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Abstract

The Xiaojiang Fault (XJF) Zone locates in the southeastern of Tibetan Plateau and defines the boundary between the South

China and Sichuan-Yunnan blocks. Historical large earthquakes were hosted on the XJF, though its seismic hazard in the near

future is under debate. In this study, we utilize portable broad-band seismic network to unravel the microseismic activities

along XJF, and to further investigate the fault structures and their properties. Adopting PALM, a newly developed earthquake

detection algorithm, we obtained ˜13,000 relocated events. The micro-seismicity reveals widespread off-fault structures showing

conjugate geometry, while the major faults present low seismicity. The fault branches conjugate to the main-fault present

intensive microseismicity, which hosts repeating events and presents high b-value. Regional GPS stations reflect slips are

mostly concentrated along the XJF, while the slip rate on off-fault branches correlates with seismic activities on these structures.

Combining with other recent seismological and magnetotellurics evidences, we suggest a low strength on these off-fault structures,

which may partially release tectonic stress loading and serve as a barrier for future big earthquakes. On the XJF, the microseismic

events are clustered on the fault junctions with low b-value. A special set of clusters between 25°N to 25.5°N show an along-strike

variation of depth from 10 to 25-km, imaging the boundary between creeping and locked fault portions. We revisit the seismic

hazard problem of XJF, and conclude that XJF is at the late stage of inter-seismic period.
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Abstract 19 

The Xiaojiang Fault (XJF) Zone locates in the southeastern of Tibetan Plateau and 20 

defines the boundary between the South China and Sichuan-Yunnan blocks. Historical 21 

large earthquakes were hosted on the XJF, though its seismic hazard in the near future 22 

is under debate. In this study, we utilize portable broad-band seismic network to unravel 23 

the microseismic activities along XJF, and to further investigate the fault structures and 24 

their properties. Adopting PALM, a newly developed earthquake detection algorithm, 25 

we obtained ~13,000 relocated events. The micro-seismicity reveals widespread off-26 

fault structures showing conjugate geometry, while the major faults present low 27 

seismicity. The fault branches conjugate to the main-fault present intensive 28 

microseismicity, which hosts repeating events and presents high b-value. Regional GPS 29 

stations reflect slips are mostly concentrated along the XJF, while the slip rate on off-30 

fault branches correlates with seismic activities on these structures. Combining with 31 

other recent seismological and magnetotellurics evidences, we suggest a low strength 32 

on these off-fault structures, which may partially release tectonic stress loading and 33 

serve as a barrier for future big earthquakes. On the XJF, the microseismic events are 34 

clustered on the fault junctions with low b-value. A special set of clusters between 25°N 35 

to 25.5°N show an along-strike variation of depth from 10 to 25-km, imaging the 36 

boundary between creeping and locked fault portions. We revisit the seismic hazard 37 

problem of XJF, and conclude that XJF is at the late stage of inter-seismic period.  38 

Plain Language Summary 39 

The Xiaojiang Fault (XJF) Zone locates in the southeastern of Tibetan Plateau and 40 

is considered as an active block boundary. The seismic hazard of XJF is of public 41 

importance because of the active large earthquakes in the history, though it is under 42 

debate. In this study, we utilize temporary seismic network to detect small earthquakes 43 

(i.e., microseismicity) along XJF, and to further infer the fault structures and their 44 

properties. We finally obtained ~13,000 events with well-constraint location. We find 45 

that off-fault structures have intense microseismicity, while the major faults present 46 

quiescent behavior. We made detailed analysis on the seismicity and suggest a low 47 

strength on these off-fault structures, which may partially release tectonic stress loading 48 

and serve as a barrier for future big earthquakes. On the XJF, the microseismic events 49 

are clustered on the fault junctions with low b-value that indicate high stress level. We 50 

revisit the seismic hazard problem of XJF, and conclude that XJF is at the late stage of 51 

inter-seismic period.  52 

 53 
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1. Introduction 54 

1.1 The Tectonic Background and Seismic Hazard 55 

The Xiaojiang Fault (XJF) is located in the southeastern margin of the Tibetan 56 

Plateau, which defines the displacement boundary between the South China block in 57 

the east and the Sichuan-Yunnan block in the west (Figure 1). The fault zone stretches 58 

for about 400-km in the north-south direction (Shen et al., 2003; Zhang et al., 2003). 59 

Driven by the eastward extension of the Tibetan Plateau, the rhombic Sichuan-Yunnan 60 

block moves southeastward relative to the stable South China block at a rate of 7-10 61 

mm/yr, accompanied by a clockwise rotation (Shen et al., 2005; Wang et al., 2015; Fu 62 

et al., 2020). Strong earthquakes are active along the eastern boundary of the Sichuan-63 

Yunnan block, which is composed of the Xianshuihe Fault (XSHF), the Anninghe-64 

Zemuhe Fault (AZF), and the Xiaojiang Fault (Figure 1, (Deng et al., 2003b; Zhang et 65 

al., 2003). Historical earthquakes on XJF include three M7~8 and sixteen M6~7 events 66 

that occurred since 1500 A.D. (Wen et al., 2008; Ren, 2013), with the largest and latest 67 

two being the 1833 M8 Songming and the 1733 M7.5 Dongchuan earthquake. The 68 

~200-year quiescence and long-term active behavior of large earthquake on XJF make 69 

the seismic hazard assessment of great scientific and public importance. Thus, special 70 

focus has been placed on monitoring the seismic activities, e.g., the China Seismic 71 

Experimental Sites (CSES, (Wu et al., 2019) and studying the fault behavior of the 72 

Xiaojiang fault area. However, previous studies have not reach agreement on the 73 

seismic hazard of XJF:  74 
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 75 

Figure 1. (a) Tectonic setting of the Sichuan-Yunnan block. Active tectonic blocks are marked 76 

by colored patches. The horizontal movement of the blocks is indicated by gray arrows. Fault traces 77 

are plotted in gray lines. The Xianshuihe Fault (XSH Ft.), Anninghe-Zemuhe Fault (AZ Ft.), and 78 

Xiaojiang Fault (XJ Ft.) are highlighted by black lines. The focal spheres are solutions in the region 79 

since 1976 from the GCMT catalog. The black triangles denote broadband seismic stations used in 80 

this study (see Figure 2 for details). In the inset map, the red box indicates the study region. Blue 81 

lines show boundaries of tectonic blocks, while plate boundaries are marked by orange lines with 82 

ticks. (b) Seismicity and b-value of the study region. The background color shows the b-value, 83 

whereas red dots are epicenters of seismic events of magnitude 1.5-7.0 during 2016-2019 from the 84 

regional catalog of CSES.  85 

 86 

Adopting a simple earthquake recurrence model, the seismic hazard can be 87 

estimated by the elapsed time from the preceding large earthquake, while the near future 88 

seismic hazard along the XJF is under debate. Historical earthquakes on XJF show an 89 

irregular recurrence interval and magnitude for M6~7 events (Wen et al., 2008), while 90 

paleoseismic studies find characteristic earthquakes of M>7.5, whose recurrence 91 

interval is about 2000 years (Shen and Wang, 1999; Shen et al., 2003). However, a 92 

recent paleo-seismic study by Li et al. (2015) found a much shorter recurrence interval 93 

of 370-480 years for the characteristic events on the western branch of XJF. Based on 94 

these observations, Liu et al. (2020) propose a high probability of an M>7 event on XJF 95 

in the near future.  96 
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Geodetic measurements provide another independent observation to estimate 97 

earthquake hazard. Wang et al. (2015) calculated the balance between the GPS 98 

measured tectonic loading and the strain release by historical earthquakes, which gives 99 

a high moment deficit on XJF indicating high potential of large earthquakes; whereas 100 

using a similar approach, Wang et al. (2011) obtained a negative moment deficit, which 101 

indicates a low potential of large earthquakes. It appears that the discrepancy of seismic 102 

hazard originates from the different remnant stress assumed by different groups.  103 

Besides paleo-seismic and geodetic evidence, the current stress status is another 104 

probe to assess the possibility of a near-future earthquake. This can be inferred from b-105 

value distribution (see Section 1.2, (Scholz, 1968; Gulia et al., 2018; Gulia and Wiemer, 106 

2019), which avoids the problem of an uncertain residual stress in the aforementioned 107 

geodetic method. We mapped b-value distribution in the Chuandian region with a 108 

regional earthquake catalog (see Section 3.5 for the calculation of b-value). It turned 109 

out that XJF has a relatively high b-value, which may be associated with low stress 110 

level, in comparison with AZF and XSHF that located to the north (Figure 1b).  111 

Overall, the discrepancies in previous studies are probably induced from low-112 

resolution observations, which prevent discussions on the factors that control the 113 

initiation and propagation of rupture, including the fault geometry, coupling state, stress 114 

and strength distribution etc.  115 

1.2 Microseismicity Analysis 116 

Microseismic activities can be used to resolve the fine structure of fault zones, and 117 

to investigate multiple attributes of the fault properties, including its slip behavior and 118 

stress level. The imaging of fault structural features at seismogenic depth is a direct 119 

outcome of high-resolution event location (Waldhauser and Ellsworth, 2002; Shelly et 120 

al., 2016; Mendoza et al., 2019). For example, utilizing relocated aftershocks to 121 

constrain the fault geometry has become a common practice in investigating kinematic 122 

rupture processes of large earthquakes (Shelly et al., 2016; Yue et al., 2017; Melgar et 123 

al., 2018; Sun et al., 2018).  124 

 The aseismic slip behaviors of faults can be indicated by repeating earthquakes, 125 

which is generally interpreted as the repeating rupture of isolated asperities loaded by 126 

surrounding fault creeping (Uchida and Bürgmann, 2019). Repeaters are often observed 127 

in the peripheries of co-seismic rupture zones (Templeton et al., 2009; Chen et al., 2010; 128 

Uchida and Matsuzawa, 2011) and the boundaries of locking sections on the fault planes 129 

(Bürgmann et al., 2000; Uchida et al., 2009; Chaussard et al., 2015). Strictly detected 130 

repeaters that have quasi-periodic recurrence intervals can be used to estimate slip rates 131 

at seismogenic depth, which may be beyond the resolution of geodetic observations 132 

(Uchida, 2019).  133 

The frequency-magnitude distribution (FMD) is commonly found to be a power-134 

law distribution, i.e. the Gutenberg-Richter law (G-R law, (Gutenberg and Richter, 135 

1944). The b-value is the slope of FMD, which evaluates the number ratio between 136 
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large and small events, and is found to be related to the stress status. The anti-correlation 137 

between the b-value and stress level was first discovered in rock experiments (Scholz, 138 

1968), and is further validated by a series of statistical analyses on the correlations 139 

between the b-value and focal depths (Mori and Abercrombie, 1997; Spada et al., 2013), 140 

focal mechanism (Schorlemmer et al., 2005), and pore pressure in injection-induced 141 

seismicity (Bachmann et al., 2012). These studies demonstrated that an anti-correlation 142 

between the b-value and deviatoric stress also applies to natural faults. Thus, asperities 143 

that accumulate high levels of stress can be mapped by areas of low b-values (Wiemer 144 

and Wyss, 1997; Wyss et al., 2000; Schorlemmer and Wiemer, 2005; Ghosh et al., 2008; 145 

Tormann et al., 2014).  146 

In this study, we adopt micro-seismic activity to resolve the fault zone properties 147 

and to estimate the seismic hazard on XJF. To construct a high-resolution seismic 148 

catalog, we deploy temporary seismic stations and apply a newly developed earthquake 149 

detection method. Based on the catalog, we perform spatiotemporal analysis, detect 150 

repeaters, and map the b-value, with the purpose to infer the fault structure and strength, 151 

slip behavior, and stress status of XJF.  152 

 153 

2. Data and Methods 154 

2.1 Regional Networks and Data 155 

 We use continuous data from 31 broadband seismic stations along the main 156 

segment of XJF involving two sub-parallel traces of faults (Figure 2). The network is 157 

composed of two sub-arrays deployed by different groups, which respectively includes 158 

20 and 11 stations, respectively. The network has an average inter-station distance of 159 

20-30km. The network was operated from September 2016 to January 2019, with a 160 

daily average of about 80% of the stations in operation (Figure S1).  161 
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 162 

Figure 2. Seismic stations along the XJF used in this study. Blue triangles denote broadband 163 

stations; orange squares denote daily GPS stations. Black dots are the detected micro-seismic events. 164 

Historical earthquakes of magnitudes M ≥ 6 are denoted by red stars. Focal mechanism solutions 165 

from the GCMT catalog since 1976 and the CSES catalog since 2009 are shown by gray and black 166 

focal spheres, respectively. Black lines depict active faults, and that of XJF are thickened. 167 

 168 

2.2 Earthquake Detection and Location Method 169 

We apply the PALM architecture (Zhou et al., 2021) to build the microseismic 170 

catalog of XJF. PALM utilizes phase picking, association, location, and matched filter 171 

technique to automatically build a microseismic catalog. The whole architecture is 172 

composed of two parts:  173 
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(1) PAL: phase picking, association and location 174 

PAL first detects candidate phases with short-term-average over long-term-average 175 

(STA/LTA) algorithm (Allen, 1978). The P & S arrivals are then picked in pairs by a 176 

hybrid picker incorporating STA/LTA and Kurtosis algorithm. In the phase association 177 

process, the estimated origin time on each station is clustered, and then a 3D grid search 178 

is applied to search for a location with the minimum travel time residual. For event 179 

location, we first apply HypoInverse (Klein, 2002) for absolute location, and then use 180 

HypoDD (Waldhauser and Ellsworth, 2000) to refine the relative location between 181 

events. For PAL detections in XJF, we employ the 1-D velocity model of Wang et al. 182 

(2002) (Figure S3) for both HypoInverse and HypoDD location. The stability of 183 

HypoInverse location result is tested with different velocity models (see Text S1). For 184 

HypoDD relocation, we set WDCT=30-km and apply 4 iterations, while other 185 

weighting schemes give similar results (see Text S1).  186 

(2) MESS: matched filter, expand, time shift, and stacking 187 

MESS is a modified matched filter detector that utilizes GPU for acceleration and 188 

provides cross-correlation (CC) measured differential times (i.e., dt.cc in hypoDD 189 

terminology) for high-resolution relocation. The MESS algorithm includes four steps 190 

in detection: 1) matched filter, where cross-correlation between continuous data and 191 

templates are calculated; 2) expand, where peaks on CC traces are expanded to allow 192 

for new detections away from templates; 3) time shift, where P wave travel times are 193 

shifted to align station records; and 4) stacking, where the expanded and shifted CC 194 

traces are stacked to suppress the noise level, based on which the detections are declared. 195 

For MESS detections in XJF, we set the template window length as 1-s before and 196 

11-s after P arrival, which covers both P and S wave. We set the minimum CC threshold 197 

for detection as 0.25. The P and S arrival times of detected events are then picked by 198 

waveform cross-correlation, but with a shorter window length to separate P & S wave: 199 

0.5-s before to 2.5-s after the phase arrival. We input this high-resolution dt.cc into 200 

HypoDD (Waldhauser, 2001) for relocation. For XJF, we set WDCC=10-km with 1 201 

iteration to relocate the MESS detected events. The stability of the relocation result is 202 

tested with different weighting schemes (see Text S2).  203 

 204 

3. Results and Discussion 205 

3.1 Microseismicity Locations and Fault Structure 206 

The PALM detection method finally gives 12,881 well-located events during the 207 

study period from 2016-09 to 2019-01. Compare with the regional catalog provided by 208 

CSES, our PALM catalog gives much improved location accuracy and catalog 209 

completeness of the regional seismicity (Figure 3), which is due to the dense seismic 210 

network and the effectiveness of PALM algorithm. The PALM detection and location 211 

procedure is well-behaved in the XJF network: (1) the initial ~4,500 detections given 212 
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by PAL is augmented to ~13,000 by MESS, a ~2 times increase; (2) the location of PAL 213 

is stable and accurate under different velocity model and location parameters (Text S1); 214 

(3) the location results between PAL and MESS are consistent with each other, while 215 

MESS reveals more detailed image (Text S3); (4) the MESS catalog reach a lower 216 

magnitude of completeness than PAL, but with the same FMD for the complete part 217 

(Figure S10b).  218 

 219 

Figure 3. Detection and location result. (a) and (b) plot the CSES regional catalog during 2009 220 

to 2019 and PALM catalog during 2016 to 2019, respectively. Earthquake epicenters are shown in 221 

dots that colored by depths. The black lines depict fault traces. Three areas (one on and off the major 222 

fault) are marked by red, blue and green dashed rectangles, whose depth distribution and frequency-223 

magnitude distribution are plot in (c) and (d) respectively.  224 

 225 

The microseismicity reveals abundant off-fault structures around XJF, which show 226 

clear lineation in the ENE-WSW direction, conjugating the main trend of the XJF 227 

(Figure 3,4). The seismic events on the main fault are highly clustered, with limited 228 

spatial lineation. Referring to a detailed fault mapping result from geological 229 

investigations, we find that the seismic clusters on the major fault occur on the 230 

intersections between the main fault and cross-cutting branches (Zhang and Xie, 2001; 231 

Shen et al., 2003). Such fault geometry is typical for a strike-slip fault system with 232 

subparallel branches, where conjugate faults and rhombus shaped sub-blocks are 233 

developed in between (Nicholson et al., 1986; Kilb and Rubin, 2002). Assuming that 234 

the deep micro-earthquakes occur on the junction between the main and conjugate 235 

faults, the dip angle of main fault branches can be determined in the fault vertical cross-236 

sections (Figure 4d), which show a slightly east-dipping sub-vertical geometry.  237 

The formation of the major XJF fault structure can be explained by the Riedel shear 238 
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theory (Ronald et al., 1973; Davis et al., 2000). At the initial stage, conjugate faults are 239 

formed at the preferred Coulomb failure orientation, forming én echelon faults (R shear) 240 

and conjugate faults (R' shear) in pairs on two side of the maximum compressional 241 

stress direction. The R and R’ faults initially align in an acute angle, but with continuous 242 

shearing, the sub-blocks rotate and deform, changing it to an obtuse angle. For the XJF, 243 

the major branches (R shear) and the conjugate faults (R’ shear) form an obtuse angle, 244 

which indicates that XJF is at a late stage of Riedel shear development (Nicholson et 245 

al., 1986; Kilb and Rubin, 2002).  246 

In summary, the regional fault structure of XJF can be classified as two groups: (1) 247 

two sub-parallel NS trending major faults that show én echelon structure; and (2) 248 

several short conjugate faults between and off the major faults. 249 

 250 
Figure 4. Seismicity pattern around XJF. (a) and (b) Map view of shallow (0-10km) and deep 251 

(10-30km) seismicity, respectively. Events are shown in dots colored by depths. Gray lines are fault 252 

traces. Blue rectangular and OO' mark the endpoints of the overall cross-section; Green frames from 253 

AA' to GG' mark the endpoints of the local cross-sections in (d). (c) and (d) plots overall and local 254 

cross-sections, where microseismic events are plotted as black and blue dots, respectively. Inter-255 

seismic coupling ratio (ISC) from Li et al. (2021) is color-coded in (c). Vertical lines in (d) mark the 256 

dipping direction of the major fault. Fault zone conductors detected by Li et al. (2019) are marked 257 

by brown patches in (d).  258 

 259 

3.2 Locking Pattern of the Major Fault 260 

The spatial distribution of microseismicity also provides insights into slip 261 

behaviors. On the major Xiaojiang faults, the rather low microseismicity agrees with 262 
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the high locking ratio revealed by GPS measurements (Fang et al., 2005; Zhao et al., 263 

2015; Fu et al., 2020). Such strong locking is more significant for the seismic 264 

quiescence segment in the seismic gap between the Songming and Dongchuan epicenter 265 

(from 25.5°N to 26°N) (Wen et al., 2008), which correlates well with the segment of 266 

large increase in cumulative Coulomb stress since 1713 (Shan et al., 2013). Similar 267 

quiescence of microseismicity on the major fault is also reported on the Alpine Fault of 268 

New Zealand, which is in the late stage of an earthquake cycle (Chamberlain et al., 269 

2017).  270 

On the western branch of XJF, we identified a special group of earthquake clusters 271 

with variable epicentral depths ranging from 25-km near 25°N to 10-km at 25.5°N 272 

(Figure 3b, 4c). Note that the XJF is currently at an interseismic period, we assume the 273 

seismic activity is mostly driven by fault creeps occurring at depth. Adopting a shear 274 

dislocation model with deep fault creep, the stress accumulation is concentrated at the 275 

boundary between creeping and locking patches, driving intense seismic activities 276 

(Jiang and Lapusta, 2017). Thus, in XJF, the spatial trend of deep seismic events is an 277 

indicator of the locking depth. In comparison with a recent interseismic locking model 278 

derived by geodetic data (Li et al., 2021), we find a good agreement between seismicity 279 

distribution and boundary of locking-creeping patches (Figure 4c). This 280 

correspondence between micro-seismicity location and the locking depth also applies 281 

to the Himalayan thrust front (Ader et al., 2012) and San Andreas Fault (Waldhauser et 282 

al., 2004; Wdowinski, 2009).  283 

Overall, the strong locking of major Xiaojiang Fault is well supported by both GPS 284 

studies and a low seismic rate reported here. We will provide even more lines of 285 

evidence from repeater analysis (Section 3.3), temporal evolution of seismicity (Section 286 

3.4), and b-value mapping (Section 3.5). However, the slip behavior of the off-fault 287 

structures is more difficult to revolve, on which we will show additional analysis on 288 

seismicity in Section 3.3-3.5 and make a concentrated discuss in Section 3.6. 289 

3.3 Repeater Analysis  290 

To investigate the slip behavior of subsidiary faults, we conducted repeating 291 

earthquake detection and analysis. As reviewed in Section 1.2, repeating earthquakes is 292 

usually considered as a re-rupturing of the same asperities driven by aseismic slips 293 

(Uchida and Bürgmann, 2019). The detection of repeaters requires strict criteria in both 294 

waveform similarity and location separation:  295 

(1) High waveform similarity. We require a minimum cross-correlation threshold 296 

to be 0.9 for more than one station observation. The template window for cross-297 

correlation is 10s-long (1-s before and 9-s after P arrival), covering both P and S waves. 298 

This is a relatively low threshold among other repeater studies (Uchida, 2019), but can 299 

tolerate the waveform difference caused by variation in noise level.  300 

(2) Indistinguishable location difference. We measure the difference of S-P time on 301 

each station between a pair of events, and require a maximum deviation within 0.02s 302 



12 

 

for at least 3 stations. The S-P time is measured with cross-correlation, where P&S 303 

phase window if 2-s (0.5-s before and 1.5-s after P; 0-s before and 2-s after S) is applied. 304 

This operation avoids the uncertainty of clock error, since the operation is done on 305 

single stations.  306 

Following the same clustering strategy in Text S3, we construct repeating 307 

sequences. The periodicity of sequence is analyzed with the coefficient of variation 308 

(COV) value of the recurrence interval, which is defined as the ratio of the standard 309 

deviation over the mean value of recurrent. A COV value of 0 corresponds to a purely 310 

periodic behavior, a COV value of 1 indicates a Poisson process, and COV > 1 suggests 311 

temporal clustering (Lengliné and Marsan, 2009; Li et al., 2011).  312 

Results show that most repeaters occur on off-fault structures (Figure 6), which is 313 

consistent with the high coupling ratio of the major fault. The repeaters tend to occur 314 

in a random behavior (Figure 7a,b): the sequences’ COV values range between 0.4 to 315 

1.2, which deviates from a periodic recurrence pattern (COV=0) generated by isolated 316 

patch driven by constant aseismic slips. The high COV value indicates a temporal 317 

clustering of repeating earthquakes, which may be driven by slow-slip events with 318 

higher slip rate than background creeping. Moreover, the repeating sequences with a 319 

shorter duration show more quasi-periodic feature, while longer sequences have a 320 

higher degree of clustering (Figure 7b). This suggests that the short-term creep rate 321 

tends to be stable, but the long-term creep rate is influenced by episodic events.  322 

It is worth noting that the magnitude of repeaters concentrates around ML1.8 323 

(Figure 7c), which is smaller than that in most other studies (Uchida, 2019; Uchida and 324 

Bürgmann, 2019). Such small event size makes it hard to determine whether the 325 

repeaters detected in this study are re-rupturing the same asperity. Thus, we only 326 

consider them as possible repeaters, which differ from the ordinary repeaters that 327 

indicate stable fault creeping behavior. This result show that the off-fault region of XJF 328 

is not freely creeping, but is partially locked to near surface, which agrees with the 329 

GPS-inversed locking model by Li et al. (2021) (Figure 4c). Similar near-repeating 330 

clusters are also detected in adjacent to the co-seismic rupture zone of 2020 Mw6.8 331 

Sivrice earthquake that occur on the East Anatolian Fault (Konca et al., 2021) and on 332 

the Anza segment of San Jacinto Fault loaded by the afterslip of moderate earthquakes 333 

(Shaddox et al., 2021), both of which report near-repeating earthquakes that recurrent 334 

irregularly and with variable magnitude, but are associated with aseismic fault slip.  335 



13 

 

 336 

Figure 5. Distribution of repeating earthquakes. The left panel (a) is an overview of the whole 337 

region, and the right panels (b) show zoom-in plots of repeater distributions in the dashed boxes in 338 

(a). Locations of repeating sequences with more than 10 events are denoted by open stars. The 339 

colored events in (b) are clusters separated by waveform similarity analysis (see Text S3, Figure 340 

S11). 341 

 342 
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 343 

Figure 6. Repeating sequence analysis. (a) Repeating sequences. Horizontal and vertical axes 344 

are origin time and sequence index, respectively. Note that the sequence indexes are sorted by 345 

latitude. Gray dots denote repeating events, with the size proportional to the magnitude. (b) 346 

Periodicity of sequence. Histogram plots the number of sequences with respect to the COV value of 347 

recurrence interval. Gray dots mark the sequence duration and its COV value. (c) Histogram for the 348 

magnitude distribution of repeaters.  349 

 350 

3.4 Temporal Evolution of Seismicity 351 

We further analyze the temporal evolution of seismicity and the GPS time series to 352 

infer the slip behavior of off-fault structures. We first examine the seismicity rate in 353 

each separated area in Figure 5. We found that different seismic clusters in an area tend 354 

to be activated spontaneously (Figure 7), indicating that they are driven by the same 355 

mechanism. Note that each area is constituted by multiple faults and has a scale of 10-356 

20km, which excludes the possibility of smaller-scale mechanisms, e.g. inter-event 357 

triggering, because the scale of seismicity clustering area is much larger than the stress 358 

influence area of such small events.  359 
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 360 

Figure 7. Temporal evolution of seismic rate in different area. The black and colored lines plot 361 

total and clustered seismic rate, with the color of different clusters the same as Figure 5. Gray 362 

patches mark the spontaneous active period of micro-seismicity in different clusters.  363 

 364 

We collect displacement data of three continuous GPS stations on the northern XJF 365 

to further investigate the spatiotemporal deformation behavior of this area (Figure 2, 366 

8a). The geometry of three stations are shown as Figure 8a: Station DTB locates at the 367 

west side of the XJF, while station HNG and HDH locates on the north and south side 368 

of the off-fault branches, respectively. The original data is processed with daily solution 369 

and reference to the whole earth coordinate. We subtract the solution of HDH from the 370 

other two stations to recover relative displacement across two fault structures: HDH-371 

DTB reflects the deformation across the XJF, and HDH-HNG reflects the deformation 372 

across the off-fault structures. It is noted that such subtraction also removes the common 373 

mode errors in the original data.  374 

Timeseries of relative displacements are plotted in figure 8b. It is evident that the 375 

most significant deformation in this area is the left-lateral shearing in the NS direction 376 

across the XJF at an averaged velocity of ~5 mm/yr. Deformation across the off-fault 377 

structures is dominated by right-lateral shearing in the EW direction at ~1mm/yr rate 378 

(figure 8b). Such sense of motion is consistent with the tectonic shear loading of the 379 

XJF, while it also indicates that the off-fault structures is undergoing slow right lateral 380 

sense of deformation.  381 

The seismic rate is compared with the off-fault slip rate (figure 8c). We recover the 382 

relative velocity from daily slips and smooth the velocity with a 60-day running window. 383 

The seismicity rate for events above ML2 in Area A is also smoothed with 60-day time 384 

windows. The comparison shows that the slip rates on the off-fault structures, though 385 

at a low rate, have a significant consistency with the seismicity rates (figure 8c). This 386 

consistency indicates a low fault strength, which may be caused by geothermal 387 

condition and high pore-pressure (Ake et al., 2005; Vidale and Shearer, 2006). Under 388 

the rate-state-dependent friction law, a high pore-pressure produce higher sensitivity 389 
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between shear stress and slip rates (Lu et al., 2021), therefore even small velocity 390 

change produces high shear stress change on these off-fault structure. At the same time, 391 

high pore pressure leads to low effective normal stress and low friction. If these 392 

structures are close to failing criterion, stress excess produced by velocity increase will 393 

increase seismic activities, which explains the temporal correlation between slip rates 394 

and seismicity rates.  395 

Seismic activities on these off-fault structures, though intensive, cannot produce 396 

the observed slip rate (~1 mm/yr), thus extra aseismic creeping, maybe in a form of 397 

episodic creeps in the deep portions of off-fault branches, appears to be responsible for 398 

the synchronized seismic activities and surface deformation rates. We also processed 399 

SAR images to extract the cross-fault velocity gradients across these off-fault structures 400 

(Text S4). The solution reveals no significant deformation in the shallow part of these 401 

structures (figure S14). This observation indicates these structures are locked at the 402 

ground surface, while slowly creeping beneath the seismogenic depths (~20km).  403 

 404 

Figure 8. (a) Location of three GPS stations are denoted as green triangles. Earthquakes in 405 

background and off-fault structures are plotted as gray and red dots, respectively. (b) E, N and 406 

Vertical component of relative displacement across the XJF and off-fault branches are plotted as 407 

gray and blue curves, respectively. (c) E, N and V component of relative velocity across the off-408 

fault structures are plotted as blue curves in each panel. Smoother seismicity rate in area A are 409 

plotted as red curves.  410 

 411 

3.5 b-Value Mapping 412 

We map the distribution of b-value to infer the stress variation along XJF region. 413 

As demonstrated in Section 1.2, the b-value in G-R law can be used to infer the stress 414 

status of natural fault. The G-R law states that the earthquake magnitude and its 415 

occurrence frequency follow a power-law distribution:  416 

𝑙𝑜𝑔10𝑁 = 𝑎 − 𝑏(𝑀 − 𝑀𝑐) , (1) 417 

where 𝑁 is the number of events with a magnitude 𝑀 or larger, 𝑀𝑐 is the minimum 418 

magnitude of earthquake catalog completeness, and 𝑎 and 𝑏 are constants known as 419 



17 

 

the a-value and b-value. In mapping detailed b-value distribution, we define the 420 

magnitude of completeness 𝑀𝑐 as the magnitude of maximum non-cumulative number 421 

of events, namely the maximum curvature method (MAXC, (Wiemer and Wyss, 2000): 422 

𝑁𝑛𝑜𝑛−𝑐𝑢𝑚(𝑀𝑐) = 𝑁𝑚𝑎𝑥 , (2) 423 

where 𝑁𝑛𝑜𝑛−𝑐𝑢𝑚  is the number of non-cumulative events, which is a function of 424 

magnitude, and 𝑁𝑚𝑎𝑥  is the maximum of 𝑁𝑛𝑜𝑛−𝑐𝑢𝑚 . Tests show that the MAXC 425 

method is stable for even small number of events, and is capable to reveal 426 

heterogeneous 𝑀𝑐 and b-value distribution (Woessner and Wiemer, 2005; Zhou et al., 427 

2018). The b-value is estimated by the maximum likelihood estimation (Aki, 1965): 428 

𝑏 =
𝑙𝑜𝑔10 𝑒

�̅� − 𝑀𝐶 + ∆𝑀/2
 , (3) 429 

where �̅�  is the mean magnitude and ∆𝑀  is the width of the magnitude bin. The 430 

uncertainty of b-value estimation (𝛿𝑏) follows the widely adopted formula given by Shi 431 

and Bolt (1982):  432 

𝛿𝑏 = 2.3𝑏2 ∑
(𝑀𝑖 − �̅�)2

𝑛(𝑛 − 1)

𝑛

𝑖=1
 , (4) 433 

where 𝑛 is the number of events.  434 

 435 

Figure 9. Maps of (a) b-value, (b) b-value uncertainty, and (c) magnitude of completeness Mc. 436 

Events and fault traces are plotted in gray dots and black lines, respectively. Red stars mark the 437 

epicenters of the 1733 and 1833 historical earthquakes.  438 

 439 

 We calculate b-value using the PALM catalog on each spatial grid. The grid spacing 440 

is set to 0.1°, and events within a radius of 0.2° are associated with each grid. We 441 

impose a minimum number of 200 as a number criterion for robust b-value estimation. 442 

A stability test is performed for different event association radii (Figure S15, S16). The 443 
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resulting b-map has complete coverage for the study region (Figure 9a), with an 444 

uncertainty below 0.1 for most grids (Figure 9b). The 𝑀𝑐 ranges from ML1.0~1.6 for 445 

most part of the region (Figure 9c), indicating high detection completeness.  446 

 On the main fault, the b-value is low along the seismic gap between the epicenter 447 

of 1733 Dongchuan and 1833 Songming earthquake (Figure 9a, (Wen et al., 2008; Ren, 448 

2013), indicating high stress level. This low-b feature is consistent with the low seismic 449 

rate on the main fault (Section 3.1), which suggest strong fault coupling. The epicenter 450 

of Dongchuan and Songming earthquake lie in a transition region between high and 451 

low b-value (Figure 9a), which fit well with the spatial variation of interseismic fault 452 

coupling (Figure 4c, (Li et al., 2021). In contrast, the off-fault structures have 453 

significantly higher b-values (also see Figure 3d for example FMDs), which are 454 

commonly associated with a low stress level (El-Isa and Eaton, 2014) or weak fault 455 

strength (Scholz, 2015). Mechanisms related to weak fault strength include: (1) velocity 456 

strengthening frictional properties (Schurr et al., 2014), (2) low-effective normal stress 457 

(Bachmann et al., 2012), and (3) geothermal or volcanic conditions (Murru et al., 2007).  458 

3.6 Locking Behavior and Strength of the Off-fault Structures 459 

It is noted that the XJF is under an interseismic loading period, while the most 460 

intensive microseismicity are concentrated on off-fault structures, especially in two 461 

areas near 26.5°N and 25°N east of XJF. We infer geothermal condition of these two 462 

locations may be responsible for such high seismic activity, as indicated by high 463 

conductivity (Bai et al., 2010; Li et al., 2019) and distribution of hot springs (Shi and 464 

Wang, 2017). As analyzed in detail for the NE area of XJF, this area (1) shows strong 465 

correlation between seismicity and slip rate, (2) possibly hosts repeating earthquakes, 466 

and (3) are characterized by high b-value. Therefore, off-fault structures in this area 467 

may be subject to low-frictional strength and deep episodic slow-slip events.  468 

Considering the deformation across the off-fault structures, as also the spatial 469 

decaying of NS shearing in the normal direction of XJF, the area with intensive off-470 

fault structures is undergoing a right-lateral shearing in the NS direction and left lateral 471 

shearing in the EW direction (Figure 8a). Such mode of deformation is close to a pure-472 

shear deformation within a bulk. Elastic theory supports that a pure-shear deformation 473 

in such a geometry setting releases shear direction in both NW and EW direction. As a 474 

volume of the eastern wall of XJF, shear stress loading is partially released by the 475 

distributed shearing in this volume. Thus, the shear stress on XJF near these geothermal 476 

areas should be lower in comparison with other strongly locked areas, and may serve 477 

as stress barriers for co-seismic ruptures. At the same time, geothermal portions of XJF 478 

may cause a velocity strengthening behavior because of a low effective normal stress. 479 

Recent observations of continental strike slips events show, the co-seismic ruptures can 480 

be terminated by geothermal conditions, e.g. the 2016 Kumamoto earthquake (Yagi et 481 

al., 2016; Yue et al., 2017) and 2019 Ridgecrest earthquake (Liu et al., 2019; Wang et 482 

al., 2020; Yue et al., 2021b). The spatial segmentation of historical events along the XJF, 483 
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e.g. Songming and Dongchuan earthquake, appears to be terminated by these two loci 484 

(Shen et al., 2003; Wen et al., 2008; Ren, 2013). Therefore, the fault portion between 485 

the 26° and 25.5°, may be an independent rupture segment bounded by geothermal 486 

portions on its two ends (Figure 9).  487 

Considering the overall tectonic setting near the XJF, its west part shows 488 

distributed shear, with three extra NS trending sub-parallel faults, e.g. Luzhijiang fault, 489 

Yimen fault (YMF) and Puduhe fault (PDF), with ~30 km interval (Wang and Shen, 490 

2020). The lower crust to the west side of XJF shows a low material strength, as 491 

validated by (1) a low P and S wave velocity in the lower crust (Wu et al., 2013; Bao et 492 

al., 2015; Yang et al., 2020), (2) a low-electric resistivity (Bai et al., 2010; Li et al., 493 

2019), (3) a high attenuation (Zhao et al., 2013), (4) relatively high heat flow and 494 

concentrated hot springs (Shi and Wang, 2017), and (5) a high b-value (Figure 1b). Such 495 

low material strength may be generated by a radial active decay of a thick crust (~50 496 

km) and shearing generated heat (Wang et al., 2017). Thus, we infer that a ductile lower 497 

crust with distributed shear deformation to the west side of XJF, and that all four large 498 

faults above the ductile zone are subject to a potential for large earthquakes. A similar 499 

shear pattern is also found for the Songpan-Ganze block near NE boundary of Tibetan 500 

plateau. Large earthquakes were found to occur within the shear zone instead of only 501 

on boundary faults (Yue et al., 2021a). Therefore, denser geodetic and seismic 502 

observation in this area are needed to evaluate the seismic hazard in the whole area.  503 

 504 

Figure 10. Conceptual model of XJF. Crust with different depth and different properties are 505 

separated by color. Faults traces and planes are plotted in black lines and gray patches. White dots 506 

plot characteristic seismic clusters. Black arrows mark the block motion.  507 

 508 
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3.7 Seismic Hazard of XJF 509 

Based on the above discussions, we imaged the structure of XJF and demonstrated 510 

its slip behaviors (Figure 10). Here, we analyze the implications of such fault 511 

characteristics on the seismic hazard.  512 

The major Xiaojiang fault is composed of several sub-faults aligned in an én 513 

echelon pattern. Historically, this ~150-km-long fault trace is capable to create M7-8 514 

earthquakes (Shen et al., 2003; Wen et al., 2008; Ren, 2013; Li et al., 2015). To evaluate 515 

the current potential of XJF of generating large events, we suppose that a large 516 

earthquake requires a high stress level on a large scale, which has been validated by 517 

dynamic rupture simulations (Day, 1982; Wesnousky, 2008; Yang et al., 2019). In XJF, 518 

the quiescent segment between the Dongchuan and Songming epicenters (~25.5-26°N) 519 

fulfills such criteria: (1) the lowest b-value in the study area (Figure 8a); (2) the largest 520 

cumulative Coulomb stress change (1-10MPa) given by Shan et al. (2013); (3) the 521 

highest locking ratio along XJF inverted from GPS (Li et al., 2021). Thus, we conclude 522 

that this ~50-km-long gap is still susceptible for dynamic rupture, which can lead to a 523 

~M7 earthquake if being completely ruptured.  524 

The origin time of future large earthquake is especially hard to predict. In this 525 

discussion, we only consider which stage does XJF lie in the whole cycle. As stated in 526 

Section 1.1, the earthquake cycle given by paleo-seismic studies are not consistent with 527 

each other. We can revisit this problem by direct evidence from the fault slip rate and 528 

coseismic offset. Multiple GPS measurements over decades give a slip rate of 7-10 529 

mm/yr on XJF (Shen et al., 2003; Shen et al., 2005; Wang et al., 2015; Fu et al., 2020). 530 

Adopting the field observation by Ren (2013), the coseismic offset of the 1833 531 

Songming earthquake ranges from ~3-6m, which would lead to a maximum of 850-532 

year recurrence interval, still much smaller than ~2000-year by Shen et al. (2003). On 533 

the other hand, the average interval is about 500 years following this estimation, which 534 

is comparable to 370-480 years given by Li et al. (2015). Thus, we prefer the paleo-535 

earthquake result from Li et al. (2015), and infer that XJF is at its late stage of seismic 536 

cycle, considering the 200-300 years’ elapse from the 1733 and 1833 event.  537 

Besides, our b-value mapping result also solves the contradiction between the 538 

average b-value and geodetic estimation mentioned in Section 1.1: regional catalog 539 

gives high average b-value on XJF (Figure 1b), but geodetic estimation by Wang et al. 540 

(2015) gives high moment deficit. We interpret this phenomenon as the bias of average 541 

b-value: in XJF, the off-fault structures and regional distributed shear generate 542 

distributed microseismicity with high b-value, which lead to an overestimation of b-543 

value on the major fault. If we use the b-value on major fault to represent the current 544 

stress level of XJF, the ~0.9 b-value (Figure 9a) is comparable to that on AZF and XSHF, 545 

which is consistent with geodetic results (Wang et al., 2015). Thus, in adopting the b-546 

value inference, a high-completeness catalog with detailed b-mapping is important.  547 
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4. Conclusions  548 

In this paper, we obtained a high-resolution image of microseismicity in XJF with 549 

a temporal seismic network and PALM detection method. Combining spatiotemporal 550 

feature of seismicity, repeater analysis, and b-value mapping, we characterize the 551 

behavior of XJF during its interseismic period. The main conclusions include: 552 

(1) We found that the XJF is composed of two sets of structures: the two major 553 

branches and the conjugate sub-faults. The major Xiaojiang fault includes two sub-554 

parallel NS-trending branches, each showing én echelon geometry. It is overall strongly 555 

locked, generating low microseismicity, low b-value, and no repeaters. The clusters on 556 

western branch show variable depth around the epicenter of 1833 Songming earthquake, 557 

delineating a fault segment with shallow locking depth.  558 

(2) The off-fault structures form conjugate geometry with the main faults. The 559 

intense microseismicity on these sub-faults are driven by small fault slip, indicating 560 

stress loading released by distributed shear. We propose that such behavior may be 561 

caused by geothermal-induced fault weakening mechanism, which explains all 562 

observations in this and previous studies, including the potential repeating events, high 563 

b-value, and low resistivity at shallow depth. These distributed shearing area may serve 564 

as both stress and material barriers for future large earthquakes, which bound the 565 

segment of XJF between 25.0°N and 26.5°N as an isolated rupture segment.  566 

(3) The overall b-value in the central of XJF is low, indicating a high stress level. 567 

Considering the locking pattern of XJF and its surrounding loading environment, we 568 

infer that XJF at a late stage of interseismic loading. The segment between 25.0°N and 569 

26.5°N may be subject to an ~M7 earthquake in the future.  570 

 571 
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