetic methods (Figure 2). Geological studies
suggest that the overall slip rate of GYF gradually increases from
northwest to southeast, but the slip rates obtained by different
studies differ greatly (Zhou et al., 1996; Wen et al., 2003; Xu et al,,
2003; Peng et al., 2006; Lin et al., 2011; Wu et al., 2014; Shi et al,,
2016; Xu et al., 2017; Chevalier et al., 2018), and the northwestern
segment of the XSF has a higher slip rate than the southeastern
segment in general (~10-18 and 6-8 mm/yr, respectively) (eg.,
Tang and Huang, 1983; Molnar and Qidong, 1984; Qian et al,,
1988; Allen et al., 1991; Li et al., 1995; Zhou et al., 1996; Li, 1997;
Wang, 1998; Bai et al., 2021; Bai et al,, 2018; Chen et al., 2008;
Chevalier et al., 2018; Huang et al., 2015; Lin et al.,, 2011; Peng
et al.,, 2006; Shi et al., 2016; Wen et al., 2003; Wu et al., 2017; Wu
etal, 2014; Xu et al,, 2003). However, GPS data suggests that the
overall present-day slip rates of the GYF and XSF are
approximately 4-16 and 7-16 mm/yr, respectively (eg., Gan
et al., 2007; Guo et al., 2018; Jiang et al.,, 2015; Loveless and
Meade, 2011; Shen et al., 2005; Wang and Shen, 2020; Wang et al.,
2008; Wang et al., 2017; Wang et al., 2013; Zheng et al., 2017).
Disagreement in the slip rate and incomplete data across the

36°

34"

3247
31" ¢
30"

29"

__ GPSrate
20 mm/yr
M
[ 28
. 7~8
. 6~7

locations of earthquakes > M 7 that have occurred since 1900.

FIGURE 1 | (A) Seismotectonic setting of the GYXSF. The red line is the GYXSF, with the GYF and XSF labeled F1 and F2, respectively. White and black rectangles
indicate areas covered by ascending and descending Sentinel-1 images, respectively. Blue arrows indicate the horizontal velocity fields based on GPS (Gan et al., 2007;
Han etal., 2019), gray lines represent fault lines mapped by (Xu et al., 2017). (B) Location of the GYXSF in relation to the Tibetan Plateau. The white box is the area shown
in (A), with the GYXSF shown by the red line. The black lines are active block boundaries mapped by (Zhang et al., 2003). In both figures, the black circles are the
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FIGURE 2 | Strike-slip rates along the GYF and XSF. Green, orange, and red rectangles with error bars are slip rates from previous studies, estimated from
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entire GYXSF are the two main limitations in the existing
research. These limitations hinder the analysis of the
kinematic characteristics of the GYXSF at the kilometer scale.

Compared to traditional geodetic methods, Interferometric
Synthetic Aperture Radar (InSAR) can measure crustal
deformation at a spatial resolution of tens of meters and an
accuracy of millimeters per year, owing to its all-day operational,
ability to penetrate clouds, and its high resolution (Elliott et al.,
2016). Therefore, it has been routinely used to map interseismic
deformation and strain accumulation rate over large regions (eg.,
Fattahi and Amelung, 2016; Hussain et al., 2016; Ji et al., 2020; Liu
etal., 2018; Wang et al., 2009; Weiss et al., 2020; Zhu et al., 2021).
Previous InSAR results in the study area show similar slip rates to
GPS (Figure 2) but with higher resolution. However, these
studies did not obtain the three-dimensional deformation of
the fault due to the single-looked observation geometry of
SAR satellites and the deformation field did not cover the
entire GYXSF (eg., Ji et al, 2020; Jiang et al,, 2015; Li and
Biirgmann, 2021; Liu et al,, 2011; Qiao and Zhou, 2021; Wang
et al., 2009).

In this study, we have processed ascending and descending
Sentinel-1 images from 2014 to 2020 InSAR, to obtain high-
spatial-resolution deformation velocity data for the entire
GYXSF. InSAR and recently published GPS data were
integrated to calculate the high-resolution three-dimensional
deformation field of the GYXSF. Subsequently, based on the
integrated velocity field, the current slip rates along the GYXSF in
the fault-parallel direction were estimated, and the strain rate field
was calculated and analyzed. Finally, the current kinematic mode
of the GYXSF is discussed based on observations.

METHODS

SAR Data and InSAR Processing

We collected 877 Sentinel-1 Synthetic Aperture Radar (SAR)
images from four ascending paths (70, 172, 99, and 26) and five
descending paths (77, 4, 106, 33, and 135) covering the entire
GYXSF. All of these images were located between 92.3 and

103.5°E and were taken between 2014 and 2020. Details on the
processed data for each track are listed in Table 1.

Sentinel-1 images were processed using GAMMA software
(Werner et al., 2000) and used to construct 28,566 interferograms.
We used the Shuttle Radar Topography Mission Digital Elevation
Model (SRTM DEM) to improve the co-registration accuracy of
the SAR images and correct the interferograms for topographic
contributions to the radar phase. To improve the interferometric
coherence, interferograms were multi-looked with a factor of 120:
30 and filtered using a weighted power spectrum filter (Goldstein
and Werner, 1998). We then unwrapped the interferometric
phase using a minimum cost flow algorithm, the chosen
reference pixels were points with persistent coherent and close
to the fault trace.

The local phase unwrapping ambiguity error was a significant
issue during InSAR processing because of the dense vegetation in
the study area. To eliminate the unwrapping errors we filtered the
unwrapped phase in the spatial domain and identified pixels that
had phases with large deviations (<-2.8 and >2.8 radians)
compared to the unfiltered unwrapped phase. These pixels
were labeled as badly unwrapped regions and an integer 2m
phase ambiguity was added to or subtracted from them. The
unwrapping errors could be effectively removed by iteratively
performing the above steps.

Atmospheric contribution is the largest source of error in
radar interferograms (Doin et al, 2009), especially for
measuring low-rate interseismic deformation. In this study,
we used the Generic Atmospheric Correction Online Service
(GACOS) for the InSAR online weather model, to mitigate
tropospheric errors (Yu et al., 2018). The residual atmospheric
errors were identified and weakened through high- pass
filtering in the temporal and spatial domains, respectively.
From inspection, it was clear that some interferograms
contained orbital errors in the form of a planar phase
gradient across the image. To empirically remove these
errors, based on the assumption that tectonic deformation
only occurs close to the GYXSF, we masked data within a
distance of 100 km from the fault (Walters et al., 2011). We
then applied a quadratic polynomial fitting to estimate the best-
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TABLE 1 | Data coverage for each Sentinel-1 path used in this study.

Path Geometry Azimuth angle Time span No. of Total interferograms Interferograms used
images created

70 Ascending -12.9 10/22/2014-07/10/2020 120 4423 95
172 Ascending -12.9 10/17/2014-07/05/2020 106 3243 211
99 Ascending -12.9 10/12/2014-07/24/2020 125 4748 133
26 Ascending -12.8 10/19/2014-09/11/2019 70 1,443 181
77 Descending 193.0 11/03/2014-07/22/2020 126 4823 200
4 Descending 192.9 10/29/2014-07/29/2020 108 3637 298
106 Descending 192.9 10/24/2014-07/24/2020 130 4876 222
33 Descending 192.9 10/07/2014-04/20/2019 43 727 205
135 Descending 192.8 10/26/2014-04/15/2019 49 646 76
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fitting plane using the remaining data, and removed this from
the InSAR velocities. To improve the signal-to-noise ratio of
interseismic deformation, we selected interferograms based on
four criteria. (1) Spatial baselines (separation between orbits) of
less than 100 m were used to minimize geometric decorrelation
due to the rough topography of the study region. (2) Image
pairs with temporal baselines of more than 300 days were
employed to maximize the deformation signal in the data.
(3) Coseismic displacements close to the fault violate the

assumption of linear deformation. Therefore, for paths 26
and 135, which cover the 2014 M 6.3 Kangding earthquake,
we only selected SAR images acquired after 2015 for rate map
calculation. This removed any trace of coseismic deformation.
(4) We discarded interferograms that were severely affected by
atmospheric contribution or unwrapping errors that could not
be effectively mitigated. Based on the above constraints, we
selected 1,619 differential interferograms for all 9 paths
(Figure 3; Table 1).
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Sentinel-1 SAR data usually only records the past 6 years of
deformation. However, for large strike-slip faults, this may
represent the current rate of strain accumulation, as these
faults have a very low frequency of change in the velocity of
interseismic deformation. Therefore, we assumed that the
velocity was constant over the total time span of all our
InSAR observations. To mitigate orbital and linear
topographically-correlated atmospheric delay errors, we used
the Poly-Interferogram Rate and Timeseries Estimator (m-
RATE) software package developed by (Biggs et al, 2007;
Elliott et al, 2008; Wang et al, 2009), to estimate the
interseismic deformation rates for each path. The resulting
ascending and descending InSAR rate maps in the radar’s line
of sight (LOS) direction, are shown in Figure 4.

Calculation of the 3-D Velocity Field of the
GYXSF

Precise determination of the current slip rate of the GYXSF is of
great importance for risk analysis of regional earthquake

hazards, and can help to understand the eastward expansion
mechanism of the Tibetan Plateau. However, InSAR
observations can only obtain 1-dimensional LOS
deformation. As a result, it is impossible to retrieve realistic
three-dimensional deformation using only ascending and
descending InSAR observations. While the GPS method can
measure three-dimensional displacements at discrete locations
with millimeter-level accuracy, the observations are too
infrequent to capture the details of the three-dimensional
deformation field. It is obvious that these two methods are
complementary to each other, we therefore combined them for
three-dimensional deformation monitoring with high spatial
resolution. In this study, using software published by Shen and
Liu (2020), we calculated our 4-track ascending and 5-track
descending InSAR data, along with published GPS data (Wang
and Shen, 2020) (Figure 1), to measure integrated three-
dimensional velocities. The north-south velocities in the
solution were constrained by the GPS data, east-west
velocities were constrained by both InSAR and GPS data,
and vertical velocities were constrained by the InSAR data.
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To obtain the integrated three-dimensional deformation field,
we first multi-looked the InSAR rate maps to reduce the data to 1-
km spacings to improve the computational efficiency. In addition,
we interpolated the point-based discrete GPS velocities to
produce a continuous 3-D vector map at the same grid
interval as the multi-looked InSAR data, based on the
algorithm proposed previously (Shen et al., 2015), taking into
account the GPS network density and configuration for data
weighting. A Gaussian distance weighting function and a Voronoi
cell spatial weighting function were used in the interpolation. We
set the predetermined common weighting threshold parameter
(W) to 5, and the smoothing constant (o) for uncertainties to
120 km. This allowed us to realize an overall control of the degree
of smoothing for the solution. We assigned a lower threshold of
uncertainties for the horizontal GPS velocity data input of 1 mm/
yr. The above parameters were determined by trial and error,
according to the network spatial density around the GYXSF.

InSAR LOS velocities usually have offsets between
different tracks, owing to their relative measurement and
selection of different reference points. To solve these offsets,
GPS data and their interpolated values were used to stabilize
the inversion. To improve the computational efficiency, GPS
data from a reduced number of grid points were used in the
solution, which were sufficient for the offset calculation. The
components of the offsets were then calculated and removed
from the InSAR LOS data. Finally, the three-dimensional
velocity was solved for each grid cell by combining the GPS
interpolated velocities and InSAR LOS rate data through
least-squares regression. It should be noted that no GPS
vertical data were used to constrain the final solution.

RESULTS

Interseismic Rate Map Estimation and
Uncertainties of the GYXSF

Our InSAR results cover the entire GYXSF, spanning a region of
~1,000 km, and fill the gap of current slip rates in the western
sections of the GYF. Figure 4 shows that there were significant
large-scale tectonic motions along all nine paths during the
investigated period. Combining these results with satellite
observation geometry, we can see that both the ascending and
descending InSAR results are consistent with established
knowledge of left-lateral strike-slip interseismic motion. The
main velocity discontinuities between the paths were due to
changes in the incidence angle. The differential velocity
between the southern and northern sides of the fault gradually
increased from the GYF to XSF. The deformation can be
characterized as an S-type arctangent curve with small
differential motions in the near field and large differential
motions in the far field. This is typical of a strike-slip fault
(Savage and Burford, 1973). It should be noticed that the rate
map of path70 shows two obvious coseismic deformation fields,
corresponding to the 2016 M 6.2 Zaduo earthquake and the
2016 M 5.5 Dingging earthquake, which are not well eliminated
due to most of interferograms used in path70 cross the coseismic
moments (Figure 3A).

Slip and Strain Rate Distribution

As there are many error sources during InSAR processing, we
should evaluate the accuracy of InSAR rate maps obtained above
for further analysis. We first analyzed the internal accuracy by
evaluating the agreement in the overlapping areas of neighboring
rate maps, the histograms of the velocity differences derived from
adjacent InSAR tracks were plotted in Figure 5, the red lines in
the histograms are the best-fitting Gaussian curve. It should be
noticed that there are un-negligible velocity differences in the
overlapped areas of the rate maps due to variation in incidence
angle between different rate maps. We corrected these differences
based on the assumption of horizontal motion only, which was
done by dividing the velocities by the sine of the local incidence
angle and then multiplying by the sine of 39.5° (incidence at the
center of each track). Statistic shows that the mean velocity
difference in the seven histograms in Figure 5 vary from -2.02
(path 33-135) to 1.42mm/yr (path 99-26). The standard
deviation also varies from 0.41 (path 4-106) to 1.01 mm/yr
(path 70-172). The standard deviation of each histogram in
Figure 5 was considered to be an estimate of the \V2 x the
velocity uncertainty of the individual rate maps. We therefore
calculate the standard deviation in the velocities of each
individual map to be 0.71, 0.67, 0.57, 0.52, 0.56, 0.43, 0.45,
0.49, and 0.38 mm/yr for paths 70, 172, 99, 26, 77, 4, 106, 33,
and 135, respectively, indicating that our InSAR results have high
internal coincidence accuracy. Noticing that paths 172, 99, 4, 106,
and 33 had two overlapping areas on the east and west sides, the
above standard deviations for these paths are the mean values
calculated from the two overlapping areas (Walters et al., 2014).

We also compared our InSAR results to published GPS data
(Wang and Shen, 2020) to analyze the external accuracy of InNSAR
processing, assuming that there was no significant vertical
velocity signal (Ji et al, 2020). We first converted the
horizontal GPS data (north and east) to the LOS direction
using Equation 1:

dros = Aeast (—5in 0 cos &) + dyorn Sin 0 sin a + dyerica cos 6 (1)

where dios is the LOS direction, de,s¢ and dpor are the
horizontal GPS data, 0 is the variable incidence angle, and
a is the azimuth angle. We then extracted the average value of
InSAR LOS deformation within 1km of the GPS points.
Finally, the difference between InSAR and GPS LOS rates
was calculated for each track to compensate the reference
offset between them. The result shows that the standard
deviation of our InSAR results compared to the corrected
GPS data was 1.77 mm/yr, indicating the reliability of
InSAR results A histogram of the difference between the
two sets of results is shown in Figure 6.

3-D Velocity Field

InSAR-GPS Integrated horizontal velocity fields are shown in
Figures 7A,B, and we also plotted the deformation field
interpolated with GPS data alone in Figures 7C,D for
comparison. It can be seen from Figure 7 the long-wavelength
horizontal signal of the InSAR-GPS Integrated results are
generally consistent with the GPS results, which are believed
to be reliable at horizntal long wavelengths and can provide
effective constraints for mid to long range horizontal deformation
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associated with tectonic deformation. In addition, the
decomposed north-south component absorbed most of
information from the GPS data for the InSAR results are
generally not very sensitive to the north-south motion due to
its near-polar orbits observations.

While the improvement of the integrated deformation fields
are also obvious. On the one hand, the east-west velocity gradient
across GYXSF is more sharp in the InSAR-GPS Integrated results
than that in the GPS results owing to the integration of high
resolution InSAR data, and many detailed deformation signals of
the fault were first revealed, particularly for the east-west
components, where InSAR contribute most. This improvement

is more obvious in GYF where GPS stations are sparse. The
InSAR-GPS Integrated results show that there were significant
differential movements on both sides of the GYXSF during the
study period, the overall velocity gradient of XSF is higher than
that of GYF, and the GYF was mainly controlled by east-west
movement, while the XSF was controlled by east-west and north-
south movement. On the other hand, the high resolution vertical
deformation field of the study area was revealed for the first time
(Supplementary Figure S1) with the integration of InSAR data,
which are mainly composed of non-tectonic deformation such as
human activities and permafrost. In fact, for most area, there was
little vertical motion across the GYXSF, indicating that the
GYXSF was mainly controlled by horizontal motion. Vertical
GPS components (relative to the stable north neighbor of the
Tibetan Plateau) from a previous study (Liang et al., 2013) are
plotted as colored circles in Supplementary Figure S1 and show
that the relative velocities from GPS measurements were less than
2.5 mm/yr in the area covered by our InSAR data.

DISCUSSION

Variations in Present-Day Slip Rate Along
the GYXSF

The current slip rate of the GYXSF and its spatial variations play
an important role in understanding the eastward expansion
mechanism of the Tibetan Plateau and analyzing regional
earthquake hazards. In this study, we assumed that the
deformation during the interseismic period are fault-parallel
screw dislocations in an elastic half-space to investigate the
current slip rate variation along GYXSF.

V,(x)= %arctan(x ;xo) +a 2)
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Eq. 2 shows the screw dislocation model (Savage and
Burford, 1973) we used to fit the current slip rate, where
Vi (x) is the deformation velocity in the fault-parallel
direction, x is the distance from the fault, x; is the offset
of the fault centerline position, d is the locking depth, S is the
current fault slip rate, and a is the offset between the profile
and model.

Compared with the original ascending/descending InSAR
deformation field, the InSAR-GPS Integrated deformation
field can directly calculate the movement in fault-parallel
direction without assumptions and the result are more
reliable, we therefore used the screw dislocation model to
calculate the current slip rates along the GYXSF by fitting
profiles extracted from the InSAR-GPS integrated

deformation field. For comparison, slip rates were also
estimated from the original GPS data (Wang and Shen, 2020).

Before slip rates estimation, it was necessary to convert the
deformation fields to the fault-parallel direction. For the
integrated 3-D deformation field, we can calculate the
movement in fault-parallel direction directly using Equation 3:

Dy = Vi cos (47 = B) = Ve cos (- 37) (3)

where V, is the component of northward motion, and V. is the
component of eastward motion, Dy, is the deformation field in
the fault-parallel direction, 8 is the strike of the fault. To simplify
the calculation, we set the strikes of the GYF and XSF as 300.85
and 317.5°, respectively according to geological results. Fifty-one
profiles were extracted from the fault-parallel rate maps at regular
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intervals (every 20 km) and lengths (50 km on both sides of the
fault), and the best fitting results of S were estimated (black
diamonds in Figure 8B). For the discrete GPS data, seven profiles
were obtained by projecting the discrete GPS horizontal
components into seven fault-parallel 100 km wide rectangles,
perpendicular to both sides of the fault. The best fittings of S
were then estimated (Supplementary Figure S2) and plotted with
thick gray lines in Figure 8B.

From Figure 8B, we can see that the slip rates obtained from
the InSAR-GPS integrated deformation field are generally
consistent with the GPS results, and can provide more details
on slip rate variation along the GYXSF owing to the integration of
high density of InSAR observations. In contrast, for most sections
of GYXSF, the slip rates obtained from geological results are
generally larger than that from geodetic results. this difference
may be caused by the fact that geological rates span multiple
seismic cycles while geodetic measurements spanning only a few
years which corresponding to the current seismic period of the
fault. We also noticed that for the Kangding section of XSF, many
geological slip rates are significantly lower than that obtained by
geodetic method, which may be explained by the fact that the
Kangding section is composed of three parallel branches: Yalahe,
Selaha and Zheduotang, and the geological method can only
obtain slip rates of single branch fault, resulting in lower slip rates
(Bai et al., 2021; Bai et al., 2018). In addition, uncertainties in

geological and geodetic observations and models could produce
differences in slip rate (Ji et al., 2020).

In summary, the InSAR-GPS integrated horizontal
deformation field obtained in this study can describe the
current deformation characteristics of the GYXSF more
accurately and with high-resolution. We therefore analyzed the
InSAR-GPS integrated horizontal deformation field in detail
below to determine the current regional motion characteristics
of the GYXSF.

Slip rates obtained from InSAR-GPS integrated deformation
field show that the GYF is segmental, with slip rates that gradually
increase from ~1-6 mm/yr from the northwest to the southeast,
with the lowest slip rates observed along the Fenghuoshan-
Dangjiang section (0-2mm/yr). The Yushu section has a
higher total slip rate of ~3-4mm/yr, which is close to
previous geological results, but significantly lower than the
6.4mm/yr InSAR slip rate measured before the Yushu
earthquake (Liu et al., 2011). The difference between these two
results may be due to the inconsistent time period of SAR data.
The slip rate of the Dengke section decreases from ~4 to ~2 mm/
yr from the northeast to the southwest. In contrast, the slip rate of
the Manigange section increases from ~2 to ~6 mm/yr from
northeast to southwest.

For XSF, slip rates obtained from InSAR-GPS integrated
deformation field indicate that the current slip rate is
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FIGURE 9 | A-E show profiles through the fault-parallel velocities along the Yushu section (five red circles from west to east in Figure 8A), respectively. Gray points
are INSAR observations, and red lines are the best-fitting solutions. The best-fitting model parameters are labeled on each figure.

~8.5 mm/yr in the northwest and overall increases to ~12 mm/yr
in the southeast. The overall slip rate of the GYXSF increases from
the XSF to the GYF. This increase is highest at Zhuwo, the
junction between the two faults, where the slip rate increases from
~6 to ~8.5 mm/yr. A more detailed analysis of the slip rate of the
XSF shows that from ~8.5 mm/yr in the Luhuo section in the
southeast, the slip rate decreases slightly to ~7.5-8 mm/yr in the
Daofu section. It then gradually increases to ~9 mm/yr in the
Qianning section, and ~9.5 mm/yr in the Kangding section,
before increasing rapidly to ~11-12mm/yr in the Moxi
section, which is close to the late Quaternary tectonic-
geomorphology rates (Bai et al, 2021) (black triangles in
Figure 8B).

Variations in Shallow Aseismic Slip

Creep behavior can occur on a fault during post- and interseismic
periods, and can be detected by measuring the near-field
displacement gradient across a fault (Ji et al., 2020). Previous
studies indicate that creep along the XSF is predominantly post-
seismic, and, over the past few decades, creep has been observed
through fault-crossing short-baseline and short-level surveys in

the northwestern segments of the XSF (eg., Allen et al., 1991; Du
et al., 2010; Kato et al., 2007). Studies have also shown that the
creep rate varies both spatially and temporally. Unlike previous
observations, profiles of original single-looked InSAR data along
the GYXSF from this study, show more obvious near-field local
deformation in the Yushu, Qianning, and Kangding sections (red
circles in Figure 8). This exactly corresponds to the three largest
earthquakes in recent years, the 1981 M 6.9 Daofu, 2010 M 6.9
Yushu, and 2014 M 6.3 Kangding earthquakes. The deformation
direction of these events is consistent with the direction of the
relative coseismics (Jiang et al., 2015; Qu et al, 2013). We
therefore believe that these near-field local deformations are
creep, caused by the post-seismic after-slip mechanism.

Based on high-density near-field deformation data, we can
estimate the kinematic parameters of creep. However, it is worth
noting that our fault-parallel deformation results of the InSAR-
GPS integrated data, only show significant creep characteristics in
the Yushu section. No significant near-field deformation was
observed in the Qianning or Kangding sections, which may be
related to the insensitivity to the north-south motion of InSAR
observations, and the fact that the decomposed north-south
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FIGURE 10 | Maximum shear strain rate along the GYXSF, derived from
INSAR-GPS integrated data. The thick black and gray lines on the GYF
represent the historical earthquake surface ruptures of the 2010 M 6.9 Yushu
earthquake, as well as earthquakes in 1896, 1866, and 1854 (Chen

etal., 2010). Red circles indicate M 6.3 earthquakes between 1893 and 2019,
labeled by year of occurrence and magnitude. The pink dotted line represents
the buffer range constructed by the GYXSF. The vertical black dashed line at
~100° separates the GYF region (left) from the XSF region (right). F1-Ganzi-
Yushu fault; F2-Xianshuihe fault; F3-Wudaoliang-Changshagongma fault;
F4-Yuke fault; F5-Dari fault; F6-East Kunlun fault.

component is mainly controlled by the low-resolution GPS data.
As a result, the creep characteristics were no longer significant
after integration. Another possible reason is that the relatively
large smoothing constraint used in the integration of InSAR and
GPS may remove some relatively small-scale creep signals.
Therefore, we only calculated the kinematic parameters of the
creep observed in the Yushu section.

To investigate the pattern of creep observed in the horizontal
deformation field, we modeled the fault-parallel velocity over the
creep area as a combination of two signals. The first is a long-
wavelength signal representing the interseismic loading at rate S
and locking depth d;, which can be modeled as a screw
dislocation in an elastic half-space (Savage and Burford, 1973).
The second signal is a short-wavelength signal that represents the
fault creep at a rate C from the surface down to depth d, (0< d, <
dy), which can be modeled as a dislocation model (Fattahi and
Amelung, 2016; Hussain et al., 2016; Segall, 2010). We estimated
the best-fit kinematic parameters (S, d;, C, and d,) and the offset
(a) of the creep in the Yushu section using Equation 4:

x_x0)+9arctan( b )+a (4)
d, Vi1 X — X

The best fitting values of Equation 4 are shown in Figure 9.
Our estimation of the fault creep rate reveals that in the
4-10 years since the 2010 M 6.9 Yushu earthquake, a ~100 km

S
V,(x)= - arctan(

Slip and Strain Rate Distribution

portion of the GYF underwent post-seismic after-slip that
reached the ground surface, and that the maximum creep
reached 2.2 mm/yr. Therefore, we infer that the middle-lower
part of the seismogenic layer on the rupture of the 2010 Yushu
earthquake was not fully locked. It can also be seen that the
current sliding rates estimated by the model considering creep
(Equation 4), are slightly higher than those estimated by the
classical screw dislocation (Equation 2).

Present-Day Strain Accumulation Rate
Strain accumulation rate during the interseismic stage is a major
feature of large strike-slip faults (Wright et al., 2013). It can be
used to identify where the strain rate is accumulating most
rapidly, and thus where earthquakes are most likely to occur
(Bird et al, 2010; Wang et al.,, 2019). Observations of crustal
deformation can be used to map a high-precision tectonic strain
accumulation rate during the interseismic period. However,
because of the low density of existing GPS observations
(Wang and Shen 2020), the spatial resolution of the calculated
strain rate map is too low to illustrate strain distributions in detail.
The degree to which strain rate is concentrated or dispersed along
the GYXSF and in its surrounding areas is therefore not clear. The
high spatial-resolution InSAR-GPS integrated horizontal velocity
field obtained in this study makes it possible to calculate the strain
accumulation rate of the GYXSF with high resolution. Therefore,
we interpolated the horizontal integrated velocity field, to derive a
continuum strain rate field based on the Velocity Interpolation
for Strain Rate (VISR) code proposed by (Shen et al., 2015). It
should be noted that we masked out the area affected by the
2016 M 6.0 Zaduo earthquake from the input velocity field, as it
occurred in our study area during the observation period
(Figure 7A) and may have polluted the strain rate field. The
current seismic period of the fault will also affect the strain
distribution around the fault, in addition to the current
tectonic loading, due to the short observations times of our
results. Therefore, the strain accumulation rate near the
GYXSF may also include the after-slip effects of frequent
earthquakes along the GYXSF in recent decades.

Figure 10 shows the maximum shear strain rate
(Tmax = (71 — 72)/2) (Savage et al, 2001) obtained from the
InSAR-GPS integrated velocity field, which is much more
detailed (3 km resolution) than the maximum shear strain rate
obtained from GPS data alone (Supplementary Figure S3). We
also compared the second invariant of the horizontal strain rate
(T2imy = /T3 + 73) of the InSAR-GPS integrated and GPS data
(Supplementary Figures S4A,B). This invariant is the
measurement of the full strain rate field, and the comparison
shows that the pattern of 7y, is very similar to that of Ty ,
because the deformation field is dominated by the shear strain rate.
Both 7. and 7,5, , show that the XSF is the section of the GYXSF
that has the strongest shear stain accumulation. This is particularly
true in the south central section of the XSF, where the maximum
shear strain rate can reach 1.14 x 1077 yr™". This is an essential
feature of the tectonic extrusion model, and is consistent with the
high slip rate and frequency of large earthquakes in this region. This
delineates the northeastern boundary of the crustal materials that are
undergoing large scale clockwise rotation around the eastern
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FIGURE 11 | Histograms of maximum shear strain rate inside and outside of the 30 km buffer zones for (A) the GYF and (B) the XSF.
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FIGURE 12 | Simplified current deformation model map of the GYXSF
and the uniform strain-rates (blue axis: extension; red axis: compression) in the
different sections. Thick solid lines indicate the dominating faults. The green
arrow at the western end of the fault shows the eastward extrusion of the
Tibetan plateau along the GYXSF. The green arrow to the south east of the
fault represents the southward extrusion of the plateau material. The green
triangle represents the barrier of the LMS. EKF, East Kunlun Fault; GYF,
Ganzi-Yushu Fault; XSF, Xianshuihe Fault; LMS, Longmenshan Fault System;
LFS, Longriba Fault System, S-Y T: Sichuan-Yunnan Terrace.

Himalaya syntaxis (EHS). While the GYF generally has a
lower strain rate than the XSF, at the location on the GYF of
the 2010 M 6.9 Yushu earthquake, the strain rate is ~6.2 x
10~% yr~'. That is agreement with the findings of Hussain et al.
(2018), who suggested that repeated earthquakes on a fault
zone will result in the concentration of strain rate around the
fault zone, if the relaxation time of the lower crust is longer
than the inter-event time. There is also a significant strain
accumulation rate at the northwest end of the GYF, at the

intersection of the Dari and East Kunlun faults. This is
believed to be related to the post-earthquake deformation
of the 2001 M 7.8 Kokoxilis earthquake. Different degrees of
strain accumulation rate have been observed on faults north
of the GYXSF, including the Wudaoliang-Changsha Gongma,
Yuke, Dari, and East Kunlun faults. It is worth noting that,
although it is often assumed that the majority of the
interseismic strain rate accumulates around the major
geological block boundaries, many recent earthquakes have
occurred on secondary or previously unidentified faults, such
as the 2021 Mw 7.4 Maduo earthquake. Therefore, the risk of
strong earthquakes along these low-level secondary faults
cannot be ignored.

The dilatation rate (74 T, + 72) calculated from the
InSAR-GPS integrated and GPS velocity fields, are shown in
Supplementary Figures S4C,D. Both results show that the
dilatation rates are generally small, however there is a
relatively significant compression of ~4.0 x 10~° and ~6.0
x 10" yr™" in the middle and southeast sections of the XSF,
respectively. In addition, the dilatation rate obtained from
InSAR-GPS integrated data shows that there is compression
on the order of 3.0-4.0 x 10~° yr™' on the Yushu section of the
GYF, which may be related to the 2010 M 6.9 Yushu
earthquake. Two horizontal principal strain rates, 7; and
7,, are also plotted as conjugate pairs of vectors in
Supplementary Figures S4C,D. As expected, significant
extension and shortening were observed along the XSF.
The InSAR-GPS integrated results show greater NEE-SWW
shortening at the Yushu section of the GYF than the results
from GPS data, along with greater NW-SE extrusion and NE-
SW shortening in the area between the Dari fault and the East
Kunlun fault.

To quantitatively analyze the relationship between the GYXSF
and the strain accumulation rate, we created a 30 km spatial buffer
on both sides of the fault, and determined the maximum shear strain
rate distribution inside and outside the buffer (Savage et al., 2001).
Considering the differences in strain distribution between the GYF
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and XSF, we divided the research area into two regions, one for each
fault. The GYF region is to the left of the vertical black dashed line at
~100° in Figure 10, while the XSF region is to the right of the line.
The statistical histograms in Figure 11 show the frequency of
maximum shear rates inside and outside of the 30km buffer
zones for the GYF and XSF. The results show that the mean
value of the maximum shear strain rate inside and outside of the
GYF zone is 292 x 107 and 1.89 x 10 yr ™, respectively. This
indicates that the strain rate is dispersed in this region rather than
concentrated on the GYF. For the XSF region, the mean value of the
maximum shear strain rate inside and outside the XSF zone is 5.77 x
10®and 2.11 x 108 yr™". The significantly higher strain rate inside
the zone indicates that the strain rate is concentrated on the XSF
rather than dispersed.

Kinematic Model for the GYXSF

Velocity solutions with a high spatial resolution and consistency
have been widely used to determine deformation patterns of
continents which were previously not clear. These include the
“block like model” and “continuum model,” which correspond to
different characteristics of the surface deformation. The block like
model requires a high slip rate and concentrated strain rate on the
main fault, but negligible deformation inside the block
(Tapponnier et al., 1982). In contrast, the continuum model
requires relatively low slip rates on a large fault, and
continuous strain  distribution throughout the region
(Tapponnier et al., 1982).

The results and observations from this study show that the
current slip rates (Figure 8) and strain rate distributions
(Figure 10) of the GYXSF are not uniform. Therefore, using
only one deformation model can’t explain our observations
completely satisfactory. This is phenomenon has been
considered normal when considering the complicated
deformation process of the eastward extrusion of the
Tibetan plateau. In fact, different models may not be

Slip and Strain Rate Distribution

current deformation model of GYXSF: (1) The
Longmenshan (LMS) and Longriba (LFS) fault systems
(Figure 12) block the eastward flow of materials in the
plateau on the north side of the GYXSF. This results in
the E-W shortening of the XSF region, and causes the
deformation velocity on the north side of the GYXSF to
decline faster than that on the south side. This leads to a
lower left-lateral relative motion across the GYF than across
the XSF (Figure 12). (2) The XSF region is subject to a
southerly force, resulting in the significant S-N extension,
which further increases the XSF strike slip rate.

CONCLUSION

In this study, we used 4-track ascending and 5-track descending
Sentinel-A/B SAR data from 2014 to 2020, to obtain high-resolution
velocity fields in the LOS direction of the GYXSF, based on InSAR
technology. Both InSAR and published GPS data were integrated to
calculate the high-resolution three-dimensional deformation field
and strain rate field of the GYXSF, this deformation field is more
detailed than the deformation field created using only GPS data. The
current slip rates in the fault-parallel direction along the GYXSF
were also estimated at 20km intervals, based on the screw
dislocation model. The conclusions of our observations can be
summarized as follows:

1) The current slip rate obtained by the InSAR-GPS integrated
velocity field shows that current activity along the GYXSF is
segmental. The slip rate of the GYF gradually increases from
~1 to ~6mm/yr from the northwest to the southeast.
Similarly, the slip rate of the XSF increases from ~8.5 to
~12 mm/yr from the northwest to the southeast. The greatest
difference between the slip rates where the two faults meet,
occurs in Zhuwo.

mutually exclusive, and could come together to explain the = 2) Post-earthquake deformation along the GYXSF is negligible,
entire collision process and mechanical evolution of the which results in rapid near-fault slip in the deformation field
Tibetan plateau (Gan et al, 2007; Han et al, 2019). and a high strain accumulation rate. For the Yushu section of
Therefore, we divided the research area into the GYF and the GYF, the most significant post-seismic deformation area
XSF regions (Figure 10). The GYF region has relatively low on the GYXSF, our fitting results reveal ~100 km of slip in the
slip rates (~1-6 mm/yr) and smaller strain rate 4-10 years since the 2010 Yushu M 6.9 earthquake, with a
concentrations (Figure 11A), whereas the XSF region has a maximum creep of 2.2 mm/yr.
significantly higher slip rate (~8.5-12 mm/yr) and higher = 3) The strain rate is dispersed in the GYF region but is
strain rate concentration (Figure 11B). Based on this, the significantly concentrated on the fault in the XSF region.
continuous deformation model is a good fit to the GYF, while The strain accumulation rates is also distributed to
the block like deformation model fits the XSF. different degrees on faults north of the GYXSF, including
To further investigate the mechanism of the current the Wudaoliang-Changsha Gongma, Yuke, and Dari faults.
deformation model of the GYXSF, we divided the research The seismic hazards of these faults cannot be ignored as many
area into four regions, namely north GYF, south GYF, north recent earthquakes have occurred on secondary or previously
XSF and south XSF (Figure 12). We calculated the uniform unidentified faults.
strain rate in each of these sections (crosses in Figure 12). 4) Based on the observations in this study, we believe the
The general strain rate shows that both the north and south continuous and block-like deformation models can explain
sides of the GYF are undergoing NW-SE tension and NE-SE the current deformation characteristics of the GYF and XSF,
extension due to the eastward extrusion of the Tibetan respectively. This deformation mode may be attributed to the
plateau, while both sides of the XSF are undergoing E-W blocking effect of the LMS and LFS on the eastward extrusion
shortening and S-N extension. According to the general of the Tibetan plateau and the drag of a southward force on
strain rate, we believe there are two explanations for the the XSF.
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