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Abstract

The left-lateral Xianshuihe Fault is located at the eastern boundary of the Tibetan Plateau and is one of the most active faults

in China. It is associated with substantial seismic potential, with more than 20 Mw>6 earthquakes since 1700. The fault has

been documented to be creeping at the surface for decades; however, the spatial and temporal distributions of shallow creep

along the fault are not well resolved. In this study, we obtain high-resolution interseismic velocity maps along the 350-km-long

central Xianshuihe Fault and Interferometric Synthetic Aperture Radar (InSAR) timeseries along the Kangding segment using

ascending and descending Sentinel-1 data. The InSAR data reveal multiple creeping sections and the estimated surface creep

rates show high along-strike variability. A coupling model characterizes the distribution of creep with depth. The seismic

potential of apparent rupture asperities along the Xianshuihe Fault is further refined by considering fault-crossing baseline

data and the distribution of historical ruptures and microseismicity. Moreover, a stress-driven afterslip model of the observed

accelerated creep around the Mw 5.9 2014 Kangding rupture indicates substantial shallow afterslip, which provides further

constraints on the distribution of locked and creeping patches along this section of the Xianshuihe Fault.
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Abstract 17 

The left-lateral Xianshuihe Fault is located at the eastern boundary of the Tibetan Plateau and is 18 

one of the most active faults in China. It is associated with substantial seismic potential, with more 19 

than 20 Mw>6 earthquakes since 1700. The fault has been documented to be creeping at the surface 20 

for decades; however, the spatial and temporal distributions of shallow creep along the fault are 21 

not well resolved. In this study, we obtain high-resolution interseismic velocity maps along the 22 

350-km-long central Xianshuihe Fault and Interferometric Synthetic Aperture Radar (InSAR) 23 

timeseries along the Kangding segment using ascending and descending Sentinel-1 data. The 24 

InSAR data reveal multiple creeping sections and the estimated surface creep rates show high 25 

along-strike variability. A coupling model characterizes the distribution of creep with depth. The 26 

seismic potential of apparent rupture asperities along the Xianshuihe Fault is further refined by 27 

considering fault-crossing baseline data and the distribution of historical ruptures and 28 

microseismicity. Moreover, a stress-driven afterslip model of the observed accelerated creep 29 

around the Mw 5.9 2014 Kangding rupture indicates substantial shallow afterslip, which provides 30 

further constraints on the distribution of locked and creeping patches along this section of the 31 

Xianshuihe Fault. 32 

1 Introduction  33 

Creeping faults slip aseismically in their upper few kilometers and have been observed in various 34 

kinds of tectonic settings and environments around the world (Harris, 2017; Bürgmann, 2018). 35 

Continental strike-slip creeping faults represent an important portion of the slow slip family. In 36 

addition to field deployed creepmeters, alignment arrays and near-field GPS measurements, the 37 

dense spatial sampling of InSAR has proved to be particularly valuable for studies of creeping 38 

strike-slip faults,  such as the San Andreas Fault (e.g. Tong et al., 2013) and the Hayward-39 

Calaveras fault zone (e.g. Chaussard et al., 2015) in California, the Haiyuan Fault (e.g. Jolivet et 40 

al., 2012) in China, and the North Anatolian Fault (e.g. Aslan et al., 2019) in Turkey. 41 

Spatiotemporal variations of fault creep rates can be linked to the spatial distribution of locked 42 

fault sections and the occurrence of nearby earthquakes (e.g. Jolivet et al., 2012; Shirzaei & 43 

Bürgmann, 2013; Khoshmanesh et al., 2015). 44 

Even though there is little interseismic strain accumulation along the uppermost part of rapidly 45 

creeping faults, destructive earthquakes can still occur on these faults to compensate for the slip 46 

deficit accumulating on coupled portions of the fault at greater depth over time. However, due to 47 

limited observations available, the mechanisms and dynamics of fault creep still remain unclear. 48 

Regarding what makes a fault creep, several possible explanations have been proposed, including 49 

specific fault zone materials that have low frictional resistance and rate-strengthening properties 50 

(e.g., serpentinite found near creeping faults in California, Harris, 2017), elevated pore pressure in 51 

the fault zone that reduces the effective normal stress (e.g., Superstition Hills Fault in California, 52 

Wei et al., 2009), and the response to static and/or dynamic stress changes from nearby earthquakes 53 

(e.g., the North Anatolian Fault, Çakir et al., 2012). In the context of regional seismic hazard 54 

evaluation, a better characterization of creeping faults can also help map out the distribution of 55 

locked and creeping patches on the fault that can be incorporated into rupture and ground motion 56 

modeling (e.g., Aagaard et al., 2012).  57 

The left-lateral Xianshuihe Fault (XSF) is located at the eastern boundary of the Tibetan Plateau 58 

(Figure 1), which is one of the bounding faults that accommodates the distributed convergence of 59 
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the Indian and Eurasian plates (Zhang, 2013). Being one of the most active faults in China, the 60 

Xianshuihe Fault is associated with substantial seismic potential. Since 1700, more than 20 Mw > 61 

6  earthquakes occurred along the Xianshuihe Fault (Wang et al., 2009; Bai et al., 2018), including 62 

the 1973 Ms 7.4 Luhuo earthquake, the 1981 Ms 6.8 Daofu earthquake (Wen et al., 2008), and the 63 

most recent 2014 Mw5.9 Kangding earthquake doublet (Jiang et al., 2015a) (Figure 1).  64 

 65 

Figure 1. (a) Overview map of active crustal deformation across the Tibetan Plateau. The study 66 

region is indicated by the yellow rectangle. Blue arrows show GPS velocities tipped with 95% 67 

confidence ellipses measured during 1991–2015 (Zheng et al., 2017) referenced to the Yajiang 68 

sub-block. The Euler pole of the Yajiang block (angular rotation of lon/lat/w= [95.194°E, 24.8°N, 69 

-1.409°/Myr] with respect to Eurasia) is determined from GPS station velocities within the region 70 

outlined by orange dashed lines. (b) A zoom-in map of the Xianshuihe Fault region. Black boxes 71 

show the Sentinel-1 SAR coverage for ascending track 26 and descending tracks 33 and 135. 72 

Historical earthquakes and their ruptures are labeled along the fault. Dark red circles show regional 73 

M≥1.5 seismicity from China Seismic Experiment Site (2009-2019; Wu et al., 2019) and grey fault 74 

lines are from Xu et al. (2016). 75 

Geological studies found its late Quaternary slip rates to be ~10 mm/yr (Bai et al., 2018) consistent 76 

with the geodetic slip rate inferred from 25 years (1991–2015) of GPS measurements (Zheng et 77 

al., 2017). Regarding recent InSAR studies, Wang et al. (2009) first obtained a velocity map using 78 

data from the ERS-1/2 and Envisat satellites acquired between 1996 and 2008, and inverted for a 79 

9~12 mm/yr slip rate on a buried screw dislocation with a shallow 3-6 km locking depth along the 80 

northwestern XSF. Zhang et al. (2019) obtained a velocity map using Sentinel-1A data between 81 

December 2014 and November 2016 showing evidence of creep on the fault. Moreover, Zhang et 82 

al. (2018) used more than 30 years of fault-crossing short-baseline and short-leveling surveys since 83 

1976 to show the surface creep and slip behavior at seven sites along the XSF. The largest surface 84 

creep occurred near the 1973 Luhuo earthquake rupture, reflecting decaying surface slip rates 85 
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following this event. However, details of the distribution of creep in space and time have not yet 86 

been resolved.  87 

To characterize fault creep at and below the Earth’s surface, dense and accurate measurements of 88 

crustal deformation in both the near field and far field are crucial. The dense sampling of InSAR 89 

and its global coverage make it a unique geodetic tool that we can leverage in areas that lack dense 90 

GPS coverage. The launches of Sentinel-1A in 2014 and Sentinel-1B in 2016 effectively reduced 91 

the satellites’ recurrence intervals to as little as 6 days, making interseismic deformation and its 92 

temporal variation possible to resolve in a relatively short time period. However, there are still 93 

substantial challenges for InSAR observations of creeping faults, given that the interseismic 94 

signals tend to be relatively subtle (~mm/yr) and are often contaminated by atmospheric noise. 95 

Therefore, in this study, we aim to find optimal InSAR processing schemes that focus on retrieving 96 

the subtle interseismic signals as well as characteristics of surface creep along the XSF. As the 97 

recent Kangding earthquake occurred just after the launch of Sentinel-1, we also seek to quantify 98 

the aseismic fault slip response to the seismic event, and to assess how such seismic events interact 99 

with the interseismic fault creep.  100 

2 Data and Methods 101 

2.1 InSAR data and processing 102 

The InSAR data are processed using the GMTSAR software (Sandwell et al,. 2011 a, b).  We use 103 

data from two Sentinel-1 descending tracks (135, 33) and one ascending track (26) covering the 104 

study region. The spatial coverage of the Sentinel-1 data is shown in Figure 1(b). All available 105 

(254) images from December 2014 to August 2019 are considered to estimate interseismic 106 

velocities and time series, excluding scenes collected before the 2014 Mw5.9 Kangding earthquake 107 

to separate out the coseismic offsets. More detailed information about the available interferograms 108 

can be found in Table 1.  109 

Table 1. Sentinel-1 InSAR data after the 2014 Kangding earthquake sequence generated in this 110 

study.   111 

Tracks Orbit # Scenes # Intf Time span # Intf selected 

T135 Descending 57 340 20141213-20190720 13 

T33 Descending 95 1090 20141218-20190713 14 

T26 Ascending 102 1174 20141206-20190713 21 

* # Intf: the number of all available interferograms generated in this study 112 

* # Intf selected: the number of interferograms that are selected to form the average velocity map 113 

Usually, the correlation between two SAR acquisitions will decrease with increasing time span 114 

due to the growth of vegetation, sediment transport, and extreme weather conditions. However, in 115 

some cases, interferograms spanning several years with small perpendicular baselines may have 116 

better performance than a much shorter-duration interferogram with an image contaminated by 117 

substantial atmospheric noise (e.g., wet or snowy season acquisitions).  Therefore, to explore the 118 

optimal selection and combination of interferogram pairs for the velocity map formation, 119 

interferograms are produced based on a 2000-day temporal baseline threshold and 20-meter 120 

perpendicular orbit baseline threshold criteria. Baseline plots for all interferograms can be found 121 

in Figure S2. We decimate the interferograms to be 1 in every 16 pixels in range and 1 in 4 pixels 122 
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in azimuth direction, resulting in an image resolution of about 60×80 m. All interferograms are 123 

filtered using a 200-m Gaussian filter as well as an adaptive Goldstein filter (Goldstein & Werner, 124 

1998). We masked all pixels with an average coherence lower than 0.09. Then, the masked 125 

interferograms are interpolated to assist in phase unwrapping using the Statistical-cost, Network-126 

flow Algorithm for Phase Unwrapping software (SNAPHU, Chen & Zebker, 2002). 127 

We found that average velocity maps generated from manually selected long-term interferograms 128 

with good signal-to-noise ratio work best for obtaining high-quality deformation observations in 129 

the XSF region compared with only using relatively short-term pairs. The selected interferograms 130 

are listed in Table S1 with the corresponding coherence and STD values of the unwrapped 131 

interferograms. Examples of selected interferograms that were used in the velocity map formation 132 

for each track, as well as some that were rejected, are shown in Figure 2 and Figure S3.  133 

 134 

Figure 2. (a)-(c) Examples of selected good interferograms from descending track T135F3. (d)-135 

(e) Examples of bad interferograms that are contaminated by decorrelation and topography-136 

correlated atmospheric noise, respectively. Dates used to form the interferograms are shown at the 137 

top of each panel. See Figure S3 for additional examples.  138 

Coseismic interferograms for the 2014 Kangding earthquake sequence 139 

We use both ascending and descending Sentinel-1 interferograms to characterize the deformation 140 

field of the Kangding earthquake sequence. The coseismic interferograms used are 20141019-141 

20141206 for track A26 and 20141026-20141213 for track D135. Baseline plots for the coseismic 142 

pairs are shown in Figure S2. The earthquake occurred ~7 months after the Sentinel-1A satellite 143 

launched. Luckily, the first available scenes covering the Kangding region along track A26 and 144 

D135 were acquired just before the earthquake. However, only one pre-earthquake scene is 145 

available and thus the atmospheric noise on that day contributing to the coseismic interferogram 146 

could not be suppressed by averaging multiple coseismic interferograms formed with different pre-147 

earthquake scenes. We only applied a linear topography-correlated correction from the original 148 
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unwrapped interferograms to mitigate the effects of tropospheric delays. The original, unwrapped, 149 

and corrected interferograms for ascending and descending tracks are shown in Figure 3.  150 

 151 

Figure 3. (a) Coseismic wrapped interferogram, (b) unwrapped interferogram and (c) 152 

interferogram after a linear topo-correlated atmospheric noise correction from ascending track 26. 153 

(d-f) Corresponding maps for descending track 135. Note that in (f), we also manually corrected 154 

for a clear unwrapping error (2pi) in the NE corner of the image. 155 

Timeseries analysis using a subset of interferograms 156 

To characterize the temporal behavior of fault creep along the XSF, more frequent temporal 157 

sampling of the SAR acquisitions is needed. We analyzed multiple properties of interferograms 158 

generated in Section 2.1 and found the manually selected interferograms used in the velocity map 159 

all have a relatively small standard deviation of unwrapped LOS change (STD) for the whole 160 

image (Figure S4). Accordingly, we selected from the generated interferograms with STD<3 to 161 

include a larger subset of interferograms (202) in the timeseries analysis. Due to the limited signal 162 

to noise ratio in the interferograms, we focus on the Kangding region in the timeseries analysis 163 

using descending track 135. The ascending track 26 are not used because the derived timeseries 164 

has a very low signal-to-noise ratio and no meaningful signal can be extracted. The interferograms 165 

that are used in the timeseries analysis are shown in Figure S2. Note that the interferograms used 166 

to produce the average velocity map in descending track 135 (Fig. 3b) represent a subset of the 167 

ones that were used in the timeseries analysis. More interferograms are included to ensure denser 168 

temporal sampling. The timeseries analysis is conducted using Small Baseline Subset method 169 

(SBAS; Berardino et al., 2002; Schmidt & Bürgmann, 2003). A linear regression between phase 170 

and topography was removed in each interferogram to reduce the effect of topography-correlated 171 

atmospheric noise. 172 

2.2 Kinematic inversion for the seismic and aseismic fault slip 173 

Kinematic inversions for both the coseismic and aseismic slip are conducted using the constrained 174 

least square methods. Green’s functions relating unit slip on rectangular dislocations to range 175 

change or range change rate are calculated assuming a homogeneous elastic half-space (Okada, 176 
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1985). Laplacian smoothing is applied to avoid abrupt slip variations between neighboring patches. 177 

The inversion problem can be described as:  178 

(𝒍𝒐𝒔
𝟎

) = ( 𝑮
𝝀𝑯𝟐)𝒎   (Eq 1) 179 

where los represents the line of sight (LOS) range change measurements from the ascending and 180 

descending tracks, G is the Green’s function matrix, H is the Laplacian smoothing matrix, 𝝀 is the 181 

smoothing factor and m is the slip vector for each fault patch that is being solved in the inversion. 182 

In this study, we only allow left-lateral strike slip for the slip vector m. 183 

3 Results 184 

3.1 Average interseismic velocity map along the XSF 185 

By stacking the manually selected interferograms listed in Table S1, we form average velocity 186 

maps for both ascending and descending tracks (Figure 4 a, b). The LOS velocities measured in 187 

the two SAR geometries have opposite signs across the XSF, indicating that the signal is 188 

dominated by horizontal strike-slip fault motion.  189 

If we assume all horizontal motions to be fault parallel, the LOS velocity maps from ascending 190 

and descending looking geometries can be decomposed into fault-parallel velocities 𝒖 and vertical 191 

velocities 𝒘, where 𝜽 is the average fault strike of the patch, and (𝒍𝒐𝒐𝒌𝑬, 𝒍𝒐𝒐𝒌𝑵, 𝒍𝒐𝒐𝒌𝒁) are look 192 

vectors for each flight direction, respectively (Eq 2).  193 

(𝑉𝑙𝑜𝑠_𝑎𝑠𝑐
𝑉𝑙𝑜𝑠_𝑑𝑒𝑠

) = (
𝑙𝑜𝑜𝑘𝐸_𝑎𝑠𝑐 sin 𝜃 + 𝑙𝑜𝑜𝑘𝑁_𝑎𝑠𝑐cos 𝜃 𝑙𝑜𝑜𝑘𝑍_𝑎𝑠𝑐

𝑙𝑜𝑜𝑘𝐸_𝑑𝑒𝑠 sin 𝜃 + 𝑙𝑜𝑜𝑘𝑁_𝑑𝑒𝑠cos 𝜃 𝑙𝑜𝑜𝑘𝑍_𝑑𝑒𝑠
) (𝑢

𝑤
)        (Eq 2) 194 

However, the strike of the XSF increases from ~125° in the NW to ~160 ° in the SE. Due to such 195 

a significant change in strike, assuming a uniform strike for the velocity decomposition would bias 196 

the result. Thus, we divide the LOS velocity maps into three swaths shown in Figure 4 a, b. From 197 

NW to SE, the patch lengths are 80, 120 and 120 km, respectively. The average strike of each 198 
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patch is 129°,131° and 145°. All patches have 100 km widths, extending for 50 km on either side 199 

of the fault.  200 

 201 
Figure 4. (a), (b): Average LOS velocity maps for (a) ascending track 26 and (b) descending tracks 202 

33 and 135 in the Xianshuihe Fault region. In both (a) and (b), red color represents radar range 203 

increase and blue color represents range decrease. Fault-crossing baseline survey sites from Zhang 204 

et al. (2018) are denoted with yellow triangles labeled with their station names. Co-registered and 205 

projected LOS velocities from GPS measured horizontal velocities from Zheng et al. (2017) are 206 

shown with circles using the same color scale. InSAR and GPS velocities are referenced to the 207 

Yajiang sub-block (Figure 1). (c)(d): Decomposed velocity maps of (c) fault-parallel and (d) 208 

vertical components. In (c), red coloring represents SE motion and blue indicates NW motion. 209 

GPS vectors are horizontal GPS velocities from Zheng et al. (2017) referenced to regional Yajiang 210 

sub-block. In (d), blue represents uplift and red represents subsidence. GPS vectors are vertical 211 

GPS velocities from Liang et al., (2013). We subtract 1.41 mm/yr of uplift from the original GPS 212 

velocities in the ITRF2008 reference frame to highlight local uplift-rate variations (Liang et al., 213 

2013). 214 

This allows us to obtain velocity maps of fault-parallel and vertical components using the average 215 

strike of the corresponding patch, assuming that all horizontal motions are parallel to the 216 

corresponding fault segment (Figure 4 c, d). The inferred fault-parallel velocity difference across 217 

the fault of 10-12 mm/yr between areas ~50 km away from the fault trace is generally consistent 218 

with GPS measurements (Figure 4c) and geologic slip-rate studies (Zheng et al., 2017; Bai et al., 219 
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2018). No significant vertical motion was observed. The decomposed vertical velocities range 220 

from 0-2 mm/yr, which is consistent with the vertical GPS solution by Liang et al. (2013) (Figure 221 

4d). 222 

 223 

3.2 Along-strike variation of the creep rate 224 

With the high-resolution average velocity map along the XSF, we first manually mapped the active 225 

fault trace of the XSF within the SAR coverage by finding the maximum InSAR velocity gradient 226 

and considering published fault trace maps and the regional morphology in Google Earth. Then, 227 

we estimate surface creep rates along the fault trace by drawing fault-normal velocity profiles 228 

every 2 km along the fault, where each profile includes data from a 2-km wide zone. We explored 229 

multiple choices of profile lengths on either side of the fault that are used to estimate surface creep 230 

and compared results using alternative estimation methods (Text S1). In our preferred approach, 231 

the profiles extend for 1.5 km on either side of the fault. The pixels within 0.5 km of the fault trace 232 

are masked out to allow for uncertainties of the assumed fault location. Thus, only the velocity of 233 

pixels between 0.5-1.5 km from the fault on each side are used in the creep rate estimation. For 234 

each profile, we did a linear regression to fit a straight line on each side of the fault. Then, we 235 

calculate the modeled velocity at the points closest to the fault (x=±0.5km). The surface creep rate 236 

is estimated by differencing the modeled fault-parallel velocities across the fault. Example 237 

diagrams of surface creep rate estimation for selected profiles are shown in Figure 5. The standard 238 

deviation of the estimated creep rate is obtained via error propagation in this procedure. 239 

The InSAR-derived surface creep-rate distribution is variable along the fault (Figure 6b) and 240 

matches the fault crossing baseline surveys from Zhang et al. (2018) at their site locations. To first 241 

order, the distribution of surface creep rate also appears correlated with nearby recent ruptures: 1) 242 

average creep rates of ~2.5 mm/yr near the 1981 Daofu earthquake rupture and 2) surface creep of 243 

up to ~5 mm/yr around the 2014 Kangding earthquake rupture, indicating that the surface creep is 244 

possibly linked to afterslip from these seismic events. In Section 3.4, we will investigate the SE 245 

segment of the XSF in more detail, given the coverage of Sentinel-1 data starting just before and 246 

continuing after the 2014 Kangding earthquake.  247 

  248 
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 249 

Figure 5. (a) Close-up view of the fault-parallel velocity field in Figure 4(c). Green squares on 250 

fault are same as those shown in Fig. 3c. (b) Fault-perpendicular velocity profiles (AA’, BB’, CC’ 251 

and DD’) with their locations shown in (a). Gray shaded areas represent the topography along the 252 

corresponding profiles. Right panels show the near-fault zoom of the left panels. The linear fit of 253 

the velocity trends at each side of the fault (0.5-1.5km) are labeled in dashed lines. The estimated 254 

surface creep rates are labeled in each profile. 255 

3.3 Coupling model along the XSF inverted from 2014-2019 deformation 256 

To capture the subsurface slip distribution along the XSF using InSAR data from both the near 257 

and far field, we conduct a two-step inversion following Chaussard et al. (2015). While it is likely 258 

that the deep slip rate and locking depth change along fault strike, there is also some trade-off 259 

between the locking depth and deep slip rate, where higher slip rates are obtained when using 260 

deeper locking depths. Therefore, here we assume a constant locking depth of 12 km and only 261 

solve for a uniform deep slip rate along the XSF. We first invert for the long-term slip rate using 262 
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a 1000-km-wide (effectively semi-infinite) vertical deep extension of the surface fault trace below 263 

12 km. We also extend the deep model dislocation far beyond the lateral edges of our model 264 

domain to prevent spurious far-field deformation gradients associated with the fault terminations. 265 

The geometry of the deep dislocation model is shown in Figure S5. The InSAR LOS velocities 266 

(Figure 4 a, b) are downsampled for denser sampling near fault and a sparser grid away from the 267 

fault trace. Pixels within one locking depth away from the fault trace are masked out given that the 268 

near field data may include contributions from shallow creep. The inverted deep slip rate is 12.11 269 

mm/yr with RMS residuals of 0.68 mm/yr. The resampled observed, modeled and residual long-270 

wavelength LOS velocities for ascending and descending tracks are shown in Figure S6, while 271 

Figure S8 shows the full-resolution results. The predicted GPS velocities using our derived deep 272 

dislocation model match the GPS observations as well (RMSGPS 2.04 mm/yr, Figure S7). We also 273 

tested the inversion results for different locking depths, where 10 km locking depth would lead to 274 

a deep slip rate of 11.24 mm/yr (RMSSAR 0.68 mm/yr, RMSGPS 2.09 mm/yr) and 14 km would lead 275 

to 12.99 mm/yr (RMS SAR 0.69 mm/yr, RMSGPS 1.99 mm/yr).  276 

For the inversion of shallow fault creep, we use the residual velocity maps from the deep 277 

dislocation model (Figure S8 c, f). We downsample the InSAR data iteratively using a quadtree 278 

algorithm (Simons et al., 2002; Wang & Fialko, 2015) to ensure more data points in areas with 279 

high velocity gradients near the fault trace. Pixels within 0.5 km of the fault trace are masked out 280 

to avoid averaging across the fault and smearing out the sharp velocity gradient through 281 

downsampling. We assume a vertical fault geometry due to the lack of evidence of variations in 282 

the along-strike fault dip. The model fault is 20 km wide, allowed to extend below the 12 km 283 

locking depth to accommodate potential deep afterslip of the 2014 Kangding earthquake. We 284 

discretized the fault into 1×1 km patches at the surface, and the patch size increases with depth to 285 

compensate for the loss of resolution (Fialko, 2004). We choose the smoothing parameter (𝝀 in Eq 286 

1) to be 0.01, relying on the trade-off curve between the smoothing parameter and RMS of the 287 

residuals shown in Figure S9. In the shallow slip inversion, we only allow left-lateral strike slip 288 

and fix the dip-slip component to zero.  289 

The preferred coupling model is shown in Figure 6d and corresponding distributed creep-rate 290 

model in Figure 7. The observed and modeled LOS velocity maps are shown in Figure 8, with an 291 

RMS of 0.70 mm/yr. In the model, patches with slip rate lower than 1.40 mm/yr are colored in 292 

white and are considered to be locked (Figure 7). The XSF represents a partially coupled fault with 293 

asperities, and we identify several areas with shallow creep of up to ~4-15 mm/yr (e.g., patches 294 

near Xialatuo site, Goupu site, etc). The high slip rates exceeding the tectonic loading rate on the 295 

SE part of the fault is likely associated with postseismic processes of the 2014 Kangding 296 

earthquake. If we assume a 12.11 mm/yr long-term slip rate and a locking depth of 12 km, 26% of 297 

the interseismic strain is released through aseismic slip along this 270-km-long section of the XSF, 298 

during the time period of December 2014 to July 2019.  The percentage of the moment budget 299 

being released will be higher for a lower long-term slip rate and/or a shallower locking depth. 300 

  301 
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 302 

Figure 6. (a) Spatio-temporal distribution of the most recent historical earthquake ruptures along 303 

the XSF. (b) Creep rate variation along the XSF estimated from fault-perpendicular velocity 304 

profiles. The averaged surface creep-rate measurements (1970s-2010s) from Zhang et al. (2018) 305 

are shown with yellow stars. (c) Cross-section of microseismicity and comparisons of identified 306 

asperities along the XSF. Black circles show M≥1.5 seismicity within 10 km of the XSF from 307 

China Seismic Experiment (2009-2019; Wu et al., 2019). A0: seismicity gap identified by Wen et 308 

al. (2008). A1-A3: asperities suggested by Jiang et al. (2015). A4: asperity proposed by Yi et al. 309 

(2005). A5-A6: asperities from Zhang et al. (2018). S1-S2: potential locked asperities identified 310 

by this study. (d) 2D view of the fault coupling distribution between 2014.12-2019.7 with outlined 311 

shallow creeping area. The coupling ratio is defined to be one when the fault is fully locked and 312 

zero when it is slipping at a tectonic loading rate of 12.11 mm/yr. Negative values indicate creep 313 

rates in excess of long-term values.  314 

  315 
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 317 
 318 

Figure 7. The inverted interseismic shallow slip model using the average velocity map between 319 

2014.12-2019.7 in the Xianshuihe Region. The model also includes 1000-km-wide deep 320 

dislocations below 12 km slipping at 12.11 mm/yr with lateral extensions that go far beyond the 321 

fault tips to account for the long-wavelength interseismic strain accumulation (see Figure S5). The 322 

locations of P and P’ are marked in Figure 4. Fault crossing baselines from Zhang et al. (2018) are 323 

shown as triangles colored by the reported along-strike slip rates. Locations of major cities along 324 

the XSF are labeled with squares.  325 

 326 

 327 

Figure 8. Comparison of downsampled observed and modeled short-wavelength LOS velocities 328 

from both ascending and descending Sentinel-1 geometries. (a-c) are observed, modeled, and 329 
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observed-minus-modeled residuals for ascending track 26. (d-f) are corresponding maps for 330 

descending orbit 135. Descending LOS velocities inside the black dashed box are used in the 331 

Kangding afterslip study, a zoom-in map of the sub-region is shown in Figure S14. Note that in 332 

(a) and (d), we have already subtracted the velocity field due 12.11 mm/yr of slip on a buried 333 

dislocation below 12 km. 334 

 335 

3.4 The 2014 Kangding earthquake sequence and its coseismic slip model 336 

Unlike the rather simple central segment, the southeastern part of the Xianshuihe Fault zone is 337 

more complex, where the fault splits into three branches, the Yalahe fault, the Selaha fault and the 338 

Zheduotang fault (Fang et al., 2015; Bai et al., 2018). The November 22, 2014 Mw5.9 Kangding 339 

earthquake was the most recent moderate earthquake along the XSF. The earthquake triggered 340 

more than 1000 aftershocks, including a Mw5.6 earthquake on November 25, 2014 (Jiang et al., 341 

2015a). No surface ruptures were found in field investigations following the two events (Jiang et 342 

al., 2015a). The Mw5.9 event was inferred to have occurred on the Selaha branch, whereas the 343 

Mw5.6 event likely occurred on the northern extension of the Zheduotang branch of the XSF (Jiang 344 

et al., 2015a).  345 

We use the relocated aftershocks from Fang et al. (2015) to determine the fault geometry of the 346 

coseismic slip model. The aftershocks are divided into two clusters representing aftershocks of the 347 

Mw5.9 and Mw5.6 event, respectively. Based on the spatial extent of the aftershocks, we set the 348 

fault lengths to be 20 km and 10 km for the two events and their downdip widths to 20 km. For 349 

each aftershock cluster, we use the principal component analysis (PCA) to find the fault strike that 350 

minimizes the residuals of the distances between the aftershock locations and the fault plane. The 351 

optimal strikes of the Mw5.9 and Mw5.6 fault planes are 140.95° and 152.98°, respectively. As the 352 

dips derived from PCA are near vertical (89.34° and 84.35°) and the aftershocks are quite scattered 353 

at depth, we did not use the inverted dip angles from the PCA. For the smaller Mw5.6 event, we 354 

assume the fault to be vertical. For the Mw5.9 event, the fault location was originally determined 355 

by the aftershocks assuming a vertical fault plane. We then added the fault dip and eastward shift 356 

of the surface fault trace location as a free parameter to account for the location ambiguity. We 357 

found a dip angle of 80° to the southwest and a 1500 m eastward shift that minimize the RMS 358 

residual from the grid search analysis for the Mw5.9 fault plane (Figure S10). After this adjustment, 359 

the fault centers for the Mw5.9 and Mw5.6 events are (101.66°, 30.30°) and (101.72°, 30.19°), 360 

respectively. 361 

Next, we solve for the distributed coseismic slip on the two fault planes using the downsampled 362 

ascending and descending interferograms. Our preferred model is shown in Figure 9, where the 363 

coseismic slip concentrates between 8-12 km depth with a maximum slip of about 0.8 m. The slip 364 

diminishes to near zero at ~5km depth and no slip was found in the shallowest 3-4 km, representing 365 

a blind rupture model with a substantial shallow slip deficit. The geodetic derived seismic moment 366 

is Mw6.15, which is far more than the Mw5.9 moment magnitude derived from the seismic data 367 

(Mw5.99 including all aftershocks). Previously published slip models also documented a similar 368 

discrepancy, where Jiang et al. (2015a) found the geodetic derived seismic moment magnitude to 369 

be Mw6.2 from ALOS-2 data. Xie et al. (2017) discuss the possible factors that could lead to such 370 

discrepancies, such as the choice of regional shear modulus, the inclusion of early afterslip in the 371 

coseismic interferograms, and various assumptions made in either estimate. In section 4.3, a stress-372 

driven afterslip forward model is used to address the possible contribution of early afterslip during 373 
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the 14 and 21 days between the mainshock and acquisitions of the post-event ascending and 374 

descending image, respectively. 375 

 376 
Figure 9. The best-fitting coseismic slip model of the Kangding earthquake. (a) and (b) show the 377 

slip model from opposite viewing geometries. Magenta dots show the first 24 days of relocated 378 

aftershocks of the 2014 Kangding earthquake sequence (Fang et al., 2015). We use 0.008 as our 379 

preferred smoothing parameter in the inversion. 380 

 381 

 382 
Figure 10. Comparison of observed and modeled coseismic deformation of Kangding earthquake 383 

from both ascending and descending Sentinel-1 geometries. (a-c) are the downsampled observed, 384 

modeled, and observed-minus-modeled residuals for ascending track 26. (d-f) are corresponding 385 
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maps for descending orbit 135. Black dashed lines indicate surface traces of the fault rupture model 386 

in Figure 9.  387 

 388 

3.5 Temporal characteristics of the postseismic deformation in the Kangding region 389 

After the removal of deformation from the deep interseismic dislocation model, the largest fault 390 

offsets are observed along the southeast section of the XSF (Figure 8), near the rupture of the 2014 391 

Kangding earthquake sequence. A corresponding pattern of high slip rates is also found in the 392 

inverted creep-rate model (Figure 7) and patches with inferred negative coupling (excess slip) in 393 

the coupling model (Figure 6d). The modeled fault slip rate of up to 22 mm/yr in the Kangding 394 

region exceeds the interseismic loading rate (~12 mm/yr). Considering the InSAR data spans the 395 

postseismic period of the 2014 Kangding earthquake sequence, such high slip is probably related 396 

to postseismic afterslip. Given the Kangding earthquake did not rupture to the surface and its 397 

coseismic slip model shows a clear shallow slip deficit (Figure 9), we infer that the earthquake 398 

ruptured a locked asperity at depth and the rapid creep represents afterslip in the shallow portions 399 

of the fault up dip of the rupture.  400 

Therefore, a timeseries analysis is carried out using 189 additional interferograms from track 135 401 

to assess the time dependence of the afterslip (data described in section 2.1). The LOS velocity 402 

map from the timeseries analysis (Figure 11a) is noisier but otherwise comparable to that formed 403 

from the manually selected interferograms (Figure 4b). Given the limited signal to noise ratio of 404 

the cumulative displacements solved by SBAS, we take three pairs of 1~2-km-wide and ~15-km-405 

long swaths on each side of the fault and focus on the average cross-fault timeseries differences 406 

between each pair of swaths. Multiple timeseries differences are taken from subswaths ranging 407 

from 0-1 km, 1-2 km, 1-3km, and 3-5 km away from the fault trace on each side of the fault.  408 

 409 
Figure 11. (a) Average LOS velocity map of the SE section of the XSF for descending track 135 410 

derived from the timeseries analysis (December 2014-July 2019). Red color represents radar range 411 

increase and blue color represents range decrease. Epicenters of the 2014 Kangding earthquake 412 

and its largest aftershock are labeled and shown as yellow stars. The inferred fault geometry in this 413 

region is shown by the dashed line. Magenta boxes outline the near-fault patches that are used for 414 

differencing cross-fault time series for the northern, central and southern Kangding fault sections, 415 

respectively. (b) Averaged cross-fault time series of the cumulative LOS displacement differences 416 

along the northern, central, and southern fault sections shown in (a). Dashed lines show the fitting 417 



Manuscript submitted to Journal of Geophysical Research: Solid Earth 

 

curves on each fault sections assuming a logarithmic afterslip decay time with characteristic decay 418 

times labeled on the curve. Blue y-axis shows the LOS displacements whereas the orange axis on 419 

the right shows the corresponding fault parallel displacement assuming all motions are fault 420 

parallel.  421 

The averaged cumulative LOS displacement differences across the fault at 0-1km in the northern, 422 

central and southern swaths are shown in Figure 11b. For reference, the stacked averaged 423 

timeseries of patches west and east of the fault prior to differencing are shown in Figure S11. The 424 

cumulative displacement shows a temporal decay and can be fitted with a logarithmic function, 425 

consistent with the assumption that the deformation is associated with transient creep or afterslip 426 

(e.g. Savage & Svarc, 2009; Savage et al., 2005). Therefore, we fit the timeseries using Eq 3, where 427 

c1 and c2 are constants, 𝑡 is the days after the earthquake, and τ is the characteristic decay time. 428 

We first fit the timeseries for each swath separately and find the characteristic decay times  τ that 429 

minimize the RMS misfit for the northern, central and southern swath to be 3500 days, 70 days 430 

and 150 days, respectively (Figure 11b, Figure S12). We repeated the process and found the best-431 

fitting characteristic decay times for all swath pairs at distances further away from the fault (Table 432 

S2). The northern swath has a distinctly longer characteristic decay time than the other two swaths 433 

and the linear model fits equally well compared with the log-decay model. This indicates the slip 434 

in the northern swath is less likely to be afterslip. The characteristic decay time reduced from 3500 435 

days to 1500 days for swath pairs further away from the fault, indicating some decaying slip at 436 

depth, regardless of it having small contribution overall. As for the central and southern swaths, 437 

the characteristic decay times are the shortest near the fault trace (70 and 150 days at 0-1 km) and 438 

become longer (500 and 1000 days at 3-5 km) when moving away from the fault trace. Such a 439 

pattern could possibly be due to a shallow decaying afterslip. As the resolved characteristic decay 440 

time changes with distance from the fault, we select τ = 250 days as the characteristic decay time 441 

for the whole section in the afterslip analysis as an approximation, which is the characteristic decay 442 

time for the central and southern segment at 1-3 km swaths.  443 

disp(t) = c1 + c2 log (1 +
𝑡

𝜏
 ) (Eq 3) 444 

∆disp(t1, t2) = disp(t1) − disp(t2) = c2 [log (1 +
𝑡1

𝜏
 ) − log (1 +

𝑡2

𝜏
 )]   (Eq 4) 445 

S =  ∑
∆disp(t1,t2)

∆disp(0,tmax)
   (Eq 5) 446 

Based on this relationship and assuming τ = 250 days, only 2.7% and 4.0% of the postseismic 447 

moment is released in the first 14 and 21 days. Thus, the ascending and descending coseismic 448 

interferogram spanning 14 and 21 days after the earthquake will include 2.7% and 4.0% of the 449 

afterslip deformation. For reference, the moment release would be 1.2% and 1.9% if we assume  450 

τ = 1500 days, and 5.7% and 8.2% if we assume 70 days. 451 

Using the relationship in Eq 3, we can reconstruct the cumulative displacement map from the 452 

average velocity map for the Kangding section of the XSF that will be further discussed in Section 453 

4.3. For each interferogram, the displacement in the corresponding time span can be calculated 454 

using Eq 4. When t2 = tmax  (end of the observation period) and t1 = 0 , the displacement 455 

corresponds to the total cumulative postseismic displacement. Combined with the weight of each 456 
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time span in the formation of the average velocity map (Figure S13), a cumulative displacement 457 

map can be reconstructed by applying a scaling factor S to the average velocity map obtained 458 

through stacking (Eq 5, Figure S14). The scaling factor is S=5.09 when τ = 250. If we assume a 459 

steady-slip scenario, S=4.49 and is equivalent to the total time span (in years) used in the stacking. 460 

Note that we did not use the cumulative displacement derived from SBAS given its high 461 

uncertainties introduced by the low signal and high atmospheric noise levels. Therefore, the spatial 462 

pattern of the reconstructed deformation is the same as the average velocity map. We also ignore 463 

the possible contribution of other postseismic mechanisms such as viscoelastic relaxation and 464 

poroelastic rebound. The reconstructed cumulative displacement map relies on the assumption of 465 

a spatially uniform logarithmic decay of the signal.  466 

 467 

4 Discussion 468 

4.1 Implications and limitations of the interseismic velocity map and coupling model 469 

We have to admit that the substantial vegetation cover, the high atmospheric noise content and the 470 

relatively low tectonic signal (~12 mm/yr) along the XSF make the extraction of the interseismic 471 

deformation signal challenging. In this study, we use InSAR data spanning December 2014 to 472 

August 2019 to form interseismic average velocity maps from a selected subset of high-quality 473 

interferograms that show a clear offset along the fault and have relatively modest atmospheric 474 

artifacts.  The signal-to-noise ratio in a single interferogram spanning a year or longer can be 475 

significantly improved since the long-term interferogram will capture more deformation assuming 476 

the same noise level (Figure 2). Therefore, we obtained a regional high-resolution interseismic 477 

velocity field in the XSF region by using manually selected long-term interferograms. However, 478 

we acknowledge the existence of remaining atmospheric noise in the stacked average velocity 479 

maps, as is evident in both the observations (Figure 4) and the residual maps for the coupling 480 

model (Figure 8). As we use the averaged velocity maps for the coupling model inversion, this 481 

model does not address temporal variation of the deformation field and slip distribution. The 482 

interferograms are unevenly distributed in time, and the weight of each time period in the mean 483 

rate estimate is unbalanced (Figure S13). Such unbalanced sampling in time will not affect our 484 

coupling model if the slip behavior along the fault is temporally invariant. We were not able to 485 

extract the temporal evolution of the slip behavior due to data limitations, except for the SE section 486 

of the XSF near the 2014 Kangding earthquake rupture, where a decaying pattern is captured. 487 

Hence, we chose to keep the steady slip-rate assumption and use the averaged velocity map to 488 

derive the coupling model, regardless of the potential underestimation of slip rate in the SE section 489 

(~12%). 490 

Due to the inherent limitations of the SAR observations, multiple constraints were added when 491 

inverting for our preferred coupling model. We first masked the near field data, fix the locking 492 

depth at 12 km and inverted for the long-term deep dislocation slip rate. We do not allow the slip 493 

rate and locking depth to vary along strike, despite of geologic studies reporting a decrease in slip 494 

rate along the XSF from 10-15 mm/yr in the northwest to 5-10 mm/yr in the southeast (e.g. Allen 495 

et al., 1991; Xu et al., 2003). While this model comes with a number of inherent uncertainties, the 496 

inferred coupling distribution can provide valuable observational constraints of variable fault 497 

behavior along the XSF. Previous models focused on the coupling status and strain accumulation 498 

along sections of the XSF (e.g. Jiang et al., 2015b, Li et al., 2018). However, those studies mainly 499 
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depend on GPS to constrain their analysis and do not have sufficient spatial resolution. Our up-to-500 

date, high-resolution geodetic observations provide additional data constraints that should be of 501 

value for future investigations of the XSF. 502 

4.2 Implications for the seismic potential on the XSF 503 

The XSF is one of the most seismically active regions in China. Being one of the major faults that 504 

accommodates the partitioning of regional deformation at the eastern boundary of the Tibetan 505 

Plateau (Fig. 1), all segments of the XSF appear to have ruptured several times since 1700. Wen 506 

et al. (2008) investigated the modern and historical records of the seismic intensity, rupture extent 507 

and geological investigations, and compiled a detailed rupture history along the XSF. Recent 508 

ruptures since 1893 are shown in Figure 6a. The spatiotemporal pattern of historical ruptures along 509 

the XSF does not seem characteristic, that is, the fault slip appears to be neither slip nor time 510 

predictable. However, the historical rupture records on a fault segment are still valuable as one can 511 

calculate the slip deficit since the latest earthquake and infer the seismic potential on the fault 512 

assuming all accumulated seismic moment will be released by future seismic events. In this section, 513 

we estimate the equivalent seismic moment deficit along corresponding fault segments based on a 514 

locking depth of 12 km and deep slip rate of 12.11 mm/yr, consistent with the values used for 515 

deriving our coupling model (Figure 7). If the slip rate is decreased to 10 mm/yr, the estimated 516 

cumulative moment deficit will decrease by ~Mw0.05. Likewise, if the locking depth is increased 517 

to 14 km, the estimated equivalent cumulative seismic moment will rise by ~Mw0.05. 518 

A seismic gap was identified along a fault segment between the Bamei and Kangding area (A0 in 519 

Figure 6c), where the most recent event (M ~6.75) occurred in 1748 (Wen et al., 2008). The 2014 520 

Kangding earthquake sequence occurred within this proposed seismic gap. However, the spatial 521 

extent of the rupture and the total seismic moment release (Mw5.99 including aftershocks) does 522 

not compensate for the slip deficit that has accumulated since 1748 (corresponding to Mw>7.25). 523 

The moment release of the 2014 Kangding earthquake sequence only equals ~10 years of strain 524 

accumulation on the estimated 1748 rupture asperity, less than 4% of the total. In addition to the 525 

A0 seismic gap, we note two segments along the XSF that have not ruptured for about a century. 526 

One of them is a ~20-km-long segment SE of the Xialatuo area (S1 in Figure 6c), where the latest 527 

recorded rupture was a M 7.3 event in 1923. No surface creep is identified on that segment, 528 

indicating the fault segment is probably a fully locked asperity and accumulating strain 529 

interseismically. The slip deficit on segment S1 since 1923 is capable of generating a Mw6.55. The 530 

second identified segment with high seismic potential is located between NW of Longdengba and 531 

Laoqianning/Bamei (S2 in Figure 6c). The latest rupture on the corresponding segment S2 532 

occurred in 1893 and the cumulative slip deficit since that M ~7 event is capable of generating a 533 

Mw6.74 event. If we combine the surrounding areas with substantial slip deficit accumulated since 534 

their latest rupture from Longdengba to Kangding (A0+S2), the combined segment has a seismic 535 

potential of up to ~Mw7.29.  536 

Our work further addresses the locking status and seismic potential on the fault by adding evidence 537 

from geodetic observations and quantitative estimates of moment released by aseismic fault slip. 538 

From the coupling model derived from InSAR observations (Figure 6,7), we mapped the detailed 539 

distribution of the shallow creeping sections of the fault (Figure 6c), where a total of 26% of the 540 

interseismic strain is released through aseismic slip during the observation period. If the slip rate 541 

is decreased to 10 mm/yr or the locking depth changed to 10 km, ~30% of the interseismic strain 542 



Manuscript submitted to Journal of Geophysical Research: Solid Earth 

 

will be released through aseismic slip. Moreover, if we assume all creeping patches do not 543 

contribute to interseismic strain accumulation and their slip budget is fully accommodated by 544 

aseismic slip, including both steady creep and afterslip following nearby ruptures, there will be a 545 

~40% reduction of seismic potential.   546 

In addition to the historical earthquake records that document the longer-term seismic slip history 547 

along the XSF, modern microseismicity provides additional evidence of the locking status along 548 

the fault. Yi et al. (2005) consider the spatial distribution of b-values and propose a probable 549 

asperity between Bamei and Selaha (A4 in Figure 6c) due to its unusually low b-value (0.66-0.73). 550 

Zhang et al. (2018) also identified a locked asperity between Zhuwo and Luhuo (A5) and another 551 

one between Goupu/Daofu and Laoqianning (A6), evidenced by the sparsity of microseismicity 552 

on the fault along these sections in the past decade. The asperity locations derived from 553 

microseismicity are generally consistent with our aseismic slip model, where the proposed locked 554 

patches are also free of or have limited shallow aseismic slip. 555 

The primary discrepancy occurs on the segment between Bamei and Selaha, the northern extension 556 

of the 2014 Kangding earthquake rupture (hereinafter referred to as N-Selaha segment), where we 557 

find substantial aseismic slip and the segment appears fully uncoupled (Figure 6d and 7) in our 558 

model. In contrast, the N-Selaha segment has been identified as a potential asperity by Yi et al. 559 

(2005) because of low b-values as well as by Jiang et al. (2015b) from their joint inversion of 560 

InSAR and GPS data using a viscoelastic model. This could indicate that the coupling status on 561 

the N-Selaha segment changed from locked to fully uncoupled after the 2014 Kangding earthquake. 562 

One interpretation for this could be that after the 2014 Kangding earthquake ruptured the locked 563 

asperity, and slip on this segment occurred post-seismically. In summary, though the Kangding 564 

earthquake and its afterslip released part of the accumulated strain on a previously identified 565 

“seismic gap”, the remaining slip deficit is still capable of generating a ~M7 event. Enhanced 566 

seismic and geodetic monitoring will be crucial to further improve the seismic hazard evaluation 567 

and quantification of earthquake potential along the XSF. 568 

4.3 Possible mechanisms of the substantial afterslip in the Kangding region 569 

Substantial near fault deformation is observed near the 2014 Kangding earthquake rupture since 570 

the event. The inverted fault slip on the corresponding fault patches far exceeds the tectonic loading 571 

rate and the temporal evolution of the deformation can be characterized by a logarithmic decay 572 

function, indicating that such deformation is probably due to postseismic afterslip. One common 573 

explanation for the origin of afterslip is that it is directly driven by the coseismic stress change 574 

(Bürgmann, 2018). To test if the kinematically inverted slip model makes physical sense, we use 575 

a stress-driven forward model to simulate the possible afterslip induced by the coseismic stress 576 

changes.  577 

The stress-driven afterslip modeling is conducted using Unicycle (Barbot, 2018; Barbot et al., 578 

2017). We assume a steady-state, rate-strengthening friction law without healing and slip 579 

weakening effects. In this simplification, the slip evolution can be represented by Eq 6 (Barbot et 580 

al., 2009; Wang & Bürgmann, 2020). All fault patches are set to be velocity strengthening except 581 

for the coseismic rupture area, where patches with negative stress change are pinned and not 582 

allowed to slip. As the temporal evolution of the slip behavior is not well constrained, we do not 583 

seek to find the best-fitting frictional properties of the fault interface, that is, the exact values of 584 
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𝐚𝛔 and V0 are not discussed. We only focus on the slip value at full relaxation, which indicates the 585 

maximum possible afterslip that could be induced by the coseismic rupture.  586 

𝐕 = 𝟐𝑽𝟎 𝐬𝐢𝐧𝐡
∆𝝉

𝒂𝝈
   (Eq 6)     587 

To simplify the simulation process, we use the fault geometry of the SE section of the coupling 588 

model for the coseismic slip inversion, rather than using the best-fitting coseismic slip model with 589 

two segments shown in Figure 9. The simplified slip model is shown in Figure S15 with the data 590 

fitting shown in Figure S16. The same fault geometry is then used for the stress-driven afterslip 591 

modeling, and the kinematic slip inversion and the stress-driven afterslip can be compared more 592 

directly. We consider two kinematic slip models. The first kinematic model is taken from the 593 

average slip rate in Figure 7 converted to cumulative slip by the scaling factor S=5.09, as described 594 

in Section 3.5. For the second slip inversion, we do not allow afterslip to occur on patches with 595 

negative coseismic stress change (same constraint as the stress-driven model). The inverted 596 

kinematic slip models and simulated stress-driven afterslip model are shown in Figure 12, with the 597 

modeled LOS displacements and their residuals. The deformation produced by the fully relaxed, 598 

coseismic-stress-driven afterslip captures the observed cumulative deformation to first order, but 599 

somewhat overpredicts the near-field deformation. The moment release from the afterslip is 600 

equivalent to Mw5.91 for the kinematic inversion (Figure 12a), Mw5.88 for the constrained 601 

kinematic inversion (Figure 12 b), and Mw6.03 (Figure 12 c) for the stress-driven forward model. 602 

The maximum amplitude for the stress-driven model prediction is ~0.18 m, exceeding the 603 

maximum slip in the kinematic model ~0.1m. However, if we apply the locked-asperity constraint 604 

in the kinematic inversion, the maximum amplitude of the constrained kinematic model is about 605 

the same as in the stress-driven model (Figure 12b). The misfits of the two kinematic inversions 606 

are comparable, with RMS values of 2.59 mm and 2.63 mm. The fully-relaxed stress-driven model 607 

has a higher misfit (RMS = 4.11 mm), which appears mainly due to a modest over-estimate of the 608 

shallow afterslip and lack of slip further NW where significant displacements are observed (Figure 609 

12c).  610 

There is a substantial difference between the kinematic and stress-driven models NW of the 611 

Kangding rupture along the N-Selaha and N-Bamei segments. The stress-driven afterslip model is 612 

only capable of producing afterslip in the vicinity of the coseismic rupture and does not predict 613 

slip along those segments located more than 20 km from the coseismic rupture (Figure 12c), 614 

whereas the kinematic inversions suggest more than 0.1 m of slip in N-Selaha and N-Bamei (Figure 615 

12a, b). That is, the inverted slip at depth along the N-Selaha and N-Bamei segments (Figure 12a) 616 

cannot be explained by the coseismic stress change, and it also exceeds the long-term slip rate 617 

(Figures 6d and 7). The excess deformation north of Selaha is quite clear from the residual map 618 

(Figure 12c), and is unlikely to represent an artifact.   619 

  620 
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 621 
 622 

Figure 12. Cumulative 2014-2019 fault slip along the SE segment of the XSF derived from (a) 623 

kinematic inversion from Figure 7, (b) kinematic inversion imposing zero slip on patches that have 624 

coseismic slip >0.15m, and (c) coseismic-stress-driven afterslip model. Right panels show the 625 

modeled and observed-minus-modeled residual cumulative LOS displacements. RMS misfits for 626 

each afterslip model is labeled in the residual map. 627 

Three possible explanations of the rapid aseismic slip beyond the immediate afterslip zone are 628 

discussed (Figure 12). One possibility is that the N-Selaha and N-Bamei segments exhibit steady 629 

creep interseismically and the observed shallow aseismic slip is independent of the earthquake 630 

(Figure 13a). This would be consistent with the near-linear evolution of the cross-fault LOS 631 

difference shown in Figure S12a, but not with the slip at depth apparently exceeding the long-term 632 

rate (Figures 6d, 7). Another scenario is that fault patches on those segments were originally 633 

velocity weakening and locked. The dynamic shaking of the 2014 Kangding earthquake may have 634 

perturbed the fault zone frictional properties and altered the corresponding patch from velocity 635 

weakening to velocity strengthening, allowing it to release ambient stress via aseismic slip (Figure 636 

13b). The dynamic stress perturbation may have led to fault-zone compaction and associated pore 637 

pressure increase, thus temporally decreasing its fault strength. Finally, if the N-Selaha and N-638 

Bamei segments of the XSF are only slightly velocity weakening at depth, the dynamic stress of 639 
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the earthquake could also trigger a slow slip event, though no clear pattern of acceleration or 640 

deceleration is observed (Figure 13c).   641 

 642 

Figure 13 Schematic plots for three possible explanations of the rapid aseismic slip north of the 643 

rupture zone. (a) Scenario 1: steady creep independent of the seismic rupture. (b) Scenario 2: 644 

dynamic shaking of the seismic waves altered the northern patch from velocity weakening to 645 

velocity strengthening properties, allowing it to release ambient stress via aseismic slip. (c) 646 

Scenario 3: enduring triggered slow slip event on modestly velocity weakening fault patch. 647 

 648 

Slow slip events have been widely observed on continental strike-slip faults (e.g. Bilham, 1989; 649 

Linde et al., 1996; Bokelmann & Kovach, 2003). More recent studies also observed slow slip 650 

events triggered by nearby and remote earthquakes (e.g. Taira et al., 2014;  Tymofyeyeva et al., 651 

2019). Using characteristically repeating earthquake activity to track slow slip, Taira et al. (2014) 652 

observed substantial afterslip after the 1998 San Juan Bautista earthquake that cannot be explained 653 

by the coseismic stress change, and attributed this to a triggered slow slip event. Moreover, 654 

Tymofyeyeva et al. (2019) observed a slow slip event with the aid of InSAR and creepmeter data 655 

on the southern San Andreas Fault that was remotely triggered by the distant 2018 Mw8.2 Chiapas, 656 

Mexico earthquake. Detailed assessment of the temporal behavior of the slip evolution is crucial 657 

for distinguishing such triggered slow slip events associated with shaking from earthquakes. 658 
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However, lacking near-field data to confirm the creep rate prior to the 2014 earthquake sequence, 659 

we cannot confirm or rule out either of the possible mechanisms.  660 

5 Conclusions 661 

We present a high-resolution interseismic velocity map along the XSF using ascending and 662 

descending Sentinel-1 InSAR data spanning from Dec 2014 to July 2019. The decomposed fault 663 

parallel velocity map reveals heterogeneous surface creep rates ranging from 0-6 mm/yr along the 664 

fault. We further derived distributed shallow slip and coupling models along the XSF. Several 665 

creeping patches are identified along the fault, including near Xialatuo, Goupu-Songlingkou and 666 

Bamei-Selaha-Kangding. The creeping sections release 26±4% of the interseismic moment budget 667 

during the observation period. Considering the most recent rupture history on each segment since 668 

1748, we can identify two patches with high seismic potential 1) a ~20-km-long segment SE of 669 

the Xialatuo area, and 2) a section between NW of Longdengba and Laoqianning/Bamei. The 670 

former is capable of generating a Mw6.54 event since an M 7.3 event in 1923, whereas the latter is 671 

capable of generating a Mw6.73 event since an M 7 earthquake in 1893 and ~Mw7.28 if including 672 

surrounding locked areas. Along the SE section of the XSF, the inverted slip rate exceeds the 673 

tectonic loading rate. We performed a timeseries analysis of near-surface slip in the Kangding 674 

earthquake rupture region and the timeseries shows a logarithmic decay pattern of the cumulative 675 

displacement. The observed postseismic deformation along the rupture segment is consistent with 676 

the deformation produced by a coseismic-stress-driven afterslip model, indicating a velocity 677 

strengthening section of the fault up dip of the buried mainshock rupture. However, the shallow 678 

creep observed along the N-Selaha and N-Bamei segments is located outside of the coseismic static 679 

stress-change zone, suggesting this is a zone of rapid steady fault creep or represents the occurrence 680 

of an enduring triggered slow slip event.  681 
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Table S1 Selected interferograms used to form the average velocity maps 15 

Tracks Interferogram Coherence STD (radius) 

T135 20141213_20161220   0.19   1.94 

20150106_20190121   0.13   3.21 

20150130_20190121   0.14   2.62 

20150412_20170308   0.13   2.63 

20150412_20181216   0.11   2.36 

20150506_20181029   0.12   2.01 

20150506_20181122   0.11   2.43 

20150506_20190226   0.11   2.63 

20150506_20190310   0.10   2.24 

20160921_20190521   0.12   4.46 

20161102_20181110   0.15   1.58 

20161220_20181228   0.15   1.82 

20170113_20181204   0.15   1.71 

T33 20150111_20170325   0.12   1.59 

20150111_20171202   0.11   2.28 

20150111_20171214   0.11   2.22 

20150111_20181103   0.10   2.26 

20150111_20190102   0.10   2.75 

20150920_20180519   0.11   3.40 

20151201_20170325   0.14   1.46 

20151201_20171202   0.12   2.18 

20151201_20181221   0.10   3.33 

20151201_20190102   0.10   2.66 

20151201_20190126   0.10   2.01 

20160330_20180224   0.11   2.42 

20160610_20180519   0.12   2.21 

20161014_20181010   0.11   2.29 

A26 20141206_20161231   0.17   3.72 

20141206_20170205   0.16   4.06 

20141206_20170217   0.15   4.47 

20141206_20180212   0.12   3.86 

20150216_20180107   0.14   3.50 

20150216_20180119   0.14   4.24 

20150216_20180212   0.13   3.94 

20150511_20190114   0.11   6.35 

20150511_20190303   0.11   5.90 

20151026_20170301   0.12   3.72 

20151119_20190126   0.12   2.09 

20160106_20180308   0.12   1.86 



20160130_20161113   0.15   2.08 

20160130_20181127   0.12   1.58 

20160130_20190102   0.12   1.56 

20160318_20190126   0.11   3.29 

20160318_20190303   0.11   2.73 

20161231_20190114   0.14   2.29 

20171226_20190102   0.16   1.45 

20180308_20181127   0.14   1.98 

20180308_20181209   0.14   2.65 

 16 

 17 

Table S2 Best-fitting characteristic decay times for timeseries differences taken from 18 

multiple swaths at variable distances from the fault.  19 

𝜏 

(days) 

0-1 km 

swath 

1-2 km 

swath 

1-3 km 

swath 

3-5 km 

swath 

Northern Segment 3500 2000 1500 1500 

Central Segment 70 200 250 500 

Southern Segment 150 200 250 1000 

 20 

21 



Text S1. The influence of profile length and fitting method choices for surface creep 22 

rate estimation  23 

 24 

The estimated surface creep rate depends on a number of choices. One of the 25 

important factors is the choice of the profile section on each side of the fault that is used 26 

in the cross-fault offset estimate, including how much data we mask out near the fault 27 

trace and the total length of the velocity profile. We explored multiple choices of 28 

profile settings varying the mask width and profile-line length from 0.5-1 km, 0.5-1.5 29 

km, 0.5-2 km, 1-2 km, to 1-3 km. The inverted surface creep rates along the XSF using 30 

the listed settings are shown in Figure S1 (a), with selected fitting examples shown in 31 

Figure S1 (b). The result of all profile length choices shows a similar overall 32 

along-strike pattern. The choice of how wide a zone to mask out near the fault 33 

significantly influences the creep rate estimation. By changing the mask width from 0.5 34 

km to 1 km, the creep rate increases by as much as 50% at ~175 km along strike section. 35 

On the other hand, the change of total length of the profile lines does not alter the result 36 

that much. This is not surprising because we mainly care about the near fault velocity 37 

differences and based on our method stated in the main text, near-fault pixels would 38 

have more influence on the creep rate estimate.  39 

Another factor that could affect the estimated creep rate is how the potential step is 40 

determined across the fault. We compared two different ways in our study and show the 41 

corresponding results in Figure S1 (c). The first scheme is to conduct a linear regression 42 

of the selected length on each side of the fault, and take the modeled velocity difference 43 

at the line-segment tips (solid lines in Figure S1 (c); e.g., x=±0.5km). The second 44 

scheme is simply averaging the velocities of the near-fault data patches and then taking 45 

the difference (dashed lines in Figure S1 (c)). Distributions of the along-strike creep 46 

rate estimated by the two schemes have a systematic shift of ~1 mm/yr.  47 

We ultimately adopted the 0.5~1.5km profile length and the linear-fitting method 48 

as our preferred choice, which keeps a balance between the signal to noise ratio, creep 49 

rate estimation bias, and location ambiguity of fault trace.  50 

 51 

 52 

 53 

 54 

  55 



 56 

Figure S1 57 

58 
Figure S1. (a) Comparisons of surface creep rates along the XSF estimated by multiple 59 

profile settings. (b) Examples of fault-perpendicular velocity profiles and their fittings 60 

for different profile lengths. (c) Distributions of the along-strike surface creep rate 61 

estimated by either averaging or linear fitting of the profile sections for each profile 62 

length. 63 

 64 

 65 

66 



Figure S2  67 

 68 

 69 

 70 



 71 

Figure S2. (a)-(c) Interferogram network for tracks D33, D135 and A26 for co- and 72 

postseismic deformation used in this study. Each acquired scene is marked as a solid 73 

circle and all interferograms generated in this study are marked as lines. The selected 74 

interferograms for the velocity map formation (Figure 4) are colored in magenta. For 75 

D135, interferograms with STD<3 that are used in the timeseries analysis are colored in 76 

orange. The coseismic interferograms are shown by bold blue lines. The date of the 77 

Mw5.9 Kangding earthquake is marked by red dashed line.  78 
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Figure S3  80 

 81 

Figure S3. Examples of selected and rejected interferograms for (a) descending track 82 

T135F2, (b) descending track T33, and ascending track T26. Dates used to form the 83 

interferograms are shown at the top of each panel. 84 
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Figure S4 86 

 87 

Figure S4. Histogram of the standard deviation (STD) of selected and rejected 88 

unwrapped interferograms for D135F2.  89 

 90 

Figure S5  91 

 92 

Figure S5. Geometry of the deep dislocation model. PP’ indicates the extent of the 93 

shallow slip model. The deep dislocation model consists of a series of 1000-km-wide 94 

dislocations slipping at 12.11 mm/yr below 12 km along the XSF, with lateral 95 



extensions that go far beyond the fault tips.  96 



Figure S6 97 

 98 

 99 

Figure S6. Comparison of downsampled observed and modeled long-wavelength LOS 100 

velocities from ascending and descending Sentinel-1 viewing geometries. The 101 

deep-dislocation model geometry is shown in Figure S5. (a-c) are observed, modeled, 102 

and observed-minus-modeled residuals for ascending track 26. (d-f) are corresponding 103 

maps for descending orbit 135. Note that near-fault data within 15 km of the XSF are 104 

masked out when inverting for the deep slip rate of 12.11 ± 0.68 mm/yr. 105 

 106 



Figure S7107 

 108 

 109 

Figure S7. Comparisons of observed and modeled GPS velocities using the derived 110 

deep dislocation model. Black, blue and red vectors show the observed, modeled, and 111 

observed-minus-modeled residual velocities, respectively. GPS velocities are relative 112 

to Yajiang sub-block and tipped with 95% confidence ellipses (Zheng et al., 2017). The 113 

modeled fault trace is shown in dark green lines. 114 

 115 

 116 
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 119 
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Figure S8  122 

 123 
Figure S8. Deep dislocation model and residual maps. (a-c) are observed, modeled, 124 

and residuals for ascending track 26 (same as in Figure S6 but shown without 125 

downsampling used in the model inversion). (d-f) are corresponding maps for 126 

descending orbit 135. Note that data from within 15 km of the fault are masked out 127 

when inverting for the deep slip rate but are shown in the residual maps. The residual 128 

velocities shown in (c) and (f) are used to invert for the aseismic slip distribution above 129 

12 km (Figures 7 and 8). 130 
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 132 

Figure S9 133 

 134 
 135 

Figure S9. Trade-off curve for smoothing parameters of the shallow slip inversion. We 136 

use 0.01 as our preferred smoothing parameter in the inversion.  137 

138 



Figure S10 139 

 140 
Figure S10. Residual (RMS) plot for the coseismic slip model for ranges of locations 141 

of the surface trace and variable dip angles of the Mw5.9 rupture plane. 142 

 143 

 144 

 145 

Figure S11 146 

 147 

Figure S11. Stacked averaged LOS timeseries and the cross-fault timeseries 148 

differences for descending track 135 along the (a) northern, (b) central and (c) southern 149 

fault sections. Black triangles and squares show the averaged cumulative displacement 150 

at patches west and east of the fault, respectively. Black solid circles show their 151 

cross-fault differences.  152 

153 



Figure S12 154 

 155 

Figure S12. Stacked averaged LOS cross-fault timeseries differences (see Figure S11) 156 

along the (a) northern, (c) central and (e) southern fault sections with the linear and 157 

log-decay fittings that minimize the RMS misfit. Relationship between the RMS misfit 158 

and chosen characteristic decay time (tau) for the corresponding segments are shown in 159 

(b), (d) and (f). 160 

 161 



Figure S13 162 

 163 

Figure S13. The normalized weight of time-spans that are used in the average velocity 164 

map formation for (a) descending track 135, (b) descending track 33, and (c) ascending 165 

track 26.  166 

167 



Figure S14 168 

 169 

Figure S14. A zoom-in map of the average velocity map of descending track 135. The 170 

data and region are outlined in Figure 8f. Colorbar to the left shows the LOS velocity 171 

and colorbar to the right shows the reconstructed cumulative displacement map from 172 

the average velocity map by multiplying the average velocity map with a scaling factor 173 

of 5.09. 174 
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Figure S15  176 

 177 

 178 

Figure S15. Simplified coseismic slip model using the fault geometry of the SE section 179 

of the coupling model. Magenta stars show the hypocenters of the two largest events 180 

and magenta dots show the first 24 days of relocated aftershocks of the 2014 Kangding 181 

earthquake sequence (Fang et al., 2015). 182 
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Figure S16 185 

 186 
Figure S16. Comparison of observed and modeled coseismic deformation of Kangding 187 

earthquake from both ascending and descending Sentinel-1 geometries using the fault 188 

geometry of the SE section of the coupling model. (a-c) are observed, modeled, and 189 

observed-minus-modeled residuals for ascending track 26. (d-f) are corresponding 190 

maps for descending orbit 135. Black dashed lines indicate surface traces of the fault 191 

rupture model in Figure S15.  192 

 193 
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