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Abstract: High-resolution imaging of fault zone structures is essential for 18 

understanding earthquake physics and fault mechanics. As a major left-lateral 19 

strike-slip fault in northeastern Tibet, fine structures of the damage zone in the 20 

creeping (Laohushan) section of the Haiyuan fault remain unclear. To resolve 21 

geometry and velocity reduction of the damage zone, we deployed a dense 22 

temporary network of 110 seismic stations around the creeping section of the 23 

Haiyuan fault. Travel time delays from teleseismic P arrivals suggest an 24 

~1-km-wide low-velocity zone, likely illuminating a broader damage zone 25 

around the Haiyuan fault. A catalog is constructed for local earthquakes based 26 

on phase picks identified from a machine learning technique. The amplification 27 

of waveforms from these local events and waveform modeling of fault zone 28 

trapped waves indicate a narrower inner damage zone with depth-dependent 29 

width (ranging from 150 m to 50 m) that extends to a depth of ~4 km. These 30 

values are generally consistent with those found on other non-creeping faults 31 

in California, suggesting that these damage zone properties are not affected 32 

by fault slip behaviors at shallow depth. In addition, a clear bi-material velocity 33 

contrast across the fault is revealed by the analysis of teleseismic P arrivals. 34 

Assuming the contrast extends to a depth of 15 km, we find that P wave 35 

velocity is ~5% slower in the crustal block north of the fault. Our study shows 36 
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that a temporary dense seismic network is effective in illuminating cross-fault 37 

velocity contrast and fault geometry. 38 

 39 

Plain Language Summary: The Haiyuan fault is a major left-lateral strike-slip 40 

fault in northeastern Tibet and has hosted two destructive earthquakes (1920 41 

Haiyuan and 1927 Gulang earthquake) in the past century. Along the 42 

Laohushan section of the Haiyuan fault, between rupture zones of these two 43 

earthquakes, shallow aseismic creep and repeating earthquakes have been 44 

detected using geodetic and seismic data. However, the structure of this 45 

creeping section is still poorly understood. Therefore, we deployed a dense 46 

array with 110 stations crossing the fault surface trace. A catalog with more 47 

local earthquakes during the one-month recording period is constructed and 48 

relocated using this dense array. Based on analyses of signals from nearby 49 

and distant earthquakes, we find a ~100-m-wide slower fault inner zone that 50 

can trap incoming seismic energy and a wider (~1-km-wide) low-velocity 51 

damage zone beneath the array. The inferred fault zone structure is consistent 52 

with those found along other non-creeping faults in California, suggesting 53 

damage zone properties are likely not controlled by fault slip behaviors at 54 

shallow depth. The resulting high-resolution fault zone image also helps 55 

improve ground motion prediction and rupture simulation in the Laohushan 56 

section of the Haiyuan fault. 57 

 58 

1. Introduction 59 

Crustal earthquakes reflect rapid slip of two rock bodies along active fault 60 

zones. While most slip and deformation occur within a very narrow fault core, 61 

additional geological, geophysical, geodetic methods and dynamic modeling 62 

have found a much wider zone with intensive cracks/fractures and damaged 63 

rocks that are called fault damage zones (e.g., Ben-Zion & Sammis, 2003; Kim 64 

et al., 2004; Manighetti et al., 2004; Mitchell & Faulkner, 2009; Choi et al., 2016; 65 

Torabi et al., 2020; Peng & Deng, 2022). Understanding the properties of 66 

damage zones around active faults has important implications for many 67 

aspects of earthquake physics and fault mechanics, such as the deformation 68 

processes associated with faulting (e.g. Chester et al., 1993; Schulz and 69 

Evans, 1998; Wilson et al., 2003), strain distribution and deformation history in 70 

a region (e.g. Scholz & Cowie, 1990; Walsh et al., 1991; Marrett & 71 

Allmendinger, 1992), earthquake rupture propagation and near-fault seismic 72 

hazards (e.g. Harris & Day, 1997; Kim & Sanderson, 2008; Manighetti et al., 73 
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2009; Choi et al., 2012; Huang et al., 2014; Perrin et al., 2016; Weng et al., 74 

2016; Chen & Yang, 2020), and transportation of fluids in the crust (e.g. 75 

Geraud et al., 2006; Kim & Sanderson, 2010). Active fault damage zones have 76 

been probed through a variety of methods, including microstructural analysis, 77 

gravity inversions, geodetic inversions based on Interferometric Synthetic 78 

Aperture Radar (InSAR) and GPS observations, air gun source, seismic 79 

tomography with local, teleseismic earthquakes or ambient noise, and other 80 

near-fault seismic observations, such as fault zone trapped waves (FZTWs), 81 

fault zone head waves (FZHWs), and P wave arrival delays from local and 82 

teleseismic earthquakes (e.g., Ben-Zion & Sammis, 2003; Yang, 2015; Yang et 83 

al., 2021; Jiang et al., 2021; She et al., 2022).  84 

However, the definition of a fault damage zone is still under debate. The 85 

damage zone of an active fault is seismically recognized as a low-velocity 86 

zone (LVZ) with a reduction in seismic velocities and elastic moduli relative to 87 

the host rocks (Ben-Zion & Sammis, 2003). Other studies based primarily on 88 

geological mapping proposed further subdivisions of the fault core from the 89 

damage zone, such as the principal slip zone (Chester & Chester, 1998; 90 

Sibson, 1986, 2003), central and distal cores, and/or inner and outer damage 91 

zones (Perrin et al., 2016). Choi et al. (2016) summarized three main 92 

categories, i.e., along-fault, around-tip, and cross-fault, to define the damage 93 

zones, and in most cases, the boundary is determined as the distance where 94 

an abrupt decrease or fall off of the fracture frequency occurs.  95 

The widths of fault damage zones estimated with geological and seismic 96 

methods are mostly around a few tens to hundreds of meters. For example, 97 

Riley et al. (2010) estimated the width of the damage zone of the Pajarito fault 98 

to be 80 m at Sawyer Canyon and 160-170 m at Bland and Frijoles Canyons in 99 

New Mexico. Based on fracture density field observations. Chester et al. (2005) 100 

inferred that the damage zone associated with the exhumed Punchbowl fault in 101 

the San Andreas fault (SAF) system in southern California is approximately 102 

100 m. Li and Vernon (2001), and Qin et al. (2018) obtained a 70-100-m-wide 103 

damage zone along several strands of the San Jacinto Fault, based on the 104 

modeling of FZTWs. A 150-200 m width of fault damage zone was confirmed 105 

at this fault from local earthquake waveform modeling (Lewis et al. 2005; Yang 106 

& Zhu, 2010; Yang et al., 2014), and additional FZTW inversions (Share et al., 107 

2019). Li et al. (2004) and Li (2021) inferred a low-velocity waveguide of 108 

~150-200-m-wide at the Parkfield section of the SAF based on FZTWs. 109 

FZTWs recorded from dense seismic arrays indicate a ~200-m-wide rupture 110 
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zone of the 2008 Wenchuan earthquake near the boundary of eastern Tibet 111 

and the Sichuan basin in Western China (Li et al., 2009) and a ~300-m-wide 112 

rupture zone of the 2001 Kunlun earthquake in the northern Tibetan Plateau 113 

(Li et al., 2005). Recently, Huang et al. (2020) obtained a width of ∼150–160 m 114 

low-velocity zone based on FZTWs at the Central section of the Longmen 115 

Shan fault that ruptured during the 2008 Wenchuan earthquake. 116 

Other studies also reported a much wider damage zone. For example, a 117 

more than 1-km-wide damage zone of the Calico fault was first reported by 118 

InSAR (Fialko et al., 2002) and was later confirmed with detailed structure by 119 

FZTWs (Cochran et al., 2009) and travel times of local earthquakes (Yang et 120 

al., 2011). Based on relocated seismicity, Liu et al. (2003) observed that the 121 

aftershocks of the 1992 M7.3 Landers Earthquake occurred in a cloud that was 122 

wider than 1 km from the mainshock fault ruptures. Hauksson (2010) also 123 

found that most aftershocks in southern California occurred within ~2 km of the 124 

recent rupture zone, and background seismicity occurred at an even wider 125 

zone of ~10 km, which was interpreted as the seismic damage zone. Ma et al. 126 

(2019) found that the fault damage zone width showed great variability with the 127 

highest value in excess of 3 km inside the Tarim basin in Western China, even 128 

though most were in the range of 100–800 m along the strike-slip faults. In a 129 

similar region, a width of more than 2 km in carbonate rocks is inferred by well 130 

logs, cores, thin sections, and oil production (Wu et al., 2019). The width of the 131 

damage zone varies from ~50 to ~1000 m at the Arima–Takatsuki Tectonic 132 

Line and the Rokko–Awaji Fault Zone of southwest Japan (Lin & Yamashita, 133 

2013). Based on the ambient noise tomography and teleseismic travel time 134 

anomaly, Qiu et al. (2021) observed 1- to 2-km-wide low-velocity zones with 135 

more intensely damaged inner zones along the rupture zone of the 2019 M7.1 136 

Ridgecrest, California earthquake.  137 

With a comparable length to the SAF, the Haiyuan fault is a major active 138 

left-lateral slip fault along the northeast edge of the Tibetan Plateau (Figure 1). 139 

Two large earthquakes occurred along or near the Haiyuan fault, the 1920 M~8 140 

Haiyuan earthquake and the 1927 M8 Gulang earthquake, and the region 141 

between the two epicenters is named the “Tianzhu seismic gap” (Gaudemer et 142 

al., 1995). Shallow creep has been observed from geodetic data at the 143 

Laohushan section of the Haiyuan fault near the eastern end of the seismic 144 

gap (Jolivet et al., 2012, 2013; Li et al., 2021). Repeating earthquakes have 145 

also been detected in this creeping section from waveform cross-correlations 146 

of data from local seismic networks (Deng et al., 2020).  147 



 5

Compared with the multi-scale dense seismic network across and along 148 

the SAF and other recent rupture zones in California (e.g., Ben-Zion et al., 149 

2015, Catchings et al., 2020), most of the recent seismological deployments in 150 

Northeastern Tibet (e.g., the ChinArray projects) focus on large-scale 151 

tomographic imaging and crustal deformation (e.g., Li et al., 2017; Wang et al., 152 

2017; Shi et al., 2021; Tian et al., 2021), rather than high-resolution fault zone 153 

imaging with dense arrays across and along active faults. In addition, the 154 

relationship between the creep behavior and two large earthquakes along the 155 

Haiyuan fault, and the contribution of the creeping fault to future seismic 156 

hazards are still unclear. 157 

In this study, we deploy dense nodal seismic stations across the creeping 158 

Laohushan section of the Haiyuan fault for high-resolution imaging of seismic 159 

structures based on local and teleseismic events. The internal structure of the 160 

fault damage zone can provide new insights to our understanding of the 161 

diverse fault slip behavior at intraplate regions and better ground motion 162 

predictions along and around active faults. In the next sections, we first 163 

describe the data and method, and then use waveforms generated by both 164 

local and teleseismic earthquakes to obtain fine structures of the damage zone 165 

of the fault section.  166 

 167 

2. Data and method 168 

2.1 Data 169 

A 60-station dense array (three-component 5-Hz Smartsolo seismometers) 170 

is deployed at the Laohushan section of the Haiyuan fault from 2 July to 1 171 

August 2020 (Figure 1). The 4-km long linear array, oriented ~15° clockwise 172 

from the north, is perpendicular to the local fault strike. The station spacing is 173 

the smallest (~6 m) near the fault trace, and gradually increases to ~500 m 174 

near both ends. In addition, we deploy a 2-D array around the study region 175 

with 50 seismic stations (three-component 5-s QS-05 seismometers) to help 176 

build a catalog of more local earthquakes with better hypocentral locations. 177 

 178 

2.2 Delay time analysis 179 

In addition to FZTWs from local earthquakes, travel time delays of body 180 

waves from local and teleseismic earthquakes provide an efficient way to 181 

determine fault zone boundaries (Li et al., 2007; Share et al., 2017; Yang et al., 182 

2011; Yang et al., 2014). We largely follow the steps proposed by Yang et al. 183 

(2020) and Qiu et al. (2021) to process the teleseismic data. First, we obtain 184 
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the first-arriving P phases from teleseismic earthquakes in USGS’s NEIC 185 

earthquake catalog with magnitudes greater than Mw 4.5 (Figure 2). Then, 34 186 

events (Table S2) with a good signal-to-noise ratio (SNR) are manually 187 

selected after band-pass filtering the waveform from 0.05 to 1.5 Hz (Yang et al., 188 

2020).  Second, we correct the topographic effects on the P wave’s 189 

theoretical travel times using different near-surface velocities. Third, we use a 190 

4-s-long window centered on the corrected P arrival to pick the arrival time of 191 

the P phase, based on the highest coefficient of the maximum or minimum 192 

peaks, to avoid possible errors associated with cycle-skipping or other artifacts. 193 

The travel time residuals between the picked arrival time and 194 

topography-corrected arrival time may reflect the local velocity variations in the 195 

crust assuming a flat Moho beneath the array. In addition, we compute 196 

waveform cross-correlations in a 4-s time window (2 s before and 2 s after 197 

picked arrivals) around the P waves between each station, to measure 198 

waveform similarity for stations inside and outside the fault zone. 199 

Previous studies have shown that lithological contrasts across major faults 200 

often result in sharp bi-material interfaces, which may lead to significant 201 

differences in seismic radiation and rupture propagation (Ben-Zion & Sammis, 202 

2003; Yang et al., 2015). FZHW propagating along bi-material fault interfaces 203 

from local earthquakes is an effective tool to estimate the velocity contrast of 204 

major fault interfaces (e.g., Ben-Zion & Malin, 1991; Zhao et al., 2010; 205 

McGuire & Ben-Zion, 2005; Lewis et al., 2007; Zhao & Peng, 2008). However, 206 

the accuracy of local earthquake location strongly affects the separation time 207 

between FZHWs and direct P waves and, thus, the resulting velocity contrast. 208 

As described in section 3, our local earthquake locations have large errors, 209 

mainly due to random timing errors in the seismic recordings of the 2D array 210 

(QS-05 seismometers). Hence, we only use teleseismic arrivals to image the 211 

velocity contrast in this region. Following the method of Ozakin et al. (2012), 212 

the travel time difference of a planar teleseismic wave with an incidence 213 

angle α recorded at two stations is given by 214 ∆𝑡ே௢௥௧௛ିௌ௢௨௧௛ = ௛௏ಿ೚ೝ೟೓ୡ୭ୱ (஑) − ௛௏ೄ೚ೠ೟೓ ୡ୭ୱ(஑) (1). 215 

where h is the depth to which the velocity contrast extends, VSouth and VNorth 216 

indicate the average P wave velocity in crustal blocks south and north of the 217 

fault, respectively. The corresponding cross-fault velocity contrast can thus be 218 

written as 219 ௏ಿ೚ೝ೟೓௏ೄ೚ೠ೟೓ = ୦୦ା∆௧ಿ೚ೝ೟೓షೄ೚ೠ೟೓௏ೄ೚ೠ೟೓ ୡ୭ୱ(஑) (2). 220 



 7

 221 

2.3 Catalog construction 222 

Here we use EQTransformer (Mousavi et al., 2020), a method based on a 223 

deep neural network with an attention mechanism, to perform P and S wave 224 

detection and association for local earthquakes. We use threshold values of 225 

0.3, 0.1, and 0.1 for detection, P-picking, and S-picking respectively, and a 226 

5-s-long moving window and at least 10 stations for the phase association. 227 

Subsequently, we estimate absolute locations based on a 1D velocity model 228 

with a probabilistic nonlinear global-search algorithm called NonLinLoc (Lomax 229 

et al., 2000). The velocity model used in this study (Table S1) was constructed 230 

from nearby active and passive seismic investigations (Zhang et al., 2011; 231 

Deng et al., 2018). Next, we use the GrowClust (Trugman & Shearer, 2017) 232 

method to relocate all detected events, based on differential travel times 233 

estimated from cross-correlations of P and S waveforms within 2 s and 3 s 234 

window length, respectively.  235 

 236 

2.4 Amplification and FZTW modeling 237 

Low-velocity zones can produce relatively long-period high-amplitude 238 

seismic waves, and this amplification pattern may be a combined effect of 239 

lower elastic modulus, propagation (focusing and defocusing of body waves), 240 

and FZTWs (e.g., Li et al., 1990, 2000; Ben-Zion & Aki, 1990; Ben-Zion et al., 241 

2003; Peng et al., 2003; Yang et al., 2020; Jiang et al., 2021; She et al., 2022; 242 

Song & Yang, 2022). To detect the low-velocity-zone related amplification of 243 

incoming waves, we calculate the normalized amplitude of the 3-Hz 244 

low-pass-filtered local events as the integral of the squared envelope of the 245 

waveforms within 20 s of the event origin time. We apply a 3-Hz lowpass filter 246 

because recent studies have shown that the dominant frequency of FZTWs is 247 

usually lower than 3 Hz (e.g., Wang et al., 2019; Qiu et al., 2020). In 248 

comparison, other body-wave phases such as P and S waves yield much 249 

higher peak frequencies and are often negligible at frequencies lower than 3 250 

Hz when compared with FZTWs. Hence, the amplification pattern of the 251 

incoming seismic waves could be used to provide a first-order estimation of the 252 

width of the fault zone waveguide and detect candidate FZTWs for subsequent 253 

waveform modeling. 254 

To model FZTWs, we use a genetic inversion algorithm that has been 255 

applied to FZTWs observed in previous studies (e.g., Ben-Zion et al., 2003; 256 

Lewis et al., 2005; Qiu et al., 2017) to invert the average fault zone waveguide. 257 
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The algorithm investigates a large number (e.g., 10,000) of simplified fault 258 

zone models, i.e., a rectangular low-velocity zone sandwiched by two quarter 259 

spaces with higher velocities (e.g., Fig. 5 of Ben-Zion et al. 2003), with different 260 

properties (e.g., width, attenuation, and velocity) through several (e.g., 50) 261 

iterations. Each model is evaluated by a fitness value, (1+CC)/2, where CC is 262 

the cross-correlation coefficient between the synthetic and observed 263 

waveforms. For a robust inversion process, the algorithm will converge to a 264 

group of models that fit the observation generally well (with a high fitness value) 265 

and share similar values of fault zone parameters in the last few iterations. 266 

 267 

3. Results 268 

3.1 P wave delay time analysis of teleseismic events 269 

Figure 3 presents an example of the delay time analysis of an Mw5.5 270 

teleseismic event (July 04, 2020, 01:34:45, Solomon Islands). We first 271 

compute the theoretical arrival times (blue dots) based on a global 1-D velocity 272 

model (IASP91, Kennett & Engdahl, 1991). Then, the topographic effect is 273 

further added to the theoretical arrival time pattern assuming a near-surface 274 

Vp of 3 km/s (red dots). The residuals between the observed (in green) and 275 

predicted (in red) arrival times illuminates the travel time delay associated with 276 

shallow materials beneath the array. Positive values at stations near the 277 

mapped fault surface trace (Figure 1) suggest a low-velocity zone beneath the 278 

surface trace. 279 

To further verify this observation, we extend the delay time analysis to 34 280 

teleseismic events (Table S2), and the mean and standard deviation of the 281 

residual arrival times are shown in Figure 4a. By choosing a threshold of 0.05 s 282 

(the average of the part of the array north to the fault surface trace), the fault 283 

zone width is approximately 1 km based on teleseismic P wave delay times. 284 

We note that, although near-surface Vp is often poorly constrained, it does not 285 

affect our estimation of the fault zone location and width as shown in Figure 4a, 286 

where the residual arrival times assuming different near-surface Vp (4 km/s, 3 287 

km/s, and 2 km/s) are compared. 288 

The similarity matrix, the cross correlation between every station pair, is 289 

shown in Figure 4b. As expected, the cross-correlation (CC) coefficient 290 

generally decreases with increasing distance (i.e., off-diagonal). However, in 291 

addition to the general trend, the similarity matrix can be further divided into 292 

three blocks with high CC coefficients near the diagonal line. These three 293 

groups of stations, with high similarity only between stations within the same 294 
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group, likely correspond to significant variations in structures perpendicular to 295 

the fault (e.g., edges of low-velocity zones and cross-fault velocity contrast 296 

interface) that generate changes in waveforms recorded by stations in different 297 

groups. 298 

In addition to the low-velocity zone, the delay time analysis also shows a 299 

~0.15 s time difference between P wave arrival times recorded by stations at 300 

the two ends of the array (Figure 4a), indicating a lower P wave velocity in the 301 

crustal block north to the fault. Based on equation 2, the average velocity 302 

contrast across fault depends highly on the depth extent of the velocity 303 

contrast (H), the incidence angle of the incoming wave (alpha), and the mean 304 

Vp in the upper crust. Following previous studies, the Vp averaged in the crust 305 

is ~6.3 km/s (Zhang et al., 2011). Thus, in view of the average incident angle of 306 

25° (Figure 2b), the minimum cross-fault velocity contrast is ~2%, as H should 307 

be smaller than the crustal thickness of 50 km (Deng et al., 2018; Shi et al., 308 

2021). Alternatively, if we set H = 15 km (Sun et al., 2021), then Vp averaged 309 

over the top 15 km is ~6 km/s (Zhang et al., 2011), which yields a much larger 310 

cross-fault velocity contrast (~5%). Of course, if the velocity contrast is in a 311 

shallower depth, the value will be larger.  312 

 313 

3.2 Local earthquake catalog 314 

 Based on EQTransformer phase detection, 28,303 P waves and 27,136 S 315 

waves are picked. After phase associations, we obtain 482 events. 14 QS 316 

stations have timing issues via checking the P-wave arrivals from 5 teleseismic 317 

events. The detailed information are shown in Figures S2-S6. Hence, we 318 

delete these stations for the following process. After removing the Root-Mean 319 

Squares (RMSs) larger than 1s during the absolute relocation process by 320 

NonLinLoc and merging the events within 6 s, we obtain 306 events. The time 321 

residual remains ~0.2 s, even for distances as large as 50 km. The horizontal 322 

errors are mostly smaller than 4 km, but the focal depths for most events are 323 

not well constrained, compared with the horizontal direction (Figure S1). A total 324 

of 117 events are relocated by Growclust based on the detected time 325 

sequences from EQtransformer and the cross-correlation between events, 326 

after removing the travel time input from 35 Smartsolo stations in the center of 327 

the linear array.  328 

Figure 5 shows the final spatial distribution of local earthquakes. The 329 

QS-05 stations having timing issues are marked with green circles. As 330 
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waveforms recorded by the Smartsolo stations are more stable and consistent 331 

than those of the QS-05 stations, the detected seismic phases associated with 332 

Smartsolo stations were five times more frequent than those associated with 333 

the QS-05 stations (Table S3). Hence, many of the relocated earthquakes (1/3 334 

earthquakes) are constrained only by the linear Smartsolo array, resulting in a 335 

parallel direction with the array. Fortunately, the estimation of fault zone 336 

amplification from local events is not sensitive to their locations, which will be 337 

presented in section 3.3. 338 

 339 

3.3 Amplification analysis 340 

Figure 6 shows two examples of local events. The three-component 341 

waveforms indicate a clear arrival time delay and amplification of S waves near 342 

the zero offset. We further analyze the amplification pattern of local 343 

earthquakes by using the integral of the squared envelope of vertical 344 

component waveforms following Wang et al. (2019). Figure 7 shows such an 345 

amplitude pattern for four example events. Although the hypocentral distance 346 

varies from 3 to 30 km, the amplification is always the highest near the center 347 

of the array (i.e., fault surface trace), confirming that their locations do not 348 

strongly affect the peak location of the amplification pattern. In general, both 349 

the longest-duration and highest-amplitude S arrivals are observed near the 350 

fault surface trace, whereas the amplification decays with increasing 351 

fault-normal distance in both directions.  352 

We further analyze the amplification pattern from earthquakes with a 353 

hypocentral distance of less than 35 km and a sufficiently high SNR. 354 

Observations of earthquakes at large distances recorded by fault zone arrays 355 

usually yield low SNR values (Peng et al., 2003) due to geometrical spreading 356 

and attenuation, and are not included in the analysis. The red curve in Figure 7 357 

depicts the mean amplification pattern averaged over 62 local events (a 358 

detailed catalog is listed in Table S4) with error bars indicating the 359 

corresponding standard deviation. The average amplification pattern, 360 

consistent with those of a single event, also shows the highest amplitude near 361 

the fault surface trace. Based on a threshold determined by the largest value of 362 

sidelobes (dashed line in Fig. 7), a ~200-m-wide zone is outlined near the fault 363 

surface trace that significantly amplifies incoming seismic waves. We note that 364 

the fault zone width can vary depending on the choice of amplification 365 

threshold. To better constrain the fault zone width, we perform waveform 366 

modeling of FZTWs in the next section.  367 
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 368 

3.4 FZTW modeling 369 

In addition to amplifying seismic waves, the ~200-m-wide low-velocity zone 370 

identified in section 3.3 can also act as a waveguide and generate FZTWs, if 371 

the damage zone is sufficiently uniform at depth. Following Qiu et al. (2021), 372 

we apply several preprocessing steps (e.g., Figure S6 of Qiu et al. 2017) to the 373 

S waveforms at fault parallel component (e.g., Figure S7) prior to FZTW 374 

analyses. These include removal of the instrument response and integration to 375 

displacement seismogram, a bandpass filter between 1-10 Hz (based on the 376 

SNR of the trapped wave signal), and conversion to the response of an 377 

equivalent SH line source by convolving the fault-parallel component S 378 

waveform with 1/√𝑡 (e.g., Igel et al., 2002, Vidale et al., 1985). 379 

To detect FZTWs, we then visually inspect the recorded waveforms of local 380 

seismic events with a sufficient SNR of S wave. Four candidate events (red 381 

circles in Figure 5) are found to produce clear FZTWs at stations close to the 382 

fault surface trace (Figure S7). Compared to FZTWs identified from previous 383 

studies in California (e.g., Peng et al., 2003; Lewis & Ben-Zion, 2010; Qin et al., 384 

2021; Qiu et al., 2021) and Turkey (e.g., Ben-Zion et al., 2003), signals 385 

observed in this study are much weaker (i.e., comparable to the amplitude of 386 

direct S wave) and yield relatively longer S-to-FZTW separation time (~1 s). 387 

Similar to Qiu et al. (2021), we first stack FZTWs of all four candidate events to 388 

enhance the signal quality prior to the waveform modeling. Figure 8 shows the 389 

stacking procedure: (1) S waveforms recorded by the station with the 390 

maximum amplitude of FZTW (red waveforms in Figure S7) are extracted from 391 

all four candidate events; (2) These waveforms are aligned according to the 392 

FZTW outlined by green solid lines and then stacked (black waveform); (3) 393 

The same amount of time shift obtained in step 2 is applied to recordings of 394 

other stations before stacking. 395 

Figure 9a shows the resulting stacked S waveforms with the colored image 396 

highlighting the FZTW window. After stacking, direct S waves are significantly 397 

suppressed, while the FZTWs at stations with indexes between 30-33 are 398 

clearly preserved. We note that fault zone width inferred from FZTWs varies 399 

dramatically with frequency, i.e., from ~120 m at 1-3 Hz (Figure 9b) to ~60 m at 400 

3-6 Hz (Figure 9c). This is likely due to a frequency dependent sensitivity of 401 

trapped waves to the complex geometry of the damage zone (Qiu et al., 2021). 402 

Specifically, the narrower fault zone width given by higher frequency FZTWs is 403 

consistent with a flower-shaped damage zone (i.e., width decreases with 404 
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depth). This is because the fault zone at shallow depth often has a width that 405 

changes more rapidly with depth and thus may not be sufficiently uniform for 406 

waves at a higher frequency to generate constructive interference. 407 

Considering the clear fault zone width dispersion, we model the low and high 408 

frequency FZTWs separately to ensure better waveform fits, and the results 409 

are shown in Figures 10 and 11. 410 

Following the modeling algorithm described in the method section, we run 411 

the inversion for 50 iterations with 200 models per iteration. The fault zone 412 

parameters in the last 10 generations (2,000 models) are shown in Figures 413 

10b and 11b. We also compute the corresponding probability density functions 414 

using the frequency of each parameter value weighted by the fitness values 415 

(Ben-Zion et al., 2003). As expected, the best-fitting models from both low and 416 

high frequency FZTWs can generate synthetic seismograms that match with 417 

the observed FZHWs well (Figures 10 and 11). The width of the damage zone 418 

is ~140 m at 1-3 Hz frequency and ~50 m at 3-6 Hz. The estimated 419 

propagation distance inside the waveguide is ∼5.4 km, which includes a 420 

propagation component along-strike (i.e., non-vertical incidence angle). If we 421 

assume that along-strike and vertical, distances are the same, it suggests a 422 

waveguide depth of ∼4 km (= 5.4 √2⁄ ). The estimated average S wave velocity 423 

inside the fault zone and in the host rock is 0.9-1.7 km/s and ∼3-4 km/s, 424 

respectively. 425 

 426 

4. Discussion 427 

4.1 Properties of Low-velocity zone and damage zone 428 

From travel time delays of teleseismic P arrivals, we obtain an ~1-km-wide 429 

low-velocity zone. The teleseismic waves have almost identical paths before 430 

arriving at the near-zero offset stations. Hence, the delay time patterns are 431 

indicative of the shallow structure beneath those stations across the Haiyuan 432 

fault. This observation is consistent with field investigations from structural 433 

geology (Lin & Yamashita, 2013), as fractures in a broader damage fault zone 434 

could reduce seismic velocity and hence increase travel times for teleseismic 435 

waves. Based on teleseismic events, a low-velocity zone has also been found 436 

in other active faults, such as the San Jacinto fault zone (Share et al., 2017; 437 

Yang et al., 2014; Qin et al., 2021), rupture zones of the 1992 Landers 438 

earthquake (Li et al., 2007), and Calico fault zone (Yang et al., 2011) in 439 

Southern California. 440 
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Fault-zone amplifications of local events have been widely observed in 441 

both real fault zones (e.g., Eccles et al., 2015; Ellsworth & Malin, 2011; Li & 442 

Vernon, 2001; Li et al., 2000; Peng et al., 2003; Rovelli et al., 2002) and 443 

numerical simulations (e.g., Allam et al., 2015; Jahnke et al., 2002; Weng et al., 444 

2016; Chen & Yang, 2020). From fault zone amplification of local events and 445 

waveform modeling of trapped waves, here we obtain a frequency dependent 446 

damage zone, which is ~ 150 m wide at 1-3 Hz and ~ 50 m at 3-6 Hz. We 447 

suggest that the 1-km-wide LVZ likely corresponds to a broader damage zone 448 

surrounding a flower-shaped inner zone with more intensive damages (Figure 449 

12). Based on waveform modeling, the best-fitting fault zone Q value is ~10, 450 

and the fault zone S wave velocity is ∼60% of that of the surrounding rocks. 451 

These results are similar to those presented in a recent study along the surface 452 

rupture of the 2019 Mw7.1 Ridgecrest earthquake (Qiu et al., 2021), which 453 

reported several 1- to 2-km-wide low-velocity zones with more intensely 454 

damaged inner zones (0.5-1.5 km wide) from FZTWs. In addition, the 455 

flower-like structure, with fracture connectivity increasing with depth is 456 

documented in rupture dynamic modeling (Okubo et al., 2019), and geological 457 

observations (Perrin et al., 2016). 458 

Based on waveform modeling, we infer that the depth of the damage zone 459 

is ~4 km. This is in contrast to the deep fault damage zone extending to the 460 

bottom of the seismogenic zone as observed from FZTW studies (e.g., Li et al., 461 

2000; Li & Vernon, 2001), but is more consistent with shallow damage zone 462 

interpretations based on FZHWs, P-wave delays and other observations 463 

(Ben-Zion et al., 2003; Li et al., 2007; Lewis & Ben-Zion, 2010; Qin et al., 2021; 464 

Peng et al., 2003; Yang et al. 2011, 2014; Yang & Zhu, 2010; Qiu et al., 2021). 465 

It is worth noting that the observed creep along the Laohushan section is also 466 

constrained in the top ~4 km of the Haiyuan Fault (Jolivet et al., 2012, 2013). In 467 

comparison, most repeating earthquakes in this region occur at depths of 5-10 468 

km (Deng et al., 2020). 469 

 470 

4.2 Creeping and non-creeping fault damage zone 471 

 The width of the damage zone at the creeping section of the Haiyuan fault 472 

is similar to that of well-studied fault damage zones, such as the San Jacinto 473 

Fault (Qin et al., 2021), and rupture zones of the 2019 Ridgecrest earthquake 474 

(Qiu et al., 2021) in southern California, likely indicating that the damage zone 475 

feature cannot distinguish creep and non-creeping faults. In fact, Li et al. (1997) 476 

deployed a dense array on the creeping section of the SAF near Cienega 477 
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Valley and the lock-to-creeping transition of the SAF near Parkfield, Central 478 

California. Based on waveform modeling of surface explosions, the Parkfield 479 

data are adequately fit by a shallow fault zone waveguide 170 m wide with an 480 

S velocity of 0.85 km/sec and an apparent Q of 30-40. At Cienega Valley in the 481 

creeping section, the fault zone waveguide appears to be approximately 120 m 482 

wide with an S velocity of 0.7 km/s and a Q-30. These results suggest that the 483 

seismic velocity reduction at the Parkfield section in the lock-to-creeping 484 

transition of the SAF is similar to that at Cienega Valley, where the SAF 485 

primarily creeps (Li et al., 2021).  486 

The depth extent of the damage zone is ~4 km from the waveform 487 

modeling, which is consistent with the depth of shallow creep from geodetic 488 

observation in this region (Jolivet et al., 2012, 2013). This depth is also similar 489 

to other non-creeping faults, such as the San Jacinto fault (Lewis et al., 2005; 490 

Qin et al., 2021), the 2019 Ridgecrest earthquake rupture zone (Qiu et al., 491 

2021), and the Parkfield segment of SAF (Lewis & Ben-Zion, 2010). Hence, we 492 

find no major structural difference between the creeping fault along the 493 

Haiyuan fault and the non-creeping faults in California. These studies, together 494 

with this study, suggest that the properties of low-velocity zones around active 495 

faults do not strongly depend on the fault slip behaviors (i.e., creep versus fast 496 

earthquake rupture). The mechanisms unrelated to dynamic brittle rupturing 497 

processes for the damage zone should be explored better. Alternatively, the 498 

creep behavior along the Laohushan section of the Haiyuan fault (and perhaps 499 

the creeping section of the SAF) could be a transient behavior (Chen et al., 500 

2018), and infrequent large earthquakes can rupture through those apparent 501 

creeping sections (Deng et al., 2020), and result in permanent damages that 502 

can be detected by the seismic observations. Nevertheless, we need to 503 

investigate the fault damage zone properties along the sections that ruptured 504 

during the 1920 Haiyuan earthquake, to compare their similarities and 505 

differences with this study for a better understanding of the relationship 506 

between fault zone structure and fault behavior. 507 

 508 

4.3 Velocity contrast of the bimaterial fault interface 509 

The minimum velocity contrast along the Haiyuan fault is ~2%, which is 510 

comparable with the 1%~3% velocity contrast along the Garzê–Yushu Fault 511 

based on FZHW observations near the epicenter of the Mw 6.9 Yushu 512 

earthquake (Yang et al., 2015). An average contrast value of 5% would be 513 

estimated if the velocity contrast is limited to the upper 15 km of the crust (Sun 514 
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et al., 2021). Similar velocity contrast of 5% to 10% is observed along the 515 

Parkfield section of the SAF (e.g., Ben-Zion & Malin, 1991; Zhao et al., 2010), 516 

the Calaveras Fault (e.g., Zhao & Peng, 2008), the Hayward Fault (e.g., Allam 517 

et al., 2014), and the North Anatolian Fault in Turkey (e.g., Bulut et al., 2012; 518 

Ozakin et al., 2012). From the joint inversion of receiver function and surface 519 

wave dispersion, Deng et al. (2018) also observed similar lower velocities in 520 

the northern block than that of the southern block, separated by the Haiyuan 521 

fault. Based on the observed velocity contrast, FZHWs propagating along the 522 

bi-material interface from local earthquakes is expected. However, the data 523 

quality, particularly for recordings near the fault, and the small number of local 524 

earthquakes near the fault limit our ability to detect the emergent FZHWs in 525 

this dataset. Longer-term high-quality broadband recordings may be needed 526 

for observing FZHWs in this region. 527 

A bi-material fault interface is also expected to generate a preferred 528 

earthquake rupture direction if the initial stress is homogeneous (Ampuero & 529 

Ben-Zion, 2008; Weng et al., 2016), which is the slip direction of the slower 530 

block for a sub-shear rupture. For a super-shear rupture, the preferred 531 

direction is the slip direction of the faster block (e.g., Ben-Zion, 2001; Shi & 532 

Ben-Zion, 2006; Ampuero & Ben-Zion, 2008). With a left-lateral strike-slip 533 

motion, the preferred rupture direction for earthquakes with sub-shear rupture 534 

on the Haiyuan Fault would be to the west, while the direction with a 535 

super-shear rupture would be to the east. The surface rupture of the 1920 536 

Haiyuan earthquake is approximately 240 km long (Zhang et al., 2005; 537 

Liu-Zeng et al., 2013) with a newly estimated moment magnitude of 7.9 (Ou et 538 

al., 2020). Although the epicenter is not well constrained, recent physics-based 539 

rupture modeling has suggested that an epicenter located further to the west 540 

side of the surface rupture would fit the observed shaking pattern better (Xu et 541 

al., 2019). If we assume that the velocity contrast observed in this section is 542 

the same as those in the rupture zone of the 1920 Haiyuan earthquake, then a 543 

southeast rupture propagation would be consistent with the Haiyuan 544 

mainshock being a super-shear rupture.  545 

While we cannot confirm this directly with modern seismic recordings, it is 546 

worth noting several recent large strike-slip earthquakes occurring within the 547 

Tibetan plateau, such as the 2001 M7.9 Kunlun earthquake (Lin et al., 2002; 548 

Bouchon & Vallée, 2003), and the 2010 M6.9 Yushu earthquake (Wang & Mori, 549 

2012) had super-shear ruptures and propagated predominately to the 550 

southeast. As mentioned before, Yang et al. (2015) found that the northern 551 
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block across the Garze-Yushu fault has a slower seismic velocity than the 552 

southern block, consistent with the southeastern propagation of a super-shear 553 

rupture. It would be useful to examine whether similar velocity contrasts exist 554 

across the Kunlun fault, as well as surface ruptures of the 2021 M 7.4 Maduo, 555 

Qinghai, earthquake, where the rupture speed to the east of the mainshock 556 

epicenter appears to have reached super-shear (Yue et al., 2022; Li et al., 557 

2022).  558 

 559 

5. Conclusion 560 

We deployed a dense temporary network of seismic stations at the 561 

creeping section of the Haiyuan fault in the northeastern Tibetan Plateau. 562 

Machine learning detection (EQTransformer), association, absolute relocation 563 

(NonLinLoc), and relative relocation (Growclust) are employed to obtain the 564 

local event catalog. Based on the local and teleseismic events, we found a 565 

broad ~1 km-wide low-velocity zone surrounding a flower-shaped inner 566 

damage zone, which is ~150 m in the shallower depth and reduces to ~50 m at 567 

larger depth. The depth extent of the damage zone in this region is ~4 km, 568 

similar to the depth extent of the shallow creep. We also found that the 569 

northern block of the fault has a lower velocity than the southern block. The 570 

velocity contrast is 2% if we consider the whole crust, and 5% if only the upper 571 

15 km is considered. The damage zone of the creeping section of the Haiyuan 572 

fault does not appear to have a clear structural difference compared with 573 

non-creeping strike-slip faults elsewhere around the world. These 574 

observations are helpful for understanding diverse fault slip behavior and its 575 

contribution to ground motion and rupture propagation. 576 

 577 

 578 

Data availability  579 

The waveform data generated by teleseismic and local earthquakes used in 580 

this study are available at https://doi.org/10.6084/m9.figshare.19425977. 581 
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 985 

 986 

Figure Caption 987 
Figure 1. Map overview of the deployed stations. (a) Configurations of the linear (red 988 

circles) and 2-D (red triangles) arrays at the Laohushan section of the Haiyuan fault. Fault 989 

surface trace is mapped from the airborne LiDAR (Liu-Zeng et al., 2013). The blue 990 

rectangle outlines the region with possible creep (Jolivet et al., 2012, 2013). The insert 991 

map shows a larger region of the Tibetan Plateau. The red rectangle marks the study 992 

region for (a). HYF: Haiyuan fault; KF: Kunlun fault; XHF: Xianshuihe fault; ATF: Altyn 993 

Tagh fault. (b) A zoom-in map of the linear fault zone array (the dotted region in (a)).  994 

 995 

Figure 2. The information of teleseismic events in this study. (a) Distribution of teleseismic 996 

events analyzed in this study. (b) The theoretical incident angle distribution of the 997 
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analyzed events. There are more than 100 teleseismic events with Mw>4.5 during the 998 

deployed time. After visual inspection, we only include 34 events with high SNR in the 999 

teleseismic delay time analysis.  1000 

 1001 

Figure 3. P wave delay time analysis of an example teleseismic event (Earthquake UTC 1002 

time: 2020-07-04 01:34:45 Mw5.5, Solomon Islands). (a) Arrival times of the theoretical, 1003 

topo-corrected (assuming a near-surface Vp of 3 km/s), and observed P waves are shown 1004 

in blue, red, and green respectively; (b) The residuals between arrival times in green and 1005 

red, with the reference station at the center of the fault; (c) The topography along this 1006 

array.  1007 

 1008 

Figure 4. (a) The mean and standard deviation of residual arrival time pattern for P waves 1009 

over 34 teleseismic events, with the reference station at the center of the fault. Different 1010 

color indicates different near-surface Vp used in topographic correction. The low-velocity 1011 

zone indicates a ~1-km-wide fault damage zone. (b) The similarity matrix averaged over 1012 

34 teleseismic events. Each pixel illustrates the maximum cross correlation coefficient 1013 

between P waves recorded by a pair of stations averaged over all analyzed teleseismic 1014 

events. Three blocks are outlined with dotted boxes. The red vertical bar denotes the 1 km 1015 

low-velocity zone identified in (a). 1016 

 1017 

Figure 5. Local events distribution during the one month of July 2020 after relocated by 1018 

NonLinLoc and Growclust. The arrows marked the locations for local events in Figure 6. 1019 

Red circles outlined the events having clear trapped waves in Figure S7. 1020 

 1021 

Figure 6. Two examples of three-component raw seismograms generated by two local 1022 

events (Earthquake UTC time: 2020-07-23 14:53:09 (top), 2020-07-15 22:39:39 (bottom)). 1023 

The rough arrival times of P and S wave are labeled. Locations of these events are 1024 

marked with arrows in Figure 5. The red bar on the right denotes the low-velocity zone 1025 

identified from the analysis of the fault zone amplification pattern in Figure 7 (shaded 1026 

area).  1027 

 1028 

Figure 7. The mean and standard deviations of amplification patterns of 62 local events 1029 

using the vertical component. Amplification patterns for four example events with a wide 1030 

range of hypocentral distances are also shown. A ~200-m-wide high amplification zone 1031 

(i.e., the mean amplification higher than the dashed line) is highlighted in the center of the 1032 

fault.  1033 

 1034 

Figure 8. Nearly identical candidate FZTWs, outlined by green vertical lines observed in 1035 
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the example station ST33 near fault for all four candidate events. The top black trace is 1036 

the linear stack of waveforms from four candidate events after aligning them in the FZTW 1037 

window. 0 s in the x-axis denotes the start of the FZTW window. 1038 

 1039 

Figure 9. (a) Stacked waveforms of all candidate FZTWs. Colors represent the wavefield 1040 

within the FZTW window, whereas the red dashed curve denotes the maximum amplitude 1041 

within the FZTW window. (b) Same as (a) for Candidate FZTWs bandpass filtered at 1-3 1042 

Hz. The maximum amplitude pattern (red dashed curve) suggests a ~120-m wide damage 1043 

zone. (c) Same as (b) for FZTWs bandpass filtered at 3-6 Hz. A narrower (~60-m) fault 1044 

damage zone can be inferred. 1045 

 1046 

Figure 10. Inversion results for FZTWs filtered at 1-3 Hz and observed between stations 1047 

27–35, averaged over all four candidates shown in Fig. 8. Top panel: Comparison 1048 

between synthetic waveforms (blue) computed using the best-fitting model parameters 1049 

(black stars in (b)) and the observed FZTWs (in black). Bottom panels: Fitness values of 1050 

fault-zone model parameters from the last 10 generations of the inversion (green dots). 1051 

The best-fitting parameters (black stars) are displayed in each panel and used to generate 1052 

the synthetic waveforms shown in (a). The red bar outlines stations with clear FZTWs. 1053 

The black curve indicates the probability density function of model parameters shown as 1054 

green dots. 1055 

 1056 

Figure 11. Same as Figure 10 for waveform modeling of FZTWs filtered at 3-6 Hz. 1057 

Consistent parameters are obtained from modeling of both high and low frequency 1058 

FZTWs. The good waveform fits, combined with the consistency between best fitting 1059 

parameters and peaks of the probability density functions, suggest that the best-fitting 1060 

model parameters provide robust estimates of the average properties of the fault-zone 1061 

waveguide.  1062 

 1063 

Figure 12 (a) Schematic diagram of fault damage zone inferred from the teleseismic and 1064 

local events. A 1 km low-velocity zone is outlined for the entire damage zone, and the 1065 

damage inner zone has the flower-shaped feature, i.e., width decreases with depth. The 1066 

south side of the fault has a faster velocity than the north side based on the teleseismic 1067 

events. The center part of the array is magnified in the lower panel. (b) A zoom-in google 1068 

map showing the array geometry, active fault trace, and topography in the study region. 1069 

Stations used in the waveform modeling of FZTWs at 3-6 Hz (Fig. 11) are shown in red, 1070 

whereas stations in both red and blue are included in the modeling of FZTWs at 1-3 Hz 1071 

(Fig. 10). (c) A cross-section schematic diagram showing the flower-type trapping 1072 

structure. 1073 
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