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1. Introduction
The 1400 km-long left-lateral strike-slip Xianshuihe-Anninghe-Zemuhe-Xiaojiang fault system (XXFS) is 
one of the largest faults cutting through eastern Tibet and contributing its eastward motion (e.g., Allen 
et al., 1991; Tapponnier et al., 2001; Tapponnier & Molnar, 1977). East of the Tibetan Plateau, the XXFS 
extends across the Sichuan and Yunnan provinces and merges with the Red River fault (Figure 1). The 
XXFS has been one of the most seismically active faults in mainland China, as attested by a detailed his-
tory of past earthquakes for the last three centuries (e.g., Allen et al., 1991; Wen, Ma, et al., 2008). Indeed, 
during that period, historical records indicate more than 35 earthquakes with magnitude estimated to be 
larger than 6. Additional historical records dating back to the XIVth century indicate that each of the four 
faults has hosted at least one large M > 7.5 earthquake and the largest event with an estimated magnitude 
reaching eight occurred in 1833 along the Xiaojiang fault in Yunnan. According to the earthquake history 

Abstract We use Global Positioning System (GPS) and Interferometric Synthetic Aperture Radar 
(InSAR) data to quantify the interseismic coupling along the Xianshuihe-Xiaojiang fault system (XXFS). 
Our results confirm 7–11 mm/a of left-lateral strike-slip motion along the XXFS. South of the Shimian 
County, high interseismic coupling is found down to 20 km-depth along the Anninghe-Zemuhe fault. A 
second 130 km-long section, highly coupled down to 10–15 km-depth, is identified along the northern 
Xiaojiang fault. North of the Kangding County, the Xianshuihe fault appears to be predominantly creeping 
at depth. Previously identified long-lasting surface creep following the 1973 M 7.6 Luhuo earthquake 
has now ended, possibly marking the initiation of a new period of stress accumulation and progressive 
relocking of the fault. Farther south along the fault, we identify a ∼30 km-long section (∼30.2°–30.4°N) 
creeping at ∼7 mm/yr. Furthermore, creep accelerated by ∼2 mm/yr during the 2008–2014 period, 
possibly as a result of the static Coulomb failure stress increment induced by the 2008 Mw 7.9 Wenchuan 
earthquake, that occurred ∼200 km northeast of it. The 2014 Mw 5.9 Kangding earthquake occurred along 
the creeping section at the end of the period of accelerated creep. Finally, taking advantage of the long 
historical records of past large earthquakes available since 1327, we quantitatively compare the moment 
budget along the XXFS. Results highlight that along the Anninghe, Zemuhe, and Xiaojiang faults, 
moment deficit for Mw > 7 earthquakes has now accumulated.

Plain Language Summary More probable location and size of future large earthquakes 
can be anticipated if we accurately know the present-day distribution of interseismic fault coupling. 
Knowing date of the latest large earthquake, one can infer slip deficit and estimate the energy available 
for forthcoming seismic ruptures. Here, we focus on the Xianshuihe-Anninghe-Zemuhe-Xiaojiang fault 
system in Tibet, which is the largest strike-slip fault crossing southwestern China. Historical records attest 
numerous earthquakes during the last few centuries, but the fault has remained relatively silent in the 
past few decades. We use GPS data spanning nearly 20 years to investigate the present-day interseismic 
fault coupling along the fault system. We find the Anninghe, Zemuhe, and Xiaojiang faults have 
accumulated enough energy for several Mw > 7 earthquakes. However, our results show that the northern 
segment called the Xianshuihe fault is not locked, suggesting a relatively low energy accumulation rate 
and seismic potential, despite a long history of frequent earthquakes. Finally, we identify a new ∼30 km-
long creeping section on the Xianshuihe fault, whose creep rate show a transient behavior, possibly 
induced by the effect a ∼200 km remote earthquake that occurred in 2008.
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summarized by Wen, Ma, et al. (2008), the Xianshuihe fault hosted regu-
lar large events with M > 7.5 earthquakes in 1327, 1786, 1816, 1955, and 
1973 (Figure 1). Despite some large uncertainties in the size and rupture 
area of past earthquakes that are to be expected from historical data, this 
high past seismic activity contrasts with the seismic quiescence observed 
for nearly half a century, with only two moderate earthquakes recorded 
in 1981 (M 6.9) and 2014 (Mw 5.9) along the northwestern sections.

Several studies have assessed the short-term seismic potential along 
XXFS. Ran et al. (2008) and Wen, Ma, et al. (2008) show that for the Xian-
shuihe fault, from the Kangding County to Bamei Town (hereafter refer 
to the Kangding-Bamei section, Figure  1) and for the Anninghe fault, 
the time elapsed since the last large earthquake (232 and 528 years re-
spectively) is close to the average earthquake recurrence time (230–350 
and 520–660 years respectively) proposed from paleoseismology studies 
(Allen et  al.,  1991). Interseismic fault coupling inversions constrained 
by GPS data in the 1999–2013 period also find that the Kangding-Bamei 
section and the Anninghe fault have accumulated enough slip deficit for 
characteristic earthquakes to happen (Mw 7.0 and Mw 7.5 respectively, 
G. Jiang et al., 2015). Since the region crossed by the XXFS hosts a dense 
population of more than 50 million inhabitants, assessing the seismic po-
tential of the XXFS is a major issue in a rapidly developing area in China.

The Xianshuihe fault further provides an opportunity to gain insight 
into faulting behaviors following large earthquakes. From an analysis of 
short-baseline (∼130 m) conventional geodetic survey data (1976–1984), 
Allen et al. (1991) found up to ∼6 mm/a of surface creep at Xialatuo site 
(100.75°E, 31.28°N. Figure 1) along the 1973 Luhuo earthquake surface 
rupture. Recently, Zhang, Wen, et al. (2018) reprocessed the short-base-
line and short-leveling arrays data (1976–2014) at seven sites along the 
Xianshuihe fault, and report an average creep rate of 1.3–3.5 mm/a ex-
tending 2–7  km depth during the observation span, decaying through 
time at a logarithmic rate (cyan ellipse in Figure 1 outlines the creeping 
sections). Oppositely, H. Wang et al. (2009) interpret the fault section be-
tween ∼31° and 31.8°N along the Xianshuihe fault be locked down to a 
depth of 3–6 km using ERS-1/2 and Envisat SAR data for the 1996–2008 
period. These different results may reflect a progressive relocking of the 
section ruptured by the 1973 Luhuo earthquake.

In this study, we first derive GPS velocity solutions for the eastern Tibetan 
Plateau, spanning time periods of 1999–2007, 1999–2014, and 2015–2018, 
respectively. These time periods are roughly separated by two earthquakes 
that occurred in eastern Tibet, namely the 2008 Mw 7.9 Wenchuan and 
2014 Mw 5.9 Kangding earthquakes. Then, using an elastic block model, 
we estimate the spatial distribution of interseismic fault coupling (ISC) 
along the XXFS. Using the available history of past earthquakes, we de-
rive balances of moment accumulation and release and discuss their im-

plications in terms of present-day seismic potential for the main faults of the XXFS. Finally, we identify a 
∼30 km-long creeping section on the Xianshuihe fault, which does not overlap and is located south of the 
creep sections described in Allen et al. (1991) and Zhang, Wen, et al. (2018). We investigate the temporal 
variations in creep rate and its implication for the fault behavior.

Figure 1. Regional tectonic map of the eastern Tibetan Plateau. Bold 
black lines correspond to the Xianshuihe-Anninghe-Zemuhe-Xiaojiang 
fault system (XXFS). Thin black lines indicate others active faults (Deng 
et al., 2003). Focal mechanism solutions (Mw > 6, 1976–2015) are from 
the Global Centroid Moment Tensor (GCMT). Thin white circles are 
earthquakes (Mw > 5, 1960–2015) from the United States Geological 
Survey (USGS). Red (M ≥ 7.5) and green (M > 6) stars mark the epicenters 
of historical earthquakes (Wen, Ma, et al., 2008). The pink rectangle 
shows InSAR data coverage used in this study (see Figure 3). Cyan ellipse 
indicates creeping sections proposed by Allen et al. (1991) and Zhang, 
Wen, et al. (2018). The blue rectangle outlines the surface rupture of the 
1973 M 7.6 Luhuo earthquake. LMSF denotes the Longmenshan fault. The 
inset map highlights the Sichuan and Yunnan provinces. Red stars show 
the locations of 2008 Mw 7.9 Wenchuan earthquake (WC-eq), 2013 Mw 6.5 
Lushan earthquake (LS-eq) and 2010 Mw 6.8 Yushu earthquake (YS-eq). 
GYF denotes the Ganzi-Yushu fault.
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2. Data and Model
2.1. GPS Data Processing

We use three different GPS velocity solutions, spanning the 1999–2007, 
1999–2014, and 2015–2018 periods, to investigate the heterogeneous cou-
pling and temporal variations in the location of creeping sections of the 
fault.

1.  The 1999–2007 GPS velocity solution, which is used in Section 4.2 
and 4.3 to detect creep rate variations on the Xianshuihe fault, is from 
Zhang et al. (2013). This solution is expressed in a Eurasia plate ref-
erence frame and represents interseismic velocities for eastern Tibet 
before the 2008 Mw 7.9 Wenchuan earthquake, but with relatively 
low spatial resolution.

2.  The 1999–2014 GPS velocity solution is used as input for our elas-
tic block model described in Section 2.2.2, whose spatial density is 
higher than that of previous studies (e.g., G. Jiang et al., 2015; Zheng 
et al., 2017). It consists of two parts:

•  The Crustal Movement Observation Network of China (CMONOC) 
GPS data acquired between 1999 and 2014, including a total of 300 
sites in the study area (244 campaign and 56 continuous stations). 
The velocity solution is derived from Wang, Qiao, et  al.  (2017). 
During the processing, co-seismic offsets from the 2001 Mw 7.8 
Kokoxili, 2004 Mw 9.2 Sumatra, 2008 Mw 7.9 Wenchuan, 2010 Mw 
6.8 Yushu and 2011 Mw 9.0 Tohoku earthquakes were removed. 
For the postseismic perturbations from large earthquakes in east-
ern Tibet, post-earthquake data of near-field stations were not in-
cluded. Stations located near the rupture zones with no observa-
tions prior to the earthquakes were also excluded.

•  The GNSS/GPS Network of the Sichuan Earthquake Bureau and 
the Sichuan Surveying and Mapping Bureau, including 177 sites 
that were occupied between 2004 and 2014. This velocity solution 
comes from Rui and Stamps (2016). Coseismic displacements at 
GPS stations were considered as offset parameters during the co-
ordinate time series fitting. For postseismic transients following 
the 2008 Mw 7.9 Wenchuan earthquake, 9 months of GPS obser-
vations after the earthquake were removed during velocity esti-
mate. Similarly, GPS data collected after the 2013 Mw 6.5 Lushan 
earthquake were excluded. Text S1 in Supporting Information S1 
provides details of GPS data processing and data selection.

The two GPS velocity solutions are originally referenced to different realizations of the Eurasia plate ref-
erence frame. We combine them into a single consistent solution by solving for an Euler vector, which 
minimizes the velocity difference at co-located sites, using the solution of Wang, Qiao, et al. (2017) as the 
reference. The Root Mean Square (RMS) value for the postfit velocity residuals at 197 sites common to both 
solutions is 0.86 mm/a. Figure S1 in Supporting Information S1 shows the difference of GPS velocities for 
the 1999–2007 and 1999–2014 solutions at sites common to both solutions. The velocity differences are 
within their 68% confidence level error ellipses, implying the postseismic deformation induced by the large 
earthquakes after 2008 does not significantly impact the 1999–2014 GPS velocity solution. To highlight the 
relative motion between Tibet and South China, Figure 2 shows our final combined velocity field in a South 
China fixed reference frame.
3.   The 2015–2018 GPS velocity solution is also used in Section 4.2 and 4.3 to detect creep rate variations 

along the Xianshuihe fault. We process the raw data of the CMONOC GPS network following the pro-
cessing strategies of Li et al. (2018). We obtain the GPS velocity field in eastern Tibet in the International 

Figure 2. Global Positioning System (GPS) horizontal velocity fields 
(1999–2014) with respect to the South China block. Arrows in blue 
represent the velocity solution from Wang, Qiao, et al. (2017). Arrows in 
black represent the velocity solution from Rui and Stamps (2016). Error 
ellipses show 68% confidence levels. Thin black lines correspond to active 
faults. Dotted red rectangles outline the location of Figures 8, 9 and 10. 
JSJF denotes the Jinshajiang fault.
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Terrestrial Reference System 2014 (ITRF2014), and then transform it in a Eurasia plate reference frame 
using the Euler pole from Altamimi et al. (2017).

In August 8, 2017, a Mw 6.5 earthquake struck the Jiuzhaigou County (epicenter 103.861°E, 33.198°N), 
∼350 km north away from XXFS. A forward coseismic slip model shows that the spatial extent of coseis-
mic displacement field is less than 150 km from the epicenter (Zhao et al., 2018), we thus correct the 
coseismic offsets for GPS stations located within the range during data processing. A forward postseis-
mic model shows this earthquake produced ∼0–0.4 mm/a deformation at our GPS sites (within 100 km 
from the epicenter) during the 2017–2018 period (Figure S2 in Supporting Information S1). The veloc-
ity differences between the 1999–2007 and 2015–2018 solutions are within their 68% confidence level 
error ellipses (Figures S1 and S2 in Supporting  Information  S1), indicating that transient postseismic 
deformation in eastern Tibet does not impact the velocity estimates in our 2015–2018 solution. GPS time 
series of several continuous sites (Figure S3 in Supporting  Information S1) are shown in Figure S4 in 
Supporting Information S1.

2.2. GPS Data Modeling

2.2.1. 2-D Modeling

We evaluate fault creep rate at specific locations along XXFS using a buried dislocation model. The 2-D elas-
tic dislocation model (Segall, 2010; Weertman & Weertman, 1964) fits the fault parallel velocities (Vpar) and 
solves for a slip rate (S), a locking depth (d1), and a creep rate (C) from the surface to depth (d2):

 
 

    
     

  

1 1 2
par

1
tan tanS x C dV x a

d x (1)

where a is a constant and x is the distance from the fault.

We use a Bayesian approach to derive posterior probability density functions (PDF) of the model parameters 

(Minson et al., 2013; Nocquet, 2018), which is defined as p p C
Tm d m d r d r| exp        





1  , where 

E d and E r are vectors containing the observations and model predictions, 1E C  is the data covariance matrix 
(here simply taken as a diagonal matrix), and p(m) is the prior PDF of the model parameters, taken as uni-
form distributions. Results (mean values) described in Section 4.2 and 4.3 are derived from a total of 50,000 
sampling from a Markov chain implemented in the PyMC Python package (Patil et al., 2010). Parameter 
uncertainties are derived from the posterior distribution of models.

2.2.2. 3-D Modeling

We use the elastic block modeling implemented in the DEFNODE package (McCaffrey et al., 2007) to ob-
tain a regional kinematic model (Section 3). We simultaneously solve for block rotation rates, strain rates 
within blocks, and spatially variable distribution of interseismic coupling along block-bounding faults.

With reference to previous studies (e.g., Loveless & Meade, 2011; Wang, Qiao, et al., 2017), the south-
eastern Tibetan Plateau is divided into five tectonic blocks (Figure S5 in Supporting  Information  S1). 
The Songpan-Ganzi domain is divided into the Longmenshan and Bayanha sub-blocks (Loveless & 
Meade, 2011), and the Sichuan-Yunnan terrace is divided into the North Yunnan and South Yunnan sub-
blocks (Wang, Qiao, et al., 2017). The Xianshuihe fault forms the boundary between Longmenshan and 
North Yunnan blocks, and the Anninghe-Zemuhe-Xiaojiang faults separate the South Yunnan block from 
the South China block (G. Jiang et al., 2015). The South China block is assumed to be rigid and we solve 
for internal strains within the other blocks. A few studies further divide the South China block into two 
sub-blocks (e.g., Y. Wang et al., 2008, Wang, Qiao, Yang & Wang, 2017), where the Daliangshan fault acts 
as their boundary. We do not include the sub-block for two reasons. First, compared with the Anninghe 
and Zemuhe faults, the Daliangshan fault is significantly less seismically active (e.g., Sun et al., 2019). 
Second, if the Daliangshan fault is included in block model, despite the RMS value of GPS velocity re-
siduals decreases from 1.60 mm/a to 1.52 mm/a, this decrease is found to be statistically not significant 
given the increased number of free parameters. Besides, the estimated slip rate along the Daliangshan 
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fault can reach ∼6–7 mm/a, a value much larger than the ∼2–5 mm/a slip rate on the Anninghe-Zemuhe 
fault in the same model (e.g., Y. Wang et al., 2008). Such results are at odd with the earthquake history 
(Wen, Ma, et al., 2008).

In the model, faults are represented by a set of 3-D nodes (distance of 30 km along-strike and 5 km along-
dip) defining the fault plane and the ISC at each node is estimated during the inversion. We impose an 
along-strike smoothing constraint on the ISC values by keeping their along-strike change below a specified 
value. For example, a smoothing constraint of 0.5 permits a variation in ISC of 0.5 or less over a 1° distance 
(∼111 km) along strike, while a very low smoothing value (<0.1) will produce an extremely smooth model. 
Given the relatively dense distribution of GPS sites in eastern Tibet (average spacing of ∼30 km around the 
XXFS), we adopt a smoothing parameter of 1.0 to allow large variations in ISC over wavelengths shorter 
than ∼111 km. We do not impose any along dip constraint to avoid oversmoothed results that might mask 
potential surface creep along the XXFS.

The fault interface between nodes is divided into patches of 10 km along strike and 1.7 km along dip. A bi-
linear interpolation is applied to obtain the ISC for each patch. We model the XXFS as a 80° southwestward 
dipping fault, consistent with previous studies (e.g., Allen et al., 1991; Deng et al., 2003; G. Jiang et al., 2015; 
Wen, Ma, et al., 2008). The Longmenshan fault is modeled to be listric in shape (Thompson et al., 2015), 
while the remaining block-bounding faults are taken vertical. The Bamei-Kangding section, which consists 
of two strands, namely the Yalahe and Selaha faults, is modeled as one strand. This simplification is justified 
by the fact that the two faults merge into a single fault at depth, the former of which slips at 1.0 ± 0.5 mm/a 
and accounts only ∼10% of the total slip along the Xianshuihe fault (e.g., Chen et al., 2008).

In order to account for the elastic contribution of locked faults surrounding the XXFS, we first solve for a 
uniform fault locking depth for all of the block-bounding faults using a grid search method (between 2 and 
30 km with a step of 2 km). Results (Figure S6a in Supporting Information S1) show GPS data could not dis-
tinguish models with fault locking depth in 20–30 km. Besides, variations of locking depth for block-bound-
ing faults, except for the XXFS, do not affect much the inversion results (Figure S6b in Supporting Informa-
tion S1). Nonetheless, we find that 95% of the micro-seismicity in eastern Tibet occurs within the first 20 km 
(Figure S6b in Supporting Information S1). Therefore, a uniform fault locking depth of 20 km (consistent 
with that of Wang, Wang, & Shen, 2017) is used for the block-bounding faults. ISCs along the XXFS are 
parameters to be estimated in the inversion.

The optimal model is obtained by minimizing data misfit defined by the reduced chi-squared statistic (  2
nE  ):



n

n i

i

n m
2

1

2

 








  / (2)

where E n is the number of observations, E m is the number of free parameters,  iE  is the residuals (observed 
minus calculated velocities), and  iE  is the data uncertainty for observation  .

2.2.3. Resolution Test

Three kinds of resolution tests are conducted to investigate the robustness of our estimates of the fault cou-
pling and moment deficit rate. Figure S7 in Supporting Information S1 shows the GPS sites used in the tests.

First, we calculate the sensitivity of the model to the GPS data set, using the model resolution matrix de-
fined as S = diag(GtG), where G is the matrix of the elastic Green function used in the interseismic backslip 
calculation (e.g., Loveless & Meade, 2011), and diag is the vector of diagonal elements. Every row in S corre-
sponds to a model parameter mi and the values (defined as Resolution, R) in the row describe how well the 
ith parameter is solved by data. When the only nonzero value is 1, the corresponding parameter mi is per-
fectly solved, otherwise the data can solve only a weighted combination of parameters (Menke, 1989). To in-
vestigate the sensitivity of GPS sites to coupling variations along strike and dip, we calculate the resolution 
by increasing size of individual elements (along-strike patch sizes from 20 to 70 km, along-dip patch size of 
5 km). Results (Figure S8 in Supporting Information S1) indicate that, in case of along-strike patch size of 
30 km, the dense GPS sites can constrain well (R ≥ 0.5) the ISC for the upper 10–15 km of the Xianshuihe, 
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Anninghe, and Zemuhe faults. Despite relatively poor resolution along the central Xiaojiang fault due to 
sparser data, a critical value of resolution R = 0.1 is reached. As expected, as the size of the patch increases, 
the resolution increases, but at the risk of missing details in spatial coupling variations along strike.

Second, we run several forward models (along-strike patch sizes from 20 to 70 km, along-dip patch size of 
10 km) with starting coupling values with either 1 or 0, then add random errors with the same variance as 
those of the observed GPS velocity solution to the forward velocities, and finally invert the fault coupling 
along the XXFS. Results (Figure S9 in Supporting Information S1) show that lateral variations of 30 km 
are recovered above a depth of ∼10–15 km from the Xianshuihe fault to Zemuhe fault, whereas a depth of 
∼10 km along the central section of the Xiaojiang fault. This result is consistent with the above resolution 
calculation.

Third, we investigate whether the moment deficit rates could be biased as the locking depth increases. 
Results from our test (Figure S10 in Supporting Information S1) show that moment deficit rates are con-
sistently retrieved when asperities are locked down to 10–15 km. Underestimation by ∼6% arises when the 
asperity is locked at 20 km. We therefore assign a 10% uncertainty in moment budget calculations described 
in Section 4.1.

We conclude from the above tests that the distribution of GPS stations allows sensitivity to coupling var-
iations over a distance larger than 30 km along strike and within 10–15 km depth on the XXFS, whereas 
coupling below 15 km represents an averaged locking state. Because they use integral of slip deficit rate over 
the fault plane, seismic moment balances as described in Section 4.1 are not significantly biased when the 
maximum locking depth of the fault is changed.

2.3. InSAR Data and Reprocessing

We compile interseismic InSAR Line-of-Sight (LOS) rate (data span: December 2014 to November 2016, Fig-
ure 3a) from Zhang, Cao, et al. (2018) covering the Xianshuihe fault between ∼30.5° and 31.6°N. They used 
the ROI_PAC software for the raw data processing. Topographic phase bias was removed using a simulated 
phase from the 1-arc Digital Elevation Model. Atmospheric and elevation correction were conducted using 
the standard Small Baselines Subset chain (Berardino et al., 2002).

We adopt the remove-filter-restore approach proposed by Wei et al. (2010) to make GPS (1999–2014) and 
InSAR data mutually consistent for subsequent modeling. The method assumes that GPS-derived velocity 
field is dominated by the long wavelength horizontal crustal deformation, while the InSAR-derived LOS 
rate field is composed of both the long and short wavelength 3-D information. In Wei et al.’s approach, the 
first step is to remove the GPS-interpolated horizontal velocity (projected onto LOS) from LOS, then high-
pass filter the LOS residuals using a Gaussian filter, and finally add the high-pass filtered results back to 
the GPS velocity map (interpolation expressed in LOS), referred as the restored InSAR. The restored InSAR 
(Figure 3b) preserves the short wavelength features of InSAR and long wavelength features of GPS, allow-
ing us to derive the “surface creep rates” along the Xianshuihe fault (Section 4.2). The “surface creep rate” is 
calculated as the difference in fault-parallel velocity averaged in 1 km normal and 2 km along the strike bins 
on opposite sides of the fault (e.g., Li et al., 2021). If the fault segment is creeping, the “creep rate” should be 
significantly larger than the uncertainty.

3. Interseismic Coupling Results
We obtain the angular velocities and internal strain parameters of each block, and ISCs along the block 
bounding faults in our best fitting model. The angular velocities are used to calculate the slip rate along 
the XXFS (Figure 4). The XXFS is dominated by left-lateral strike-slip motion with the fastest rates of 10–
11 mm/a found along the northwesternmost section of the Xianshuihe fault, progressively decreasing to 
7 mm/a along the Anninghe, Zemuhe and Xiaojiang faults. These estimates are consistent with both geo-
logical (∼9–10 mm/a; e.g., Bai et al., 2018; Yan & Lin, 2017) and previous geodetic results (∼7–13 mm/a; 
e.g., Loveless & Meade, 2011; Shen et al., 2005; Wang, Qiao, et al., 2017). Small fault-perpendicular rates 
of 0.2–2.1 mm/a (shortening) and 0–1.3 mm/a (extension) are found along the Xianshuihe-Anninghe fault 
and Zemuhe-Xiaojiang fault respectively.
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Our ISC model highlights two opposite behaviors. From latitude 32°N to latitude 30°N, the Xianshuihe 
fault appears to be predominantly creeping, while the Anninghe, Zemuhe, and Xiaojiang faults show sig-
nificant coupling. In the detail, high coupling occurs along three locked regions hereafter referred as A1 
(∼24.3°–24.6°N, A being an abbreviation for asperity), A2 (∼24.9°–26.6°N), and A3 (∼26.8°–29.7°N), sep-
arated by narrow sections of shallower (∼5 km depth) or weaker coupling (Figure 4). A1 located along the 
southernmost part of the Xiaojiang fault appears to be locked down to ∼20 km depth. However, since this 
location corresponds to the edge of the model, we cannot rule out the possibility of boundary effects and we 
do not interpret this pattern in the following discussion. A2 along the Xiaojiang fault is confined to ∼10 km 
depth but spans ∼130 km along strike. The largest A3 is found to be locked down to ∼20 km and extends 
laterally over ∼240 km along the Anninghe and Zemuhe faults. According to our resolution and checker-
board tests (Figures S8 and S9 in Supporting Information S1), variations in slip rate deficit on A2 and A3 
could be resolved by our GPS data, and seismic moment balances calculated on these asperities as described 
in Section 4.1 would not significantly biased.

Additional remarkable features of the fault coupling are the shallow locking depth found along several sec-
tions (hereafter refer to S1, S2, S3, and S4, S is an abbreviation for Section. Figure 4). S1, located along the 
northwestern section of the Xianshuihe fault between latitude 30.4° to 32°N, shows a very shallow averaged 
locking depth of 2–3 km. S1 overlaps the section experiencing surface creep found by Allen et al. (1991) and 
Zhang, Wen, et al. (2018). Adjacent to S1, the S2 section extends ∼30 km along the Xianshuihe fault between 
latitude 30.2° to 30.4°N and overlaps the Kangding-Bamei section. ISCs along S2 are estimated to be smaller 
than 20%, possibly reflecting creep reaching the surface. From our block model, the surface creep rate is es-
timated to be ∼7.5 mm/a, comparable with the estimated long-term slip rate from the relative block motion 

Figure 3. (a) InSAR LOS rate map across the Xianshuihe fault from Zhang, Cao, et al. (2018). (b) The restored InSAR 
LOS rate map across the Xianshuihe fault (see text for details). Black rectangles show the locations of the velocity 
profile across the fault at the Xialatuo site, with the associated Line-of-Sight (LOS) velocities below. Red lines are best 
linear fits of the data each side of the fault. (c) Along fault variations of creep rates for the Xianshuihe fault derived 
from the InSAR data. The blue error bars are 1-σ uncertainties.
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(7.9 ± 1.6 mm/a). S3 (∼26.6°–26.8°N) and S4 (∼24.6°–24.9°N) are short sections separating the locked as-
perities A2–A3 and A1–A2 respectively, with averaged fault locking depths in the range of ∼2–5 km.

We show the block internal strain rates and GPS residuals in Figure S5 in Supporting Information S1. Tables 
S1 and S2 in Supporting Information S1 list block rotation and strain rate parameters. The principal strain 
rates are 7.4–0.04, 3.3–8.0, 1.0–3.9, and 2.4–10.1 (compressive–tensile in nanostrain per year) for the South 
Yunnan, North Yunnan, Longmenshan, and Bayanha blocks respectively. These strain rate values highlight 
submillimeter per year internal deformation at the scale of the blocks in eastern Tibet.

4. Discussion
Our results show highly heterogeneous fault locking along the XXFS (Figure 4). Taking benefit from the 
relatively complete history of past earthquakes along the XXFS, we use our ISC results to quantitatively 
calculate the moment budget along different fault sections and infer areas with the highest amount of accu-
mulated moment, hence prone to a higher probability of future seismic ruptures.

Because the time elapsed since the last large earthquake is different along the different sections of the XXFS, 
our ISC results also provide an opportunity to explore the fault behavior at different stages of the earthquake 
cycle. Specifically, we discuss the shallow creep detected along the Xianshuihe fault in the context of the 
sequence of past earthquakes, and evaluate the temporal variations in creep rate.

4.1. Fault Behavior and Moment Budget Along the XXFS

4.1.1. Overall Characteristics

We first evaluate the overall consistency or differences between our fault coupling model and the results 
from previous studies. Our results highlight four sections (S1, S2, S3, and S4) with low fault locking and two 
highly locked potentially seismogenic asperities (A2 and A3) (Figure 4). Although consistent with previous 
results at the first order (G. Jiang et al., 2015), our current GPS data set has a better spatial resolution and 

Figure 4. Modeled fault slip rate and interseismic fault coupling (ISC) along the Xianshuihe-Anninghe-Zemuhe-
Xiaojiang fault system (XXFS). Upper panel: Fault slip rate along the XXFS. Fault slip rate magnitude is color 
coded according to the upper-right color scale, black arrows indicate fault slip direction. Red stars denote locations 
of historical earthquakes. Lower panel: ISC distribution along the XXFS plane. Blue dots indicate hypocenters of 
microseismicity (1970–2015, China Earthquake Data Center, http://data.earthquake.cn. See Supplementary data). Thick 
black dotted lines outline highly locked areas, labeled as A1, A2, and A3. The red star shows the hypocenter of the 
2014 Mw 5.9 Kangding earthquake, and the black ellipses outline the 0.2 and 0.4 m coseismic slip contours from Jiang 
et al. (2015).
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identifies a new creeping section (30.2°–30.4°N, S2) along the Xianshuihe fault. As an external verification, 
Figure 4 shows the fault coupling together with the background seismicity. Earthquakes from the China 
Earthquake Data Center catalog are selected within a 15 km wide swath (approximate the uncertainty level 
of earthquake location, C. Jiang et al., 2008) along the XXFS, spanning a period from January 1970 to No-
vember 2014 (Figure S11 in Supporting Information S1). Apart from S2, possibly biased by the aftershocks 
of the 2014 Mw 5.9 Kangding earthquake, most of the micro-seismicity appears to occur at the transition 
zones between locked and creeping sections. Such observation is similar to other faults like the Himalayan 
thrust for instance (Stevens & Avouac, 2015) and consistent with the view that increased shear stress occurs 
as a result of slip gradient on the fault plane.

The earthquake history available for the XXFS allows us to quantitatively assess the seismic moment budget 
over time along the different sections of the XXFS. Such calculations rely on the completeness and reliabili-
ty of the historical earthquake catalog. The long history of written records in the densely populated Sichuan 
and Yunnan regions makes it unlikely that any major earthquake (M > 7) would have been left unrecorded. 
In order to further test the reliability of the earthquake catalog derived from Wen, Ma, et al. (2008), we cal-
culate the frequency-magnitude plot of earthquakes for the whole XXFS for the period 1327–2018. A least 
squares fit of a Gutenberg-Richter (Gutenberg & Richter, 1944) distribution of earthquakes shows a b-value 
of 1.01, suggesting that the earthquake catalog is complete for earthquakes with magnitude larger than 6.5 
(Figure 5). For a maximum magnitude close to 8, neglecting all M < 6.5 earthquakes would bias the seismic 
moment budget by 17%, and by only ∼10% if half of them were missing. Owing to their limited contribution 
to the moment release compared to M > 7 earthquakes, they do not affect significantly the moment budget 
presented below. In the following, we use a division of main fault sections guided by our coupling inversion, 
fault geometries and historical large earthquakes (Figures 4 and 6).

4.1.2. Northern Xianshuihe Fault

The ISC result shows significant lateral variations along the Xianshuihe fault (Figure 4). We divide the Xian-
shuihe fault into 2 sub-sections Sa1 & Sa2 (Figure 6). Sa1 is located north of the Bamei Town and encom-
passes the shallowly locked section S1 (Figure 4). Sa2 from Bamei Town to Shimian County, encompasses 
the creeping section S2 and part of A3 (Figure 4).

Along Sa1, at least 12 earthquakes with magnitude larger than 6 occurred during the past 300 years (Fig-
ure 6). The present-day averaged fault locking depth of 2–3 km indicates that the fault is predominantly 
creeping at depth and is at odd with the earthquake history. Sa1 has been last ruptured in 1893 (M 7) for the 
southern part, in 1923 (M 7.3) and 1981 (M 6.9) for the central part and in 1967 (M 6.8) and 1973 (M 7.6) for 
the northern part. For the northern section, shallow creep has been observed from short baseline geodetic 
measurements since 1976 (Allen et al., 1991; Zhang, Wen, et al., 2018). Figure 7a shows the measurements 
of surface creep rate following the 1973 M 7.6 Luhuo earthquake. Surface creep lasted more than 4 decades 
after the earthquake, with a logarithmic decay of its rate through time, indicating a progressive relocking of 
the fault at shallow depth. Maximum creep rate is observed along the southern part of the 1973 earthquake 
rupture (3.5 mm/a in 1976–2014) and to a lesser extent in its northern part (1.3 mm/a), whereas the central 

Figure 5. Gutenberg-Richter law showing the relation between the frequency and magnitude for known earthquakes 
during the 1327–2018 period along the XXFS. Black line represents the best linear fit for earthquakes with magnitudes 
larger than 6.5. Light-blue background shows 95% confidence level of the linear fit.
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part experienced little if any aseismic motion (Figure 7b). Surface creep is also observed in the southern 
part of the 1923 rupture section after the 1981 M 6.9 earthquake. Along the 1893 earthquake rupture trace, 
short-baseline measurements do not show significant surface creep. Nonetheless, our ISC model finds a still 
weak coupling with an average coupling coefficient of ∼20%–40% in that area (Figures 4 and 6e).

We compare the rate of moment accumulation predicted by our model with the seismic moment released 
by past large earthquakes. Taking a 10% uncertainty in the geodetic estimates (see Section 2.2.3) and us-
ing an elastic shear modulus of 30  GPa, our model indicates a rate of moment deficit accumulation of 
4.21–5.15 × 1017 N m/a. The amount of moment released by earthquakes since 1700 is 7.26 × 1020 N m 
(Figure 6), corresponding to ∼1410–1724 years of moment accumulated at the present-day rate with no 
earthquakes. Even considering that the magnitudes of historical earthquake are overestimated by 0.2, the 
resulting time span would be ∼708–867 years. There is clearly a discrepancy here, which originates from 

Figure 6. (a–d) Maps for four historical periods of damaged areas for 36 M ≥ 6 earthquakes along the XXFS (modified from Wen, Ma, et al., 2008). Gray ellipses 
show the damaged areas for every earthquake together with the earthquake date and magnitude proposed by Wen, Ma, et al. (2008). The red, blue, yellow and 
green lines correspond to the Xianshuihe fault, the Anninghe fault, the Zemuhe fault and the Xiaojiang fault respectively. (e) The red line corresponds to the 
vertically averaged coupling coefficients above 10 km depth. Gray histograms represent cumulative seismic moments every 0.2° bin between 0 and 20 km depth. 
(f) Moment deficit accumulation and released through earthquake as a function of time since 1536, for the 6 segments of the XXFS labeled in (a–d).
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either an abnormally high frequency of earthquakes during the last three centuries or a too weak amount 
of present-day accumulation moment rate that would then not be representative of the longer-term average 
fault coupling. The above comparison ignores the strain released by potential postseismic creep following 
large earthquakes. If considered, it would further support our speculation. As a point of comparison, if 
we assume the 205 km-long fault to be entirely locked down to 15–20 km depth, a moment accumulation 
rate of 9.23–12.3 × 1017 N m/a (10 mm/a × 15–20 km × 205 km × 30 GPa) leads to a moment deficit of 
6.03–8.04 × 1020 N m over the 1327–1981 period, a value roughly consistent with the moment released by 
earthquakes over the same period.

Together with the transient creep from short baseline geodesy, this calculation supports the view that at the 
scale of several centuries, the northern Xianshuihe fault is locked and that the current behavior represents 
a transient behavior, progressively moving toward a relocking of the fault and perhaps initiating a new 
cycle. Similar “supercycles,” that are periods of abnormally high frequency of large earthquakes separated 
by periods of quiesence has been documented for several faults (e.g., Nocquet et al., 2017; Sieh et al., 2008).

This result raises several questions. First, afterslip here appears to be long lasting compared to previous 
results, which usually indicate decay-time of a few years (e.g., Hsu et al., 2002). Here, accelerated surface 
creep lasted several decades after the 1973 and 1981 earthquakes and our ISC model indicates that no sig-
nificant locking even for the section ruptured in 1893. The Xianshuihe case of long-lasting afterslip might 
not be so uncommon however. For instance, the afterslip following the 2004 Mw 6.0 Parkfield strike-slip 
earthquake lasted ∼6–12 years (e.g., Lienkaemper & McFarland, 2017). The 1944 (Mw 7.2) and 1951 (Mw 

Figure 7. (a) Surface creep rate derived from short baseline measurements as a function of time along the Xianshuihe 
fault. Dot color show the measurements at different sites, whose location and color code are shown in the inset. Vertical 
dotted lines represent the date of the 1973 M 7.6 and 1981 M 6.9 earthquakes. For clarity, vertical error bars show 3-σ 
uncertainty, while horizontal error bar show the period used to estimate the surface creep rate. (b) Colored dots show 
the average surface creep rate (left vertical axis) at 7 measurement sites along the Xianshuihe fault during the whole 
observation period. Error bars show 3-σ uncertainty associated to the creep rates. Dotted line indicates the overall shape 
of the creep distribution along the Xianshuihe fault. Background color corresponds to the average surface offset (right 
vertical axis) of each earthquake (Papadimitriou et al., 2004).
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6.9) strike-slip earthquakes along the North Anatolian Fault generated afterslip continuing during at least 
20 years, probably up to 50–70 year, along the Ismetpasa segment, which is still creeping nowadays (e.g., 
Bilham et al., 2016; Cakir et al., 2005; Cetin et al., 2014; Ozener et al., 2013; Rousset et al., 2016). Second, 
although the lack of coseismic slip models for previous earthquakes and the resolution of our model both 
prevent to document the spatial relationship between rupture and long lasting afterslip, our result indicates 
that on average from 20 km depth to the surface, the fault is freely slipping. This certainly encompasses ar-
eas that were locked before the earthquake and were involved during the rupture of past large earthquakes. 
So, the observation here suggests that progressive slow relocking is taking place and ruptured area did not 
relock immediately after the seismic rupture. Lasting several decades, this slow process of progressive re-
locking is not short with respect to the average recurrence time between successive earthquakes.

4.1.3. Southern Xianshuihe Fault

Along Sa2, our ISC result shows two opposite behaviors, with almost full decoupling (locking coefficient 
of <20%) along the Bamei-Kangding section (i.e., S2 in Figure 4), and a transition toward full coupling 
down to ∼10–20 km depth along the Kangding-Shimian section (Figures 4 and 6e). Our results show dis-
crepancies with previous results from G. Jiang et  al.  (2015), who used a viscoelastic model and report-
ed 60%–100% locking along the Bamei-Kangding section, and a shallow fault locking depth of 0–10 km 
along the Kangding-Shimian section. The discrepancies might be attributed to different models and data 
sets. Our checkerboard tests indicate a fairly good resolution along this section (Figures S8 and S9 in 
Supporting Information S1).

We present in paragraph 4.2 additional results for the Bamei-Kanding section showing that this section 
is also currently experiencing surface creep. South of it, the Kangding-Shimian section hosted an M 7.7 
earthquake in 1955. Unlike the Sa1 section, the Kangding-Shimian marks a transition from mild coupling 
(locking coefficient of 0.2 at Kangding) to tight coupling (locking coefficient of 0.9 at Shimian). In addition 
to the 1955 M 7.7 earthquake, this section also experienced large earthquakes in 1327 (M 7.5) and 1786 (M 
7.7, Figure 6). Such magnitudes are consistent with a full rupture of its 165 km length (Mw 7.67), according 
to the earthquake scaling relationships (Cheng et al., 2019; Wells & Coppersmith, 1994). This allows to test 
whether the moment released in earthquakes over 7 centuries is consistent with the present-day geodeti-
cally derived moment accumulation model. Our model provides an accumulation rate of moment deficit at 
1.68–2.06 × 1017 N m/a, equivalent to a total moment of 1.06–1.29 × 1020 N m between 1327 and 1955. This 
amount is less than 15% of the released moment through coseismic ruptures (8.41 × 1020 N m) during the 
same period. Now considering that this fault section is 100% coupled down to 15–20 km, the accumulation 
rate of moment deficit is 5.57–7.43 × 1017 N m/a, resulting in a moment of 3.50–4.66 × 1020 N m for the 
1327–1955 period. Such values are 70%–90% of the moment release in coseismic ruptures. Nevertheless, 
given that there may be uncertainties in qualifying the magnitude of historical earthquakes (Wen, Ma, 
et al., 2008), the strain balance can be considered as being achieved to the first order.

This result suggests that the present-day rate of moment deficit accumulation is also somehow transient 
along this section. More specifically, the newly creeping section identified here along the Bamei-Kanding 
section is probably also a transient feature. We further show in Section 4.2 that it underwent creep rate var-
iations at the time scale of a few years. Combining the results for both Sa1 & Sa2 sections, the Xianshuihe 
fault appears to be in a transient state following a rich sequence of earthquakes for the last three centuries, 
and then initiating a new cycle of progressive increasing locking. Overall, given the past sequence of earth-
quakes and the still low present-day rate of moment deficit accumulation, the seismic potential appears 
weaker than for the other sections of the XXFS. For the area from Kangding to Shimian, if we assume the 
1955 M 7.7 to have released all the previously accumulated elastic strain along that section, our coupling 
model finds that the current moment available for an earthquake is Mw 6.7.

4.1.4. Anninghe-Zemuhe Fault

The Anninghe-Zemuhe fault involves the main coupled part of the XXFS (A3 in Figure 4), where full lock-
ing down to ∼20 km-depth along a 240 km-long section is obtained from our block model (Figures 4 and 6e). 
The history of earthquakes shows that the northern section from Shimian to Xichang Towns did not experi-
ence any large earthquake for more than four centuries (last M > 7 earthquake occurred in 1563), while the 
southern section last ruptured in 1850. A slip deficit of 2–4 m is thus expected along the Anninghe-Zemuhe 
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fault, corresponding to high potential of a large earthquake, a result consistent with the seismic gap pro-
posed by Wen, Fan, et al. (2008).

The northern section (Sb1) has a length of 150-km and is able to host a Mw 7.6 earthquake according to 
fault-length magnitude scaling laws (Cheng et al., 2019; Wells & Coppersmith, 1994). For the moment bal-
ance calculation here, we assume that the 1536 M 7.5 earthquake released all the accumulated moment for 
this section. Under this assumption, we find a geodetic total moment deficit of 1.88–2.30 × 1020 N∙m in the 
1536–2050 period at an accumulation rate of 3.65–4.47 × 1017 N m/a from our block model. This amount 
is equivalent to a Mw 7.5 earthquake if all the accumulated moment would be released in a single event 
(Figure 6f).

Along the southern section Sb2, the 130 km-long section is capable of rupture in a Mw 7.5 earthquake. We 
thus consider that the 1850 M 7.5 earthquake as our starting date for the moment balance assessment. Our 
model predicts a moment deficit accumulation rate of 3.19–3.89 × 1017 N m/a. By 2050, this amount leads to 
a moment of 6.38–7.78 × 1019 N m which can be balanced by a Mw 7.2 earthquake (Figure 6f).

Overall, the Anninghe-Zemuhe fault shows a much larger seismic potential than the Xianshuihe fault.

4.1.5. Xiaojiang Fault

The southern part of the XXFS fault shows along strike varying coupling, with a ∼180 km-long highly 
locked section (A2 in Figure 4), surrounded by sections with shallow locking depth (S3 and S4 in Figure 4). 
High locking close to the southern tip of the XXFS is also imaged by our model but with a lower resolution 
due to possible side effects at the merging of the Xiaojiang fault with the Red River fault (A1 in Figure 4).

From the past history of earthquakes dating back to the XVIth century, we do not observe a clear segmen-
tation of earthquakes with the one suggested by our ISC models. Indeed, S3 and S4 were at least partially 
ruptured in the 1733 M 7.5 and 1833 M 8 earthquakes respectively. Given the time elapsed since these earth-
quakes, shallow locking here probably reflects lateral frictional variations along the Xiaojiang fault rather 
than transient creep following large earthquakes.

Here, accumulated moment along the 90-km-long fault section between Qiaojia-Dongchuan (Sc1) equals to 
an Mw 7.1 earthquake in the 1733–2050 period. We assume that the 1833 M 8 earthquake released all elastic 
strain along the 180-km-long section from Dongchuan to Huaning (Sc2). At the estimated moment deficit 
rate from our ISC model, we find an equivalent single event of Mw 7.2 is required by 2050 to balance the 
accumulated moment since 1833 (Figure 6f).

4.1.6. Summary of Seismic Potential Along XXFS

According to earthquake rupture length-magnitude scaling relationship (Cheng et al., 2019; Wells & Cop-
persmith, 1994), the empirical maximum magnitudes of earthquakes are Mw 7.6 and Mw 7.5 along the 
Anninghe fault (Sb1, 150 km-long) and the Zemuhe fault (Sb2, 130 km-long), respectively. The accumulated 
moment from our coupling model (Figure 6f) and the above empirical calculation suggest that the Anning-
he and Zemuhe faults are ready for large earthquakes in the next decades, as already pointed out by several 
studies (e.g., G. Jiang et al., 2015; Ran et al., 2008; Wen, Ma, et al., 2008). Besides, we find that the Xiaojiang 
fault has a relatively high seismic potential with accumulated moment deficit allowing for Mw > 7 earth-
quakes to happen.

Along the Kangding-Bamei section (∼30.0°–30.5°N), paleoseismological studies (e.g., Ran et al., 2008; Wen, 
Ma, et al., 2008) indicate that the time elapsed since the last large earthquake (232 years) is close to the av-
erage earthquake recurrence time (230–350 years). Previous interseismic fault coupling results constrained 
by GPS data suggest this section has accumulated enough slip deficit for a Mw 7 earthquake (e.g., G. Jiang 
et al., 2015). However, our block model results indicate that this section has very shallow locking depths 
(0–5 km), and includes a creeping section (S2 in Figure 4) between latitude ∼30.2°–30.4°N. Relatively low 
moment accumulation rate and magnitude of accumulated slip deficit suggest that earthquake potential 
might have been overestimated by previous studies along this part of the fault system.
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4.2. Shallow Creep Along the Xianshuihe Fault

The above moment budget calculations along the Xianshuihe fault suggest that the shallow creep docu-
mented along several sections of the fault is transient at the scale of the earthquake cycle. Here, we focus on 
shorter time scale variation of the creep. Zhang, Wen, et al. (2018) collected and processed the short-base-
line and short-leveling data (1976–2014) measured at seven sites along the Xianshuihe fault (Figure 7a). 
They propose that spatio-temporal variations in surface creep rates occur between latitudes ∼30.5° and 
31.6°N. In Figure 8a, we summarize the estimates of creep rate at Xialatuo site and fit a decreasing expo-
nential function as a function of time (Cakir et al., 2005). For comparison, estimates from our GPS study 

Figure 8. (a) Fault creep rate at the Xialatuo site as a function of time. Blue solid line is the best decreasing exponential 
fit of short-baseline measurements. Vertical error bars show 1-σ uncertainty, horizontal error bars show the time 
period used for each measurement. (b) GPS velocity solution (Eurasia fixed reference frame, error ellipses at 68% 
confidence levels) in 1999–2007 and corresponding fault parallel velocities across the Xialatuo site (error bars show 
1-σ uncertainty), with its locations shown in red rectangles in the left panel. Blue solid line represents the best fitting 
curve. (c) and (d) are GPS velocity solutions (Eurasia fixed reference frame) for the 1999–2014 and 2015–2018 periods 
respectively. Fault normal components are show in Figure S12 in Supporting Information S1, and PDFs of estimated 
fault parameters are shown in Figure S13 in Supporting Information S1.
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and InSAR analysis are shown but are not used in the exponential function fitting. The creep rate shows an 
exponentially decay with time from ∼8 mm/a in 1976–1980 to ∼2 mm/a or less in 2008–2014. Extrapolated 
to the date of the 1973 Lushuo earthquake, the surface creep rate would be 12 mm/a, slightly exceeding the 
loading rate (∼8.7 mm/a) due to the relative block motion across the Xianshuihe fault.

Modern geodesy observations, to some extent, show discrepancies with repeated short-baseline measure-
ments results for the latest period (Zhang, Wen, et al., 2018). For instance, Qiao and Zhou (2021) and Li and 
Bürgmann (2021) suggest the fault section between ∼31.0° and 31.8°N along the Xianshuihe fault creeps 
at ∼2.5–3.5 mm/a in the 2014–2019 period. H. Wang et al. (2009) report that this section was locked down 
to a depth of 3–6 km by processing SAR data acquired in 1996–2008. Our block model also finds a shallow 
locking depth (2–3 km) along this fault section (Figure 4). To provide another independent observation of 
shallow creep along this section, we fit a simple 2-D elastic dislocation model (Section 2.2.1) to the fault par-
allel GPS velocities across the fault at the Xialatuo site (Figures 8b–8d, fault normal components are show 
in Figure S12 in Supporting Information S1). The curve fit provides a creep rate estimate of 1.5 ± 1.2 mm/a 
for the 1999–2007 period, 0.5 ± 2.8 mm/a for the 1999–2014 and 0.2 ± 0.4 mm/a for the 2015–2018 period 
(PDFs of estimated parameters are shown in Figure S13 in Supporting Information S1). These results sug-
gest that creep at Xialatuo sites ended during the 2000–2018 period. To further investigate if there is any 
creep signal along the Xianshuihe fault between ∼30.5° and ∼31.6°N, we use the InSAR data (2014–2016, 
Figure 3b) across the fault and estimate “creep rates” (see Section 2.3). The result (Figures 3c and 8a) also 
shows no apparent creep signal. Space geodetic creep results (0–1.5 mm/a) are smaller than those obtained 
from ground short-baseline measurements results (2–3 mm/a, Zhang, Wen, et al., 2018) for the 1996–2018 
period. The creep rate discrepancy might be due to either different datasets or different period used to 
calculate it. As predicted by the exponential function (Figure 8a), the average creep rate in 1996–2008 is 
∼2 mm/a, which is approximately the precision level of geodetic observations (i.e., GPS and InSAR), mak-
ing difficult to detect it. Alternatively, the surface creep following the 1973 M 7.6 Luhuo earthquake might 
have ended before 1996. The creeping results derived from short-baseline measurements (1996–2014) are 
limited by their spatial coverage (baseline length <300 m), thus the observations are probably related to a 
shattered or damaged fault zone in the shallow sediments (e.g., Hamiel et al., 2018). Such interpretation 
implies that the Xianshuihe fault experienced postseismic deformation in a period (before 1996) shorter 
than the 41+ years (1973–2014+) proposed by Zhang, Wen, et al. (2018). Despite these subtle differences 
between our results and Zhang, Wen, et al. (2018), both studies show that the shallow creep section along 
the Xianshuihe fault (∼30.5°–31.6°N) is at present in a state of progressive relocking of the shallow part of 
the fault, initiating of a new cycle of stress accumulation.

The other creep section highlighted by our GPS results lies in ∼30.2°–30.4°N along the Bamei-Kangding 
section, which extends ∼30 km-long (Figure 4). To provide independent reference for the existence of creep 
section as well as the creep rate, we also fit 2-D elastic dislocation model to the fault parallel GPS velocities 
(Figure 9a show profiles location and fit of our best model, fault normal components are show in Figure 
S14 in Supporting Information S1). Results show sharp but continuously gradient across the fault for AA’ 
and CC’ north and south of the creeping section, indicating locked fault sections with locking depths of 
5.9 ± 2.1 km and 7.1 ± 4.3 km respectively. The estimated values (within 95% confidence interval) overlap 
with the 2–3 km fault locking depth from our block model. However, for profile BB’ crossing our proposed 
creep section, GPS velocities show apparent offset across the fault, indicating surface creep. The creep rate is 
estimated to be 9.0 ± 2.0 mm/a (PDFs are shown in Figure S15 in Supporting Information S1). This surface 
creep rate is larger than the result from the block model (∼7.5 mm/a) but similar to the estimated far-field 
loading rate (8.8 ± 1.0 mm/a).

One issue here is whether the shallow creep (∼30.2°–30.4°N) is a permanent feature or a transient one, 
with time-decaying rate as found for the northwestern Xianshuihe fault. Paleoseismological investigations 
identified 17 M ≥ 6.0 earthquakes along the Xianshuihe fault during the past 700 years (Figures 4 and 6), 
16 of which terminated on either side of the creeping section. Only the 1748 M 6.7 earthquake appears to 
rupture across the identified creeping section. Such medium size earthquake is unlikely to produce afterslip 
270 years after its occurrence. The above evidence suggests the fault creep is possibly a permanent feature. 
Modern microseismicity show cluster beneath the creeping section, indicating the slip deficit on this section 
is likely released by ruptures of medium-small-sized asperities, and the 1748 M 6.7 earthquake might be 
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such a case. The November 22, 2014 Mw 5.9 Kangding earthquake ruptured on the part slightly north of the 
creeping section at 10 km depth (Figure 4). Consequently, it is likely that the creep section has acted as a 
barrier to the propagation of rupture during earthquakes.

Current observational evidence cannot rule out the possibility that shallow creep on this section has been 
activated as a propagation of the afterslip along the northwestern Xianshuihe fault. Such inference requires 
observational evidences at least prior to the 1981 M 6.9 earthquake, we will try to collect available data in 
our future work.

Figure 9. (a) (Left panel) Enlarged map of GPS velocity fields (1998–2014, Eurasia fixed reference frame, error ellipses at the 68% confidence levels) across the 
Xianshuihe fault. The orange ellipse indicates the creeping sections proposed by Allen et al. (1991) and Zhang, Wen, et al. (2018). (Right panel) Observed and 
calculated fault-parallel velocities across the Xianshuihe fault, with its locations shown in red rectangles in the left panel. Red diamonds with 1-σ uncertainty 
error bars show the fault-parallel velocity components of GPS data. Blue curves show prediction for the best fit of 2-D elastic interseismic models. (b) Enlarged 
map of GPS velocity fields (1999–2007, Eurasia fixed reference frame) across the Xianshuihe fault. Observed and best 2-D interseismic model prediction. (c) 
Same as (b) for the 2015–2018 GPS velocity field. Fault normal components are show in Figure S14 in Supporting Information S1, PDFs of estimated fault 
parameters are shown in Figure S15 in Supporting Information S1.



Journal of Geophysical Research: Solid Earth

LI ET AL.

10.1029/2020JB021187

17 of 20

4.3. Temporal Variation in Creep Rate Along the Xianshuihe Fault (∼30.2°–30.4°N)

We further investigate if temporal variation in surface creep rate along the Xianshuihe fault (∼30.2°–
30.4°N) could be detected in our data set. We first fit a 2-D elastic dislocation model to the fault parallel 
GPS velocities (1999–2007, Figure 9b and Figure S14 in Supporting Information S1) and find a creep rate of 
7.4 ± 2.4 mm/a, smaller than the averaged creep rate (9.0 ± 2.0 mm/a) during the 1999–2014 period (Fig-
ures 9a and 10a) but consistent with the ∼7.5 mm/a estimation by our block model. This comparison in turn 
implies that the creep rate during the 2008–2014 period should be larger than 9.0 mm/a. We also fit the fault 
parallel GPS velocities between 2015 and 2018 (Figure 9c and Figure S14 in Supporting Information S1). For 
this period, the result shows an average creep rate of 7.3 ± 1.5 mm/a, which is similar to that in 1999–2007. 
The above results therefore indicate an increase in creep rate for the 2008–2014 period, hence implying 
the creep experienced a pulse (Figure 10a). To provide independent evidence for the temporal variations 
in creep rate, we finally fit linear constant velocities for four GPS sites that observed in 1999–2015 and that 
are adjacent to the creep section in different time bin (Figure 10c). For each GPS site, we fit two lines to the 
time series data, that is, the period in 1999–2007 and 2009–2014. The velocity estimates for the 1999–2007 

Figure 10. (a) Creep rate along the Xianshuihe fault as a function of time. Error bars show 1-σ uncertainty. Black 
(red) arrows show the date of large earthquakes in eastern Tibet. (b) Coulomb failure stress changes (ΔCFS) on the 
Xianshuihe caused by the 2008 Mw 7.9 Wenchuan and the 2013 Mw 6.5 Lushan earthquakes using the model from 
Shan et al. (2013). Gray rectangle outlines the extent of the creep section found in this study. (c) GPS sites distribution 
along the Xianshuihe fault. The orange ellipse indicates the proposed creep section. Right panel shows time series of 
the GPS fault parallel component for the 2009–2015 period with respect to the 1999–2007 taken as reference. Black lines 
indicate the best linear fit to the data. The red dotted vertical line shows the date of the 2008 Wenchuan earthquake. 
Note position of the data points along the y-axis have been shifted for clarity.
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period is taken as the reference velocity. The results show a slight velocity acceleration (2009–2014) in the 
fault parallel direction, especially for sites H066 and H079, which are ∼8 km from the fault. Moreover, time 
series of H067 and JB35 (∼220 km away from the Wenchuan earthquake surface rupture) show almost in-
distinguishable velocity changes after the 2008 Mw 7.9 Wenchuan earthquake, suggesting that the velocity 
variations of the H066 and H079 sites is not induced by the postseismic transients of the Wenchuan earth-
quake. This further strengthens our inference that the observed velocity acceleration is most likely related 
to an acceleration of shallow creep. Unfortunately, the few GPS campaign epochs could not provide further 
constraints on the full time dependent behavior of creep.

We attribute the temporal variation in creep rate to stress perturbations from nearby large earthquakes, 
that is, the 2008 Mw 7.9 Wenchuan earthquake and the 2013 Mw 6.5 Lushan earthquake (Figure 1), which 
occurred in eastern Tibet between 2008 and 2014 and overlapped in time with the period of creep acceler-
ation. The coseismic static Coulomb failure stress changes (ΔCFS) and viscoelastic stress changes induced 
by those earthquakes, mostly induced by the Wenchuan earthquake, are derived from Shan et al. (2013). 
Text S2 in Supporting Information S1 provides details about our Coulomb failure stress calculation. Positive 
ΔCFS increases stress loading in certain regions and amplifies the background seismicity, whereas negative 
ΔCFS could unload the stress on faults and suppress the background seismicity. Figure 10b shows obvious 
positive CFS of the order of 0.2 bars along the creep section (∼30.2°–30.4°N), suggesting that the stress 
change may have triggered enhanced creep rate along the Xianshuihe fault.

The November 22, 2014 Mw 5.9 Kangding earthquake occurred at a fault portion located slightly north of 
the creeping section, after the period of creep acceleration. Although the relationship between the earth-
quake and creep on the Xianshuihe fault remains to be understood, there have been evidences on other 
continental faults that shallow fault creep rate acceleration could trigger medium-small earthquakes, such 
as along the Haiyuan fault (e.g., Jolivet et al., 2012). Moreover, by comparing the coseismic slip of the 2014 
Mw 5.9 Kangding earthquake with our preferred fault coupling result (Figure 4), we notice that the earth-
quake ruptured at least part of creep regions, although data resolution does not allow us to better constrain 
the creep distribution at depth.

5. Conclusions
In this study, we present a detailed description of the crustal deformation along the XXFS, which is one of 
the most seismically active and potentially most damaging one in China. First, using the GPS velocity solu-
tion (1999–2014) for eastern Tibet and the elastic block model, we obtain left-lateral slip rates of 7–11 mm/a 
along the fault system. In the northern part of the XXFS from 32°N to 30°N, the Xianshuihe fault appears to 
be predominantly creeping at depth, whereas the Anninghe, Zemuhe and Xiaojiang faults show significant 
coupling.

The previously reported shallow creep along the northern Xianshuihe fault appears to be long-lasting after-
slip following the large (M 7.6 in 1973) and moderate-size (M 6.9 in 1981) earthquakes. Several arguments 
indicate that relatively weak coupling along the southern Xianshuihe fault is related to past earthquakes in 
1955 and even 1893. This is further supported by surface creep along the fault, whose rate decays through 
time and has possibly ended, therefore initiating a new cycle of increasing slip deficit accumulation.

We further identify that the Kangding-Bamei section includes a ∼30  km-long creeping section (30.2°–
30.4°N) and find that creep rate accelerated during the 2008–2014 period, likely as a result of stress incre-
ments induced by surrounding large earthquakes, the 2008 Mw 7.9 Wenchuan earthquake being the main 
one. Finally, quantitative calculations of moment budget highlight relatively high seismic potential on the 
Anninghe, Zemuhe and Xiaojiang faults, where the elastic strain deficit could be balanced by Mw 7.5, Mw 
7.2, and Mw 7.1–7.2 earthquakes respectively.

Data Availability Statement
GPS velocity solution of 1999–2007 was derived from Zhang et al. (2013). GPS velocity solution of 1999–
2014 was derived from Rui and Stamps (2016) and Wang, Qiao, et al. (2017). GPS velocity solution of 2015–
2018 was derived from our own processing of CMONOC GPS data. The GPS time series data (1999–2015) 
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in Figure 10c were provided by GNSS Data Product Service Platform of China Earthquake Administration. 
InSAR data came from Zhang, Cao, et al. (2018). GPS velocity solutions, GPS time-series data, fault lock-
ing result, background earthquakes (in Figure 4), and GPS profiles data (in Figures 8 and 9) are upload-
ed at https://osf.io/bhyus/. The authors used the DEFNODE program shared by Robert McCaffrey for the 
elastic block modeling. Figures were generated using the Generic Mapping Tools (GMT) software (Wessel 
et al., 2013).
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