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 28 

Abstract 29 

Effective management of seismic hazard in geo-energy development demands real-30 

time estimates of subsurface fault instability. However, real-time monitoring of pore 31 

pressure change during subsurface fluid injection remains challenging. Here, we 32 

present a novel high-resolution, non-tomographic monitoring strategy that tracks the 33 

ratio of seismic wave speeds (Vp/Vs) as a proxy for pore pressure coevolution with 34 

induced seismicity clusters. Applying this strategy to the southern Sichuan Basin, China, 35 

we observe distinct elevated in-situ Vp/Vs ratios that precede the occurrence of M>3 36 

hydraulic-fracturing (HF) induced earthquakes by an intervening period of several days 37 

of seismic quiescence. This quiescent period reveals a prolonged nucleation phase, 38 

during which injected fluids gradually condition the M3–M4 rupture zones by elevating 39 

pore pressure to critical levels. Such a prolonged nucleation phase could provide a 40 

valuable time window for operational intervention, offering more precise timing for 41 

hazard mitigation than traditional magnitude-based traffic-light protocols. Our results 42 

suggest a viable strategy for near-real-time seismic hazard assessment in diverse fluid-43 

rich environments susceptible to either induced or natural earthquakes. 44 

Introduction 45 

Fluid-injection-induced seismicity has garnered growing global attention1–4. The 46 

recorded maximum magnitudes of fluid-injection-induced earthquakes exhibit an 47 

upward trend worldwide and reach up to M6.0, as reported in the southern Sichuan 48 

basin, China5,6. These moderate-to-strong (3 ≤ 𝑀 ≤ 6 ) induced earthquakes have 49 

caused considerable nuisance, damage and even casualties4,6,7. Three end-member 50 

mechanisms associated with fluid injection are commonly invoked to explain the 51 

earthquake triggering process: pore pressure increase8,9, poroelastic stress 52 

perturbation10,11, and aseismic slip12,13. Elevated pore pressure is considered the 53 

dominant triggering mechanism, as indicated by extensive field observations of the 54 

spatiotemporal distribution of induced seismicity14–16. Thus, how to track subsurface 55 



 

pore-pressure evolution is critical for both understanding the earthquake nucleation 56 

process and designing seismic hazard mitigation strategies.  57 

Two observational approaches are commonly used to infer elevated pore pressure: 58 

1) tracking the migration of seismicity8,17,18, and 2) resolving tomographic velocity 59 

(ratio) anomalies19,20. However, the seismicity migration pattern itself provides little to 60 

no constraints on the pore pressure levels required for fault slip assessment21. On the 61 

other hand, travel-time-based tomographic approaches typically lack temporal 62 

resolution and can only resolve velocity heterogeneities on the order of several 63 

kilometers, or larger5,19,22. These limitations on resolution render both methods 64 

unsuitable for resolving the fault slip tendency or nucleation processes of moderate-to-65 

strong induced earthquakes in real time during fluid injection. While the recently 66 

proposed time-lapse dv/v imaging techniques using seismic ambient noise can achieve 67 

time resolution on the order of months to days23,24, they still suffer from intrinsic trade-68 

offs between spatial resolution and depth sensitivity inherent to surface wave inversion. 69 

To our knowledge, real-time pore pressure monitoring with sub-kilometer resolution in 70 

the source regions of induced earthquakes has not been achieved. 71 

In this work, we present a non-tomographic approach that measures spatiotemporal 72 

variations of in-situ Vp/Vs to monitor the near-source pore pressure evolution at/near 73 

seismogenic faults25. The spatiotemporal resolution of this method relies primarily on 74 

the number of phase arrivals and the spatial compactness of seismicity, which are 75 

limiting factors in previous applications to obtain robust solutions at both sub-day and 76 

sub-kilometer scales26,27. With abundant clustered-induced seismicity and dense 77 

seismic arrays, the Changning shale gas field (CSF) in the southern Sichuan basin offers 78 

a natural testbed for monitoring the spatiotemporal variations of in-situ Vp/Vs at high 79 

resolution. 80 

In the CSF, over 550 HF wells have been completed since 2011. Owing to high 81 

differential stresses28, pervasive seismogenic faults29, and slip-weakening rock 82 

frictional behavior30, more than 100,000 earthquakes with a magnitude of completeness 83 

𝑀! = 0.7 have been cataloged in association with high pore-pressure fluid injection. 84 

Over the past decade, the CSF has experienced 3 𝑀 ≥ 5 events, 28 𝑀 ≥ 4 events 85 



 

and over 200 𝑀 ≥ 3 events5, ranking it one of the most severe induced-seismicity 86 

hazard regions worldwide. To investigate the nucleation process of moderate 87 

earthquakes driven by injected fluids, we focus on two M>3 seismic clusters in the CSF 88 

that are well covered by dense seismic arrays with publicly available HF injection 89 

schedules (Fig. 1). We adapt the in-situ Vp/Vs technique to these two clusters using 90 

enhanced seismicity catalogues developed by Xu et al.31 and Ye et al.32. The resulting 91 

high-resolution in-situ Vp/Vs variations distinctly illuminate near-source pore pressure 92 

evolution and nucleation processes of the M>3 events. The results demonstrate that in-93 

situ Vp/Vs tracking with a dense seismic network can be used as a reliable strategy for 94 

real-time seismic hazard assessment. 95 

 96 

Fig. 1. Changning shale gas field (CSF) with seismicity recorded by two dense 97 

seismic arrays. (A) CSF in the southern Sichuan Basin (SCB), southwest China. (B) 98 



 

Distribution of hydraulic fracturing well pads (black squares), horizontal well 99 

trajectories (black lines) and mapped fault traces (dark red lines) in the production 100 

Wufeng-Longmaxi formation29. Dashed blue and orange boxes indicate areas covered 101 

by dense seismic array and 4G seismic network with station distribution detailed in (C) 102 

and (D). Blue and orange dots denote seismicity detected by the dense array and the 4G 103 

seismic network, respectively. Two black circles highlight clusters C1 and C2. The 104 

arrows at the bottom lower left indicate the local maximum horizontal stress (S"#$%) 105 

oriented at N107° 5. (C) Station distribution of the dense seismic array deployed 106 

between 28 February 2019 and 8 May 2019. (D) Station distribution of the 4G seismic 107 

network deployed since July 2022. (E) Spatiotemporal evolution of cluster C1. The 108 

earthquake dots are color-coded by time, with the M3.3 mainshock highlighted by a 109 

beachball. “Episode-1” and “Episode-2” denote two respective injection periods of 110 

wells W1 in pad H16 and W3 in pad H17, with an interval without injection (white 111 

interval). Gray band highlights Fault F1. (F) Spatiotemporal evolution of cluster C2. 112 

Beachballs denote five M ≥ 4 events: colored beachballs indicate the mainshocks that 113 

occurred during hydraulic fracturing, and black beachballs indicate the mainshocks that 114 

occurred in the suspension period. Gray bands highlight two distinct faults (F2 and F3) 115 

hosting the M4.0 and M4.1 events. 116 

Results 117 

Seismic clusters and HF injection activity  118 

We focus on two seismic clusters (C1 and C2) that occurred during fluid injection 119 

in nearby HF wells (Fig. 1). Cluster C1 is derived from an enhanced catalogue 120 

developed by Xu et al.31 using a 336-station dense nodal array with an average 121 

interstation spacing of 1.5 km (Figs. 1C, 1E). This cluster lasted for about two months 122 

from 5 March to 8 May 2019, with magnitudes ranging from 𝑀' − 1.7 to 𝑀'3.3 123 

(Supplementary Fig. 1). Cluster C2 was monitored by a local seismic network 124 

consisting of 48 stations with 4G real-time telemetry (Figs. 1D, 1F)32. Events in C2 125 

occurred during an ~80-day period from 20 April to 10 July 2023, with magnitudes 126 

ranging from 𝑀'0 to 𝑀'4.9. Both clusters exhibit similar spatial-temporal-magnitude 127 

evolution, characterized by initial low-magnitude (M<3) seismicity on fractures 128 

stimulated by successive HF stages, followed by interaction with pre-existing faults that 129 

lead to moderate M3–M4 events. The pre-existing faults F1–F3 are delineated by 130 



 

integrating microseismicity lineations and focal mechanism solutions of moderate 131 

earthquakes (Figs. 1E, 1F). 132 

Cluster C1 spans a horizontal length of ~1.5 km and concentrates at a depth of ~1 133 

km below the HF interval (Fig. 1E). It consists of two nearby seismicity episodes 134 

triggered by stimulation along HF wells H16-W1 and H17-W3, respectively. Both 135 

episodes exhibit a northward migration pattern following the fluid injection footprints 136 

(Supplementary Movie 1). The migration process delineates an initial activation of 137 

multiple E-W-striking fractures nearly perpendicular to the HF well trajectories, 138 

followed by reactivation of a NEE-trending fault F1 that hosts the largest event (M3.3) 139 

of this sequence. HF treatment was not suspended after the M3.3 event, and seismicity 140 

in Episode-1 continued to migrate northward until completion of well H16-W1. 141 

Injection in the adjacent well H17-W3 commenced 13 days later, triggering the second 142 

episode of seismicity which extended further northeast along F1, but without producing 143 

any M>3 events. 144 

Cluster C2 also comprises two episodes of seismicity concentrated at ~800 m 145 

below the horizontal wells (Fig. 1F). It delineates a set of NEE- and NNW-striking 146 

conjugate faults that were sequentially reactivated from southeast to northwest 147 

(Supplementary Movie 2). During the first episode, an M4.0 strike-slip event occurred 148 

along an NNW-trending fault (F2) after approximately 13 days of seismic activity. The 149 

M4.0 event exceeded the red-light threshold of the local traffic-light protocol, leading 150 

to an immediate suspension of injection. Three larger earthquakes (M4.5, M4.9 and 151 

M4.3) successively occurred over the following three days after the suspension. These 152 

events are located outside the well trajectories and have hypocentral depths that are 153 

either ~1 km below, or shallower than the first episode of seismicity (Supplementary 154 

Fig. 2). We exclude these peripheral events in the following analysis, since they are 155 

likely cascading effects from Episode-1 seismicity and are less directly related to pore 156 

pressure change during the HF operation. HF operation resumed after ~20 days of 157 

suspension, and triggered Episode-2 seismicity along a NEE-trending fault (F3) 158 

conjugate to F2. Following 10 days of persistent seismicity, an M4.1 strike-slip event 159 



 

eventually occurred on fault F3. Further details about these two seismicity catalogues 160 

can be found in Methods. 161 

Time-lapse in-situ Vp/Vs 162 

The in-situ Vp/Vs technique estimates the near-source Vp/Vs by fitting differential 163 

P- and S-wave travel times from clustered events (Methods)25. With dense seismic 164 

arrays and abundant clustered seismicity, we improve the resolution of the traditional 165 

in-situ Vp/Vs method by introducing a spatiotemporal moving window for each event. 166 

In cluster C1, we apply a spatiotemporal window of 150 m and 2 days to ensure at least 167 

30 nearby events and typically more than 1000 differential travel-time data points are 168 

included for each Vp/Vs estimate (Methods). The 150-m spatial window is selected as 169 

three times the averaged event location error of 50 m. Cluster C2 was recorded by 170 

relatively fewer stations, resulting in larger location errors of 70 m. We adopt a longer 171 

time window of 3 days and a larger radius of 200 m. For both clusters, we only retain 172 

the Vp/Vs results with Root-Mean-Square Error (RMSE) less than 0.02 and theoretical 173 

bias smaller than 0.01 (Methods). We thus regard each Vp/Vs ratio as an in-situ 174 

property at the hypocenter and origin time of the event centered at the spatiotemporal 175 

window. This definition allows each event to be associated with a corresponding Vp/Vs 176 

value. The resolution of the Vp/Vs variation in this study reaches up to ~150 m (i.e., 177 

the window size), comparable to the source length of M2-M3 earthquakes, so that we 178 

can further interpret the Vp/Vs evolution in the context of the nucleation processes of 179 

moderate earthquakes. 180 

For cluster C1, we observe stable Vp/Vs ratios around 1.73 for the seismicity on 181 

the E-W oriented fractures, except for a 300-m-long patch of elevated Vp/Vs (~1.8) 182 

near the prospective M3.3 hypocenter on the NEE-trending fault F1 (Fig. 2A). This 183 

high Vp/Vs anomaly emerged 7 days before the M3.3 mainshock (Fig. 2C) and 184 

occurred at the intersection of the hydraulic fractures and the seismogenic fault F1. We 185 

also observe that events associated with high Vp/Vs values gradually migrated 186 

northeast along fault F1 toward the eventual M3.3 hypocenter (Fig. 2C). The M3.3 187 

mainshock itself cannot be assigned a Vp/Vs value because there are no foreshocks on 188 



 

F1 within a two-day window. After 35 days following the M3.3 event, the second 189 

seismicity episode exhibited a recurrence of high Vp/Vs patches that continued to 190 

extend northeastward along F1. 191 

In cluster C2, the source regions of both the M4.0 and M4.1 events also exhibit a 192 

high Vp/Vs ratio greater than 1.8 (Fig. 2B). Elevated Vp/Vs values are observed ~10 193 

days before the M4.0 event on fault F2 (Fig. 2D). Similar to the M3.3 event, paucity of 194 

foreshocks in a 3-day window precludes Vp/Vs estimation for the M4.0 mainshock. 195 

The apparent lateral offset between the M4.0 epicenter and the high Vp/Vs patch along 196 

F2 arises from the ~200 m shallower depth of the M4.0 event on the southwest-dipping 197 

fault F2. The Vp/Vs values in the M4.1 source region show an increasing trend starting 198 

from 10 days before the mainshock, during which the seismicity migrated toward the 199 

mainshock hypocenter (Fig. 2D).  200 

 201 
Fig. 2. Spatiotemporal evolution of in-situ Vp/Vs. (A) Spatial distribution of Vp/Vs 202 

for cluster C1. Dots represent earthquakes color-coded by the Vp/Vs values. Gray 203 

crosses indicate seismicity without stable Vp/Vs results. Red star highlights the M3.3 204 

mainshock. Gray band represents fault F1. (B) Same as in (A) for cluster C2. Gray 205 

bands represent faults F2 and F3. (C) Temporal Vp/Vs evolution in cluster C1 projected 206 



 

along F1. Colored circles and crosses denote Vp/Vs values for events located within 207 

and beyond 150 m of perpendicular distance to F1, where 150 m corresponds to the 208 

radius used for each Vp/Vs calculation. (D) Same as (C), showing the M4.0 sequence 209 

(days before 20) and the M4.1 sequence (days after 50) in cluster C2, projected along 210 

faults F2 and F3, respectively. The distance threshold for discriminating events within 211 

and beyond the fault zone is 200 m for F2 and F3.  212 

Multi-stage evolution of mainshock sequences 213 

The spatiotemporal variation of in-situ Vp/Vs characterizes a four-stage evolution 214 

of the M3.3 sequence in cluster C1 (Figs. 3A, 3B). In the first stage (S1), several E–W-215 

oriented fractures progressively grew to the south of F1 during HF operations and 216 

generated earthquakes with relatively moderate Vp/Vs of around 1.73. From 7 to 2 days 217 

prior to the M3.3 event in the second stage (S2), elevated Vp/Vs values emerged as 218 

seismicity migrated from HF well-perpendicular fractures onto fault F1. In this stage, 219 

multiple fractures intersected the fault and repeatedly elevated Vp/Vs values (>1.8) 220 

prior to the mainshock. Following the elevated Vp/Vs, however, the seismicity rate on 221 

F1 dropped substantially, resulting in a ~2-day period of quiescence (S3) preceding the 222 

M3.3 mainshock. We regard the stages of S2 and S3 as the nucleation phase of the M3.3 223 

main event, which will be discussed in detail below. In the final stage (S4), the 224 

aftershock rate on F1 remained low despite continuing HF operations.  225 

A similar multi-stage evolution of initial elevated Vp/Vs followed by foreshock 226 

quiescence and then a paucity of aftershocks is also observed for the M4.0 event in 227 

cluster C2 (Figs. 3C, 3D). Elevated Vp/Vs values for earthquakes within 200 m of fault 228 

F2 appeared about 10 days before the M4.0 mainshock, followed by ~4 days of 229 

foreshock quiescence before the mainshock. Sparse aftershocks were observed within 230 

200 m of F2 similar to those of the M3.3 event.  231 

In contrast, the M4.1 event was preceded by persistent foreshock activity without 232 

an intervening quiescent stage S3 (Figs. 3E, 3F). Foreshocks of the M4.1 event initiated 233 

on multiple fractures perpendicular to the well trajectory and subsequently migrated 234 

onto the nearby NEE-trending fault F3 during stages S1 and S2. The Vp/Vs values 235 

increased from ~1.75 to 1.8–1.85 starting from 10 days prior to the mainshock. We 236 



 

cannot evaluate the aftershock pattern of the M4.1 event due to data loss between July 237 

2 and July 8, 2023. 238 

 239 

Fig. 3. Nucleation process for three mainshocks. (A) Seismicity and Vp/Vs evolution 240 

in the 10 days prior to the M3.3 event. Circles and crosses indicate earthquakes with or 241 

without stable Vp/Vs estimates, respectively. Circle size is proportional to Vp/Vs value. 242 

Colors denote earthquake origin time with respect to the mainshock. Gray band 243 

highlights fault F1. Black line denotes well trajectory of H16-W1, and orange band 244 

highlights the well segment that underwent a large daily injection volume higher than 245 

4000	m(. Blue arrows indicate the migration of seismicity from fractures to fault. (B) 246 

Temporal evolution of Vp/Vs ratios. Histograms denote seismicity rate in 0.5-day bins 247 

within 150 m of F1. Blue dots represent all the events with Vp/Vs values shown in (A), 248 

and blue line shows the maximum Vp/Vs, computed using a 0.5-day moving window. 249 

Blue arrow highlights elevated Vp/Vs values in Stage 2. (C, D) The same as (A, B), but 250 

for the M4.0 mainshock in cluster C2. (E, F) The same as (C, D), but for the M4.1 251 



 

mainshock. Histograms in (D, F) denote seismicity rate of events within 200 m of F2 252 

and F3. 253 

Discussion 254 

Spatiotemporal variations of Vp/Vs can be attributed to inherently heterogeneous 255 

lithology, temporal variation in fluid content, or a combination of both33–35. In our study, 256 

the spatial distribution of Vp/Vs ratios exhibits no apparent correlation with the 257 

reflection amplitudes on the co-located active-source seismic reflection profiles 258 

(Supplementary Fig. 3), suggesting that the Vp/Vs variations are not primarily 259 

controlled by local lithologic structures. A temporal increase of average Vp/Vs values 260 

from ~1.73 to ~1.8 is observed in the source region of the M4.1 foreshock sequence 261 

(Fig. 4A), further indicating a time-dependent, non-lithologic controlling factor. The 262 

spatiotemporal variation of Vp/Vs, in particular the increase leading up to the M3–M4 263 

events, more likely reflects progressive fluid accumulation as injected fluids diffuse 264 

from hydraulic fractures onto pre-existing faults. Below, we estimate the porosity and 265 

pore pressure increases accountable for the observed elevated in-situ Vp/Vs, and assess 266 

their implications for the nucleation of the three M>3 mainshocks, as well as the 267 

accompanying quiescence of foreshocks and aftershocks.  268 

Estimates of Porosity and pore pressure changes  269 

Porosity changes are widely invoked to account for seismic velocity anomalies for 270 

both tectonic and induced earthquakes27,36,37. We calculate the variation of Vp/Vs ratio 271 

with porosity and crack aspect ratio based on two approaches, the Kuster-Toksöz 272 

theory38 and the self-consistent method39. The theoretical calculations suggest that a 273 

monotonic increase in Vp/Vs with porosity is obtained only for crack aspect ratios 274 

smaller than 0.03 (Fig. 4B; Methods). Such small aspect ratios have been well 275 

documented in fault damage zones40,41. An increase in Vp/Vs from ~1.73 to ~1.80 276 

requires approximately 1.3% and 8.6% increases in porosity for crack aspect ratios of 277 

0.01 and 0.03, respectively. By comparison, the inferred high porosity in the earthquake 278 

source region is similar to the 1.5–8% porosity estimated across the fluid-rich segment 279 



 

of the Gofar transform fault that hosts abundant seismic swarms and foreshocks to M5+ 280 

earthquakes42,43.  281 

While porosity increase may explain the observed elevated Vp/Vs values, they 282 

cannot provide a direct quantitative measure of fault slip tendency or potential seismic 283 

hazard. Thus, we explore pore pressure changes as an alternative explanation and assess 284 

their impact on Vp/Vs. We estimate pore pressure changes using an experimental 285 

effective-stress framework in which elastic wave velocities are measured under 286 

different pore pressure and confining stress conditions44,45. As for the M4.1 event, the 287 

~4% increase in Vp/Vs from 1.73 to 1.80 prior to the mainshock corresponds to a pore 288 

pressure increase of ~13–19 MPa in sedimentary rocks such as dolomite (Fig. 4C; 289 

Methods), a lithology consistent with that of the seismogenic formation for moderate 290 

induced earthquakes in the CSF5,31. These estimates are consistent with the 291 

overpressure of up to ~15–25 MPa inferred from stress regime inversion using focal 292 

mechanisms in the CSF20.  293 

 294 

Fig. 4. Porosity and pore pressure estimates for the M4.1 event. (A) In-situ Vp/Vs 295 

ratios during the foreshocks of the M4.1 event (Fig. 3E), with its origin time marked by 296 

the black dashed line. Orange line shows the mean Vp/Vs values calculated by a 2-day 297 

moving window. (B) Theoretical calculation of Vp/Vs with different assumptions of 298 

porosities and crack aspect ratios using both Kuster-Toksöz crack theory (K-T) 38 and 299 

a self-consistent method (S-C) 39. (C) Pore pressure changes estimated by the mean 300 



 

Vp/Vs values in (A), using the velocity-pore pressure relation measured in different 301 

rock samples (Methods). S1 and S2 indicate two stages defined in Fig. 3F. 302 

Nucleation processes of M>3 mainshocks 303 

The seismicity in clusters C1 and C2 migrates along multiple fluid diffusion fronts 304 

with diffusivity values ranging from ~0.005 and ~0.1 m²/s (Fig. 5A; Methods), 305 

suggesting a complex hydraulic system. The fluid diffusion and accumulation coeval 306 

with the increasing Vp/Vs from adjacent fractures to the eventual seismogenic faults 307 

may control the nucleation processes of these mainshocks. The fractures and faults in 308 

our study area likely contain asperities of varying sizes, friction coefficients, 309 

permeabilities and heterogeneous stress states46,47. When primed by fluid diffusion and 310 

elevated pore pressure, these asperities may rupture in earthquakes of different 311 

magnitudes. For the M4.1 sequence in cluster C2, in-situ Vp/Vs changes imply a 312 

moderate pore pressure increase of 5–10 MPa at stage S1 when fluids diffuse along 313 

fractures (Fig. 4C). At this stage, relatively smaller asperities are preferentially 314 

reactivated to generate smaller M<3 events. Then, continuous fluid injection 315 

progressively reactivates proximal fractures as permeable pathways and eventually 316 

establish hydraulic connections between the treatment wells and pre-existing faults. 317 

Fluids gradually accumulate onto the fault zone (F3) at stage S2 and increase the pore 318 

pressure by over 10 MPa, eventually initiating the nucleation of the M4.1 on a larger 319 

asperity with a greater unclamping effect.  320 

The nucleation process of the M3.3 event is similar to that of the M4.1 event with 321 

a more pronounced stage S2 of fluid diffusion along the fault toward the M3.3 322 

hypocenter (Fig. 3A). The migrating seismicity with elevated Vp/Vs values are 323 

correlated spatiotemporally with the large daily injection volumes 2–5 days before the 324 

mainshock (orange band in Fig. 3A and Supplementary Fig. 4), suggesting that these 325 

high injection volumes likely act as the driver for pore pressure buildup. The inference 326 

of injection-driven fluid accumulation aligns well with McGarr48, in that larger 327 

injection volumes could promote larger induced earthquakes by generating higher pore 328 

pressure on preexisting faults. High pore pressure conditions can also be inferred from 329 

the second episode of high Vp/Vs, when fluid injection resumed along well H17-W3 330 



 

approximately 35 days after the M3.3 event (Fig. 2C). However, no M>3 events 331 

occurred during the second episode, suggesting that the background shear stress was 332 

either fully or partially released by the previous M3.3 event, which is also supported by 333 

the lack of aftershocks (Fig. 3B). As a result, preparing the fault for another M3 failure 334 

would likely take significantly more time. 335 

The M3.3 and M4.0 earthquake sequences exhibit an additional stage S3 of 336 

foreshock quiescence prior to the mainshocks (Figs. 3B and 3D), which we interpret in 337 

the next subsection as a prolonged nucleation phase that may expand the subsequent 338 

main rupture areas.  339 

Prolonged nucleation phase during foreshock quiescence 340 

The foreshock quiescent period can be regarded as a prolonged nucleation phase, 341 

during which diffusing pore pressure conditions a broader fault area for imminent 342 

rupture of a larger mainshock. Rupture areas of larger events would be expected to have 343 

higher pre-rupture strength that requires a greater amount of stress accumulation or 344 

significant strength weakening prior to failure49–51. The observed foreshock quiescence 345 

may reflect the process of fluid diffusion into such strong fault patches that small events 346 

are unlikely to be triggered until pore pressure accumulates sufficiently.  347 

For the M3.3 and M4.0 earthquake sequences, foreshock migration along faults F1 348 

and F2 can be well characterized by diffusivity values of 0.025 m²/s and 0.075 m²/s, 349 

respectively (Fig. 5B). In both sequences, the foreshocks associated with elevated 350 

Vp/Vs>1.8 consistently follow a lower diffusivity value of 0.025 m²/s, indicating 351 

relatively lower permeability favorable for accumulation of higher pore pressures. After 352 

the high Vp/Vs values emerge, the subsequent foreshock-quiescence periods allow high 353 

pore pressures to continue diffusing along fault planes, without intermittent smaller 354 

events to disrupt the pore pressure buildup. The total diffusion distances eventually 355 

reach ~400 m and ~900 m prior to the two mainshocks. These distances are comparable 356 

to the estimated rupture lengths of ~300–700 m and ~700–1600 m for the M3.3 and 357 

M4.0 events, respectively, assuming stress-drop values range from 1–10 MPa, which is 358 

typical of tectonic and fluid-injection-induced earthquakes (Methods)52,53. The extent 359 



 

of fluid diffusion throughout the nucleation phase during stages S2 and S3 likely 360 

controls the rupture size of the M3–M4 mainshocks. The pore pressure-controlled 361 

rupture sizes are consistent with both dynamic rupture simulations incorporating pore-362 

pressure perturbations54 and observations relating magnitude truncation of larger 363 

induced earthquakes to the stimulated volumes55. 364 

The prolonged nucleation phase also provides new insights into delayed triggering 365 

of induced earthquakes in HF settings. Previous studies have primarily attributed such 366 

delays to fluid diffusion from an injection point to a nucleation area2,56,57. Our study 367 

highlights an additional delay may be required for fluids to permeate and condition a 368 

fault patch for a larger event by sufficiently elevating the pore pressures on a fault patch 369 

of higher strength. The additional delay is governed by fluid diffusivity along the fault 370 

and the patch size amenable to pore pressure increase. The extra delays of a couple of 371 

days for the moderate earthquakes further support the observations that many large HF-372 

induced earthquakes occur near or after the time of well completion56,58. This finding 373 

underscores the necessity to consider not only the magnitude of elevated pore pressure 374 

but also its spatial extent along the fault when analyzing triggering mechanisms of 375 

moderate to strong events. 376 

In contrast to the M3.3 and M4.0 events, the M4.1 sequence exhibits continued 377 

foreshock activity, with neither a preceding quiescent interval nor an apparent 378 

migration pattern. A plausible explanation is that the seismogenic faults (F2 and F3) 379 

accommodating the M4.0 and M4.1 events are hydraulically connected, allowing fluids 380 

accumulated on F2 to migrate onto F3 during the suspension of HF after the occurrence 381 

of the first M4.0 event. This pre-injection pore-pressure buildup may have already 382 

partially conditioned F3 and facilitated faster nucleation of the M4.1 event. Aseismic 383 

slip serves as an alternative mechanism to explain the observed foreshock quiescence 384 

in M3.3 and M4.0 sequences12,13. However, we cannot differentiate whether aseismic 385 

slip is more likely in the M3.3 and M4.0 sequences than in the M4.1 sequence, because 386 

slow slip prior to large events can also produce seismic swarms59,60. Further information 387 

of casing deformation of HF wells or surface deformation may help to distinguish these 388 

mechanisms61,62. 389 



 

 390 

Fig. 5. Seismicity migration processes. (A) All seismicity in clusters C1 (blue dots) 391 

and C2 (orange dots). Migration time and distance are relative to the first event in each 392 

cluster. (B) Migration of seismicity within 150 m of the F1 (blue dots) and within 200 393 

m of F2 (orange dots). The distance and time are relative to the first event with 394 

Vp/Vs >1.8 along each fault. Squares highlight the events associated with Vp/Vs >1.8. 395 

Stars mark the M3.3 and M4.0 mainshocks. Two vertical dotted double-headed arrows 396 

indicate the diffusion distances from the first event to the respective mainshocks along 397 

faults F1 and F2. 398 

 399 

Dilatancy strengthening inhibits aftershocks  400 

Large fluid-induced earthquakes are usually followed by abundant aftershocks63,64. 401 

In HF settings, such aftershock swarms have been reported for mainshocks across a 402 

wide magnitude range from M2 to M55,17,65. In contrast, the M3.3 and M4.0 events in 403 

this study are followed by distinctly few aftershocks within their respective fault zones.  404 

The paucity of aftershocks on fault segments with high porosity and elevated pore 405 

pressure may be explained by dilatancy strengthening, similar to that proposed for the 406 

rupture barrier zones of the Gofar transform fault43. High-rate coseismic slip can lead 407 

to temporary drop in pore pressures on a fault zone, thereby increasing the effective 408 

normal stress (clamping effect) that inhibits subsequent seismic events before pore 409 

pressure re-equilibrates with the ambient level66,67. In cluster C1, the second episode of 410 

seismicity associated with high Vp/Vs likely reflects recovery of high pore pressure 411 



 

due to resumed HF and fault zone compaction after the M3.3 event. Notably, the 412 

estimated pore-pressure increases preceding the mainshock reach up to ~13–19 MPa, 413 

suggesting that the background stress is tens of MPa from failure in the absence of 414 

overpressure. Such a stable background stress regime is consistent with the observed 415 

aftershock quiescence and the absence of a second M>3 event when injection resumed 416 

~35 days later.  417 

Potential of real-time seismic hazard assessment and mitigation 418 

We observe a consistent pattern of elevated in-situ Vp/Vs preceding the M>3 419 

induced earthquakes, suggesting that a near-real-time operational workflow for 420 

intervention could be developed for seismic hazard mitigation across diverse 421 

anthropogenic fluid-injection settings, such as unconventional hydrocarbon recovery, 422 

enhanced geothermal systems, and geological CO₂ storage (Fig. 6).  423 

First, we identify a lead time of ~5–10 days between the onset of elevated Vp/Vs 424 

and the eventual M3–M4 mainshocks, which indicates a prolonged nucleation phase of 425 

fluid diffusion and accumulation prior to rupture. Given the stable Vp/Vs estimates with 426 

high spatiotemporal resolution of ~2 days and ~150 m, this nucleation process provides 427 

a valuable window for operators to implement mitigation strategies to reduce the 428 

likelihood of larger events in HF settings, for both shale gas development and enhanced 429 

geothermal systems.  430 

Second, the in-situ Vp/Vs measurements are independent of earthquake magnitude 431 

(Supplementary Fig. 5), enabling assessment of near-source pore pressure using only 432 

small-magnitude events. By contrast to the conventional traffic-light protocols based 433 

on earthquake magnitude68, our modified in-situ Vp/Vs approach provides more precise 434 

timing for intervention by indicating when near-source pore pressure has increased to 435 

a high level (e.g., ~13–19 MPa for Vp/Vs ~1.8 using the effective-stress framework). 436 

This approach would be in particular effective for magnitude-jump scenarios where 437 

𝑀 ≥ 4 events occur without preceding M2 yellow-light events, as is the case for ~30% 438 

of the earthquakes in both our study area and the Western Canada Sedimentary Basin5,68, 439 

both of which are experiencing severe HF-induced seismic hazard4,7. The magnitude-440 



 

independent monitoring strategy is also well suited to estimate the pore pressure 441 

evolution in geological CO₂ storage reservoirs, where induced seismicity remains 442 

confined to small magnitudes69. 443 

Third, the 4G seismic network used in our study can transmit waveform data with 444 

latencies of less than 1 minute, providing reliable data streams for near-real-time Vp/Vs 445 

analysis. Consistent with this capability, we show that a 48-station array can achieve a 446 

spatiotemporal Vp/Vs resolution of 3 days and 200 m for a seismicity cluster with an 447 

average event spacing of ~20 m. Denser monitoring systems, such as the Toc2ME array 448 

in northeastern British Columbia, Canada70, or networks enabled by Distributed 449 

Acoustic Sensing71, are expected to further enhance the spatiotemporal resolution and 450 

shorten the response time for intervention. 451 

 452 

Fig. 6. Conceptual model of spatiotemporal Vp/Vs evolution. Blue spheres represent 453 

earthquakes on the hydraulic fractures, showing moderate Vp/Vs values during Stage 454 

S1. Yellow spheres denote earthquakes migrating onto a nearby pre-existing fault, 455 

exhibiting elevated Vp/Vs values in Stage S2. The onset of elevated Vp/Vs triggers 456 

intervention in HF operation. Light-blue arrows represent inferred fluid diffusion in 457 

Stage S3. Red star indicates the mainshock hypocenter with the red dashed oval 458 

outlining the rupture area. Dashed white circles highlight the paucity of aftershocks in 459 

Stage S4. 460 

  461 



 

Methods 462 

Seismicity Catalogue  463 

The data for the two seismic clusters analyzed in this study are from two separate 464 

seismic monitoring networks. Cluster C1 was monitored by a short-term dense seismic 465 

nodal array consisting of 336 stations operating between February 28 and May 8, 2019 466 

(Fig. 1)31. Cluster C2 was monitored by a long-term seismic network consisting of 48 467 

4G stations that transmit waveform in real time (hereafter referred to as the 4G seismic 468 

network)32. The 4G seismic network was first equipped with 40 stations and was 469 

deployed between October 2022 and June 2023. The network was expanded to 48 470 

stations in June 2023, and is still operational.  471 

Xu et al.31 developed an enhanced catalogue including cluster C1 by applying the 472 

deep-learning-based picker PhaseNet72 to automatically obtain P- and S-wave arrivals 473 

from 100-Hz continuous seismic records. The outliers in picked arrivals were removed 474 

by assuming a quasilinear moveout with epicentral distance (Pearson correlation > 0.9), 475 

and only high-quality arrivals were retained with at least 50 P- and 30 S-arrivals per 476 

event. The initial event locations were determined with the probabilistic, non-linear 477 

location algorithm NonLinLoc73 using a 1D velocity model derived from ambient-noise 478 

tomography5, yielding 14,436 events with mean uncertainties of ~70 m horizontally 479 

and ~120 m vertically. The hypocenters were then refined using the double-difference 480 

method HypoDD74 with differential times determined by waveform cross correlation, 481 

yielding a final catalog of 13,885 events with magnitudes ranging from M-1.7 to M3.3. 482 

Bootstrapping tests indicate relocation uncertainties of less than 50 m for most events. 483 

For cluster C232, a re-trained PhaseNet using local earthquakes in Changning was 484 

applied to pick P- and S-arrivals. A 2-s time window centered on the median P arrival 485 

was used to remove abnormal picks. Between July 2022 and July 2023, the array 486 

detected over 14,000 earthquakes, where 5,000 occurred in cluster C2. Ye et al.32 487 

determines initial event locations using NonLinLoc73 and the same velocity model as 488 

for cluster C1. The locations are then refined with differential times determined by wave 489 

cross correlations using a double-difference method74. Relocation uncertainties are ~70 490 

m horizontally and ~100 m vertically, assessed by 100 bootstrap tests. 491 



 

Focal mechanism solutions 492 

This study includes six focal mechanism solutions (FMS) for the mainshocks in 493 

total: the M3.3 event in cluster C1 and five M4-class events in cluster C2 (Figs. 1E, 1F). 494 

The FMS for the M3.3 event is from Xu et al.31, using first-motion polarities and S/P 495 

amplitude ratios measured by the short-term dense array. The M4.0, M4.3, M4.5, and 496 

M4.9 events in cluster C2 are obtained from the National Earthquake Data Center 497 

(NEDC) focal-mechanism catalogue 498 

(https://data.earthquake.cn/datashare/report.shtml?PAGEID=earthquake_dzzyjz), 499 

which are estimated by waveform inversion using broadband stations within 200 km.  500 

The FMS for the M4.1 event is not available in the official NEDC focal-mechanism 501 

catalogue. We therefore calculate a solution using the Time‐Domain Moment Tensor 502 

inversion (TDMT) approach75 (Supplementary Fig. 6), by minimizing the L2-norm 503 

misfit between observed and synthetic three-component waveforms. We use the full 504 

body and surface waveforms from 22 broadband stations within 200 km epicentral 505 

distance and bandpass filtered the data to 0.02–0.1 Hz. Synthetic Green’s functions are 506 

computed with an F-K (frequency-wavenumber) method using a 1-D layered velocity 507 

structure extracted from CRUST1.0 in the study region. We perform a depth search and 508 

obtain a best-fitting centroid depth at 3 km, consistent with the hypocentral depth of 2.8 509 

km derived from the enhanced catalogue in Ye et al.32. 510 

Time-lapse In-situ Vp/Vs analysis 511 

The earthquake cluster-based in-situ Vp/Vs analysis was first developed by Lin 512 

and Shearer25. This method does not explicitly rely on earthquake locations, nor does it 513 

involve an inversion process like travel time tomography. Instead, it is based solely on 514 

the relative P- and S-wave arrival time differences between event pairs, and therefore 515 

depends directly on the phase-picking quality. The basic principle of this method 516 

follows a differential approach (Supplementary Fig. 7). If a pair of events occurs in 517 

proximity and are recorded at a distant station so that the ray paths are essentially 518 

identical, then the ratio between the differential S-wave and differential P-wave travel 519 

times corresponds to the local Vp/Vs at the source of the event pair. For multiple 520 



 

recording stations, the differential arrival data align along a straight line, the slope of 521 

which yields the in-situ Vp/Vs ratio25. We present the basic derivation of the method 522 

below. 523 

For an event pair (event 1 and 2) in proximity, the travel time differences of P (𝛿𝑇)) 524 

and S waves (𝛿𝑇*) at a station 𝑖 from can be expressed as: 525 

𝛿𝑇)+ = 𝑇),+ − 𝑇)-+ =
𝛿𝑙)+

𝑉)
	, (1)	526 

𝛿𝑇*+ = 𝑇*,+ − 𝑇*-+ =
𝛿𝑙*+

𝑉*
	, (2) 527 

where 𝑇)-+  and 𝑇),+  denote the P‐wave travel times of event 1 and 2, respectively, 𝛿𝑙)+  528 

represents the difference in the P‐wave ray-path lengths, and 𝑉) is the P‐wave velocity 529 

at the source region. Analogous definitions apply for the S wave. Given the P‐ and S‐530 

wave ray paths are identical for nearby events, i.e., 𝛿𝑙)+ = 𝛿𝑙*+ , the two equations can 531 

be combined: 532 

𝑉)
𝑉*
=
𝛿𝑇*+

𝛿𝑇)+
	. (3) 533 

Lin and Shearer25 did not use differential travel‐time data 𝛿𝑇)+  and 𝛿𝑇*+ directly. 534 

Instead, they used the manually picked absolute arrival times. Since an arrival time can 535 

be decomposed into the origin time and the travel time, we have: 536 

𝛿𝑡)+ = 𝑡),+ − 𝑡)-+ = >𝑡., + 𝑇),+ @ − >𝑡.- + 𝑇)-+ @
																																																									= (𝑡., − 𝑡.-) + >𝑇),+ − 𝑇)-+ @ = 𝛿𝑡. + 𝛿𝑇)+,

(4) 537 

𝛿𝑡*+ = 𝑡*,+ − 𝑡*-+ = >𝑡., + 𝑇*,+ @ − >𝑡.- + 𝑇*-+ @
																																																									= (𝑡., − 𝑡.-) + >𝑇*,+ − 𝑇*-+ @ = 𝛿𝑡. + 𝛿𝑇*+ ,

(5) 538 

where 𝛿𝑡)+  is the differential P‐wave arrival times of event 1 (𝑡)-+ ) and event 2 (𝑡),+ ) 539 

and 𝛿𝑡. is the differential origin time of event 1 (𝑡.-) and event 2 (𝑡.-). Analogous 540 

definitions apply for the S wave. By combining the five equations for travel‐time 541 

differences and arrival‐time differences, we obtain: 542 

𝛿𝑡*+ = A
𝑉)
𝑉*
B 𝛿𝑡)+ + 𝛿𝑡. A1 −

𝑉)
𝑉*
B	. (6) 543 

In practice, the differential arrival times at multiple stations constitute a straight 544 

line with slope equal to the Vp/Vs ratio and the intercept proportional to the origin-time 545 



 

offset (Supplementary Fig. 6). Since the intercept is not of interest, it can be removed 546 

by subtracting the mean value for each event pair so that we can combine multiple event 547 

pairs with different origin times to further improve stability. Due to picking errors, the 548 

differential arrival times typically scatter around the ideal line of theoretical Vp/Vs and 549 

exhibit a spindle shape. Stable estimation of Vp/Vs are therefore obtained by fitting 550 

multiple event pairs within a defined event cluster. The resulting Vp/Vs represents an 551 

average value over the aperture of the selected cluster, introducing the concept of spatial 552 

resolution. 553 

In this study, we take a slightly different technical route from Lin and Shearer25 by 554 

using travel times directly instead of arrival times. Although travel times depend on 555 

both location results and event origin times, subtracting the mean of the differential 556 

travel times yields results identical to those derived from demeaned arrival times (Text 557 

S1).  558 

Additionally, we improve the spatiotemporal resolution by introducing a moving-559 

window strategy in the workflow. For each event, we group nearby events with high 560 

waveform similarity (>0.85) within a specified time window (2–3 days) and spatial 561 

range (150–200 m). After fitting the measured travel time differences, the resolved 562 

Vp/Vs value of the clustered seismicity will be assigned to the target event if it satisfies 563 

the uncertainty threshold (see details below). In theory, we can derive a Vp/Vs value 564 

for each earthquake, and therefore obtain the time-lapse, in-situ Vp/Vs values with the 565 

evolution of a seismic sequence. 566 

Taking cluster C1 as an example, the detailed processing workflow is described in 567 

detail (Supplementary Fig. 8). 568 

Step 1: Database construction. A differential travel-time database is established 569 

containing all possible event pairs. Event pairs with hypocentral separation less than 570 

L=150 m and origin-time difference within T=2 days are selected to calculate the P- 571 

and S-wave waveform cross-correlation coefficients. Waveforms are filtered in the 4–572 

10 Hz band at a 100 Hz sampling rate, with window lengths of 0.4 s for P waves and 573 

0.7 s for S waves. We retain cross-correlation coefficients if they satisfy the following 574 

criteria: (1) the source-station distance is greater than 5 km to ensure P- and S-wave 575 



 

takeoff angle differences below 0.5°27; (2) Each event pair shares at least 10 stations 576 

with both P- and S-wave differential times to ensure stability; (3) P- and S-wave cross-577 

correlation coefficients are ≥ 0.85 to guarantee sufficient waveform similarity. 578 

Waveform cross-correlation plays a key role in correcting travel-time differences as 579 

illustrated in Supplementary Fig. 9. 580 

Step 2: Sub-cluster definition. For each earthquake, a local sub-cluster is defined 581 

as all events occurring within a spatiotemporal window of L=150 m and T=±2 days for 582 

the target event (Supplementary Fig. 10). We retain subclusters with more than 30 583 

events and more than 100 travel-time measurements for further analysis. We extract 584 

cross-correlation coefficients for all event pairs within the sub-cluster from the 585 

differential travel-time database constructed in Step 1. To obtain stable Vp/Vs estimates 586 

in regions with strong local variability, sub-clusters with appropriate geometric 587 

characteristics are selected25. Principal Component Analysis (PCA) is applied to the 588 

covariance matrix of event locations within each sub-cluster to assess isotropy, with 589 

eigenvalues 𝜆- ≥ 𝜆, ≥ 𝜆( . Sub-clusters with 𝜆-/𝜆( ≤ 𝐾	(𝐾 = 35)  are considered 590 

approximately spherical and retained for analysis. For each event, we define a sub-591 

cluster by applying the spatiotemporal moving window to obtain a corresponding 592 

Vp/Vs value. 593 

Step 3: Preprocessing. We remove outliers of differential travel-time data before 594 

slope fitting. We use three methods: least squares (LS), Huber regression (L1-L2), and 595 

random sample consensus (RANSAC). RANSAC behaves as iteratively fitting random 596 

subsets and selecting the model best fitting the full dataset, which is found most 597 

effective for our dataset (Supplementary Fig. 11). After outlier removal, the mean of P- 598 

and S-wave travel-time differences in each event pair is subtracted to correct potential 599 

origin-time offsets. We find some incorrect P-wave phase picking due to low signal-to-600 

noise ratio will result in travel time difference anomalies near ∆𝑡! = 0 601 

(Supplementary Fig. 12). We therefore apply an additional procedure to remove these 602 

outliers. 603 

Step 4: Iterative fitting. We apply a total least squares (TLS) fitting to the 604 

preprocessed travel-time differences (Supplementary Fig. 13). We iteratively remove 605 



 

50 measurements with the largest residuals in each iteration until convergence: the 606 

maximum residual is less than twice the standard deviation, and at least 100 points 607 

remain. After iterative fitting, we compile statistics on the number of retained events 608 

and travel-time data points in each sub-cluster. We ensure each sub-cluster includes at 609 

least 30 events, where most sub-clusters contain more than 1,000 differential travel-610 

time data points (Supplementary Fig. 14). We also note that conventional LS fitting 611 

would underestimate Vp/Vs, as both P- and S-wave differential times contain 612 

measurement errors (Supplementary Fig. 15)25. 613 

Step 5: Stability testing. Three tests are conducted. First, bootstrapping tests assess 614 

the uncertainty by resampling 90% of events 100 times per sub-cluster, with standard 615 

deviation used to quantify uncertainty (Supplementary Fig. 16c). Second, synthetic 616 

tests that use a layered velocity model with a gradient Vp/Vs model varying from 1.78 617 

to 1.73 (Supplementary Fig. 17) assess robustness against heterogeneity and data 618 

distribution (Supplementary Fig. 16d). Sub-clusters with uncertainties > 0.02 or 619 

theoretical deviations > 0.01 are excluded. The same tests are also applied to cluster C2 620 

(Supplementary Fig. 18). For cluster C1, sub-clusters are defined with a spatial radius 621 

of three times of relocation uncertainty L = 150 m, and with a time window T = 2 days 622 

to balance time resolution and stability. A third sensitivity test using varying time 623 

windows (1–3 days) and radii (100–200 m) indicate that spatial range has a stronger 624 

effect on influencing the results than temporal range (Supplementary Fig. 19). A radius 625 

of 150 m and T = 2 days is adopted to capture the rupture scale of the largest event 626 

(M3.3, ~300 m). We use L = 200 m and T = 3 days to improve result stability in Cluster 627 

C2 with fewer stations and larger relocation uncertainties (Supplementary Fig. 20).  628 

Estimation of porosity change 629 

In this study, we apply two approaches to compute theoretical Vp/Vs for porous 630 

rocks, the Kuster-Toksöz theoretical crack model38 and the self-consistent method39. 631 

The Kuster-Toksöz crack model analyzes seismic-wave propagation in porous rocks 632 

using scattering theory. The effective elastic moduli of porous rocks can be solved by 633 

assuming an equivalent homogeneous medium that can generate a scattered wavefield 634 



 

matching the actual one caused by multiple pores embedded in the host rock. This 635 

approach assumes sparse pores, long wavelengths relative to pore size, and negligible 636 

multiple scattering effects, and can provide analytical formulas for effective moduli for 637 

various pore shapes and host rocks. The self-consistent method similarly derives 638 

effective elastic moduli from scattering theory but differs conceptually from the Kuster-639 

Toksöz model. It does not assume separate effective medium to model the actual 640 

wavefield, instead, it iteratively adjusts the elastic parameters of host rocks until the 641 

scattered wavefield of multiple pores is nullified, yielding the equivalent porous rock 642 

properties. This method is better suited for high-porosity rocks but requires iterative 643 

solutions due to the nonlinear nature of the governing equations. 644 

Based on the regional ambient-noise tomographic result5 and well logs76, we 645 

assume 𝑉) = 5200	𝑚/𝑠, 𝑉* = 3000	𝑚/𝑠, 𝜌 = 2700	𝑘𝑔/𝑚(  for the seismogenic 646 

carbonate formation, and 𝑉) = 1500𝑚/𝑠, 𝑉* = 0𝑚/𝑠, 𝜌 = 1000𝑘𝑔/𝑚( for the 647 

pore-filling treatment fluid. The porosity varies between 0.001 and 0.3 and the pore 648 

aspect ratio varies from 0.01 to 0.1 in calculation of the theoretical Vp/Vs range (Fig. 649 

4B). Results show close agreement at low porosity with absolute differences less than 650 

0.01. At high porosity (porosity exceeding aspect ratio), only the self-consistent method 651 

is valid. The Hashin-Shtrikman bounds are used to constrain the theoretical upper and 652 

lower limits of the effective elastic properties27. 653 

Estimation of pore pressure variation  654 

Laboratory measurements of elastic wave velocities as a function of pore pressure 655 

provide the foundation for relating observed Vp/Vs changes to pore-pressure 656 

perturbations44, where Vp and Vs of multiple sedimentary rock samples were measured 657 

under varying pore pressure and confining stress conditions. Based on these laboratory 658 

relationships, pore-pressure changes are inferred from the resolved Vp/Vs values in this 659 

study with specific confining stress at the seismogenic depth. We use the depth-660 

dependent stress regime estimated in Tan et al.20 as the baseline, which is derived from 661 

focal mechanism solutions and over pressure measurements. At the hypocentral depth 662 

of ~2.8 km for the M4.1 event, we regard the vertical principal stress ~66 MPa as the 663 



 

confining stress and initial pore pressure of ~42 MPa before injection. During the 664 

foreshock sequence of the M4.1 event, the observed Vp/Vs increases from 1.73 to 1.80 665 

(i.e., by ~4%). With the specific confining stress of ~66 MPa, the corresponding Vp 666 

and Vs values can be derived for varied pore pressure values (Supplementary Fig. 21). 667 

A 4% increase in Vp/Vs corresponds to pore-pressure increase of 18.9, 13, or 13.1 MPa 668 

for three representative sedimentary rock samples (Supplementary Fig. 21). Based on 669 

this relationship, we estimate the pore pressure changes for different Vp/Vs values (Fig. 670 

4C). 671 

Calculation of fluid diffusivity  672 

We follow the practice in Shapiro18 to estimate the fluid diffusivity by fitting the 673 

seismicity migration fronts: 674 

𝑟 = √4𝜋𝐷𝑡	, (7) 675 

where r is the diffusion distance, D is the diffusivity value and t is the diffusion time. 676 

To estimate the fluid diffusivity inferred from seismicity migration in cluster C1 and 677 

C2, we take the first event in each cluster as the spatiotemporal reference to compute 678 

the diffusion times and distances for subsequent events. Four theoretical diffusion 679 

fronts with diffusivities of 1, 0.075, 0.035 and 0.005	𝑚, 𝑠⁄  are shown as references in 680 

Fig. 5A. We also estimate the fluid diffusivity along the seismogenic faults F1 and F2 681 

using the events within 150 m and 200 m to the faults, respectively. We take the first 682 

event with high Vp/Vs > 1.8 along each fault as the reference point to calculate the 683 

diffusion time and distance. Two diffusion fronts with diffusivities of 0.075 and 684 

0.025	𝑚, 𝑠⁄  are shown in Fig. 5B. 685 

Estimation of earthquake rupture size 686 

We calculate the rupture radius of the M3.3 and M4.0 events by assuming a circular 687 

crack model: 688 

∆𝜎 =
7
16
𝑀/

𝑎(
	 , (8) 689 

where a denotes the radius of the rupture, 𝑀/ denotes seismic moment, and ∆𝜎 690 

represents the stress drop. Assuming that the stress drop is within 1–10 MPa, which is 691 

common for both tectonic and induced earthquakes52,53, we estimate the rupture 692 



 

diameters (2𝑎) for the M3.3 and M4.0 events to be 300–700 m and 700–1600 m, 693 

respectively. 694 
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Supplementary Text 963 

Supplementary Text 1: Travel-Time vs. Arrival-Time 964 

Here we prove that the method used in this study equals to that in Lin et al. (25). For 965 

each event, we have: 966 

𝑡011+203 = 𝑡42456(𝑡𝑟𝑢𝑒) + 𝑡610243(𝑡𝑟𝑢𝑒) = 	𝑡42456(𝑜𝑏𝑠) + 𝑡610243(𝑜𝑏𝑠), (1) 967 

where 𝑡011+203 is arrival time, 𝑡42456 is event origin time, and 𝑡610243 is travel time. 968 

“true” and “obs” indicate the true time and observed time, respectively. The observed 969 

origin time contains measurement error, that is: 970 

𝑡42456(𝑜𝑏𝑠)	 = 	𝑡42456(𝑡𝑟𝑢𝑒) + 𝐸𝑡42456 , (2) 971 

where 𝐸𝑡42456 is the error of event origin time. Combining (1) and (2), we have 972 

𝑡0111+203 = 	𝑡42456(𝑡𝑟𝑢𝑒) + 𝑡610243(𝑜𝑏𝑠) + 𝐸𝑡42456 , (3) 973 

that is: 974 

𝑡610243(𝑜𝑏𝑠) = 𝑡0111+203 − 𝑡42456(𝑡𝑟𝑢𝑒) − 𝐸𝑡42456 . (4) 975 

Supposing we have two events 1 and 2, we have: 976 

𝑡1610243(𝑜𝑏𝑠) = 𝑡10111+203 − 𝑡142456(𝑡𝑟𝑢𝑒) − 𝐸𝑡142456 (5) 977 

𝑡2610243(𝑜𝑏𝑠) = 𝑡20111+203 − 𝑡242456(𝑡𝑟𝑢𝑒) − 𝐸𝑡242456 . (6) 978 

The differential travel time between these two events is: 979 

∆𝑡610243(𝑜𝑏𝑠) = ∆𝑡0111+203 − ∆𝑡42456(𝑡𝑟𝑢𝑒) − ∆𝐸𝑡42456 (7) 980 

where: 981 

∆𝑡610243(𝑜𝑏𝑠) = 𝑡2610243(𝑜𝑏𝑠) − 𝑡1610243(𝑜𝑏𝑠) (8) 982 

∆𝑡0111+203 = 𝑡2011+203 − 𝑡1011+203 (9) 983 

∆𝑡42456(𝑡𝑟𝑢𝑒) = 𝑡242456(𝑡𝑟𝑢𝑒) − 𝑡142456(𝑡𝑟𝑢𝑒) (10) 984 

∆𝐸𝑡42456 = 𝐸𝑡242456 − 𝐸𝑡142456 . (11) 985 

Supposing we have stations from 1 to n for each event, we have: 986 

∆𝑡610243,86-(𝑜𝑏𝑠) = ∆𝑡0111+203,86- − ∆𝑡42456(𝑡𝑟𝑢𝑒) − ∆𝐸𝑡42456 (12) 987 

∆𝑡610243,86,(𝑜𝑏𝑠) = ∆𝑡0111+203,86, − ∆𝑡42456(𝑡𝑟𝑢𝑒) − ∆𝐸𝑡42456 (13)	     988 

                   … 989 

∆𝑡610243,865(𝑜𝑏𝑠) = ∆𝑡0111+203,865 − ∆𝑡42456(𝑡𝑟𝑢𝑒) − ∆𝐸𝑡42456 , (14) 990 

where ∆𝑡42456(𝑡𝑟𝑢𝑒) and ∆𝐸𝑡42456 are constants for each event. The mean of the 991 

differential travel times is: 992 

𝑚𝑒𝑎𝑛>∆𝑡610243(𝑜𝑏𝑠)@ = 𝑚𝑒𝑎𝑛(∆𝑡0111+203) − ∆𝑡42456(𝑡𝑟𝑢𝑒) − ∆𝐸𝑡42456 . (15) 993 

Subtracting (15) from (12)-(14), we have: 994 

∆𝑡610243,86-(𝑜𝑏𝑠) − 	𝑚𝑒𝑎𝑛>∆𝑡610243(𝑜𝑏𝑠)@ = ∆𝑡0111+203,86- − 	𝑚𝑒𝑎𝑛(∆𝑡0111+203) (16) 995 

∆𝑡610243,86,(𝑜𝑏𝑠) − 	𝑚𝑒𝑎𝑛>∆𝑡610243(𝑜𝑏𝑠)@ = ∆𝑡0111+203,86, − 	𝑚𝑒𝑎𝑛(∆𝑡0111+203) (17) 996 

… 997 

∆𝑡610243,865(𝑜𝑏𝑠) − 	𝑚𝑒𝑎𝑛>∆𝑡610243(𝑜𝑏𝑠)@ = ∆𝑡0111+203,865 − 	𝑚𝑒𝑎𝑛(∆𝑡0111+203), (18) 998 



 

where ∆𝑡865 −𝑚𝑒𝑎𝑛(∆𝑡610243(𝑜𝑏𝑠)) is the measurements used for fitting in our 999 

study, and ∆𝑡0111+203,865 − 	𝑚𝑒𝑎𝑛(∆𝑡0111+203) is that used in Lin and Shearer (2007), 1000 

which is equal to each other. 1001 

 1002 

Supplementary Fig. 1. 1003 

Magnitude-time distribution of clusters C1 (a) and C2 (b). The magnitudes of 1004 

completeness of clusters C1 and C2 are 𝑀! − 0.3 and 𝑀!0.6, respectively. The gray 1005 

shaded panel in (b) indicates a period of data loss likely due to damages to local 1006 

telecommunication infrastructures between July 2 and July 8, 2023. 1007 

  1008 



 

 1009 

Supplementary Fig. 2. 1010 

Seismicity in cluster C2 projected in the depth-latitude plane. 1011 

  1012 



 

 1013 

Supplementary Fig. 3. 1014 

Vp/Vs values compared to seismic reflection amplitudes for cluster C1. (a) Horizontal 1015 

active-source reflection profile at the hypocentral depth of the M3.3 event. Red-blue 1016 

background color indicates rescaled reflection amplitudes. The dots are earthquakes 1017 

color-coded by Vp/Vs values. (b) Vp/Vs values versus reflection amplitudes.  1018 
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 1020 

Supplementary Fig. 4. 1021 

Time correlation between elevated Vp/Vs values (>1.8) and large injection volume 1022 

(>4000 m3) highlighted by yellow shaded zone. The gray bars denote the daily 1023 

injection volume. The black line is the origin time of M3.3 event. 1024 
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 1026 

Supplementary Fig. 5. 1027 

Vp/Vs values versus magnitudes. Black and red dots represent seismicity inside and 1028 

outside the fault F1 zone defined in Fig. 3B. The gray dashed line denotes the average 1029 

Vp/Vs value of 1.73. 1030 
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 1032 

Supplementary Fig. 6. 1033 

Focal mechanism solution for the M4.1 event in cluster C2. (a) Distribution of 1034 

earthquake epicenters (red star) and seismic stations (black triangles) within 200 km. 1035 

(b) Variance reduction along depths. The best fit is located at the depth of 3 km. (c) 1036 

The waveform fitting at tangential (T), radial (R) and vertical (Z) components. Blue 1037 

solid and grey dashed lines represent the observed and synthetic waveforms, 1038 

respectively. Station names are labelled at the upper right of each station panel. 1039 
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 1041 

Supplementary Fig. 7. 1042 

Schematic illustration of the fundamental principle of the in-situ Vp/Vs analysis 1043 

method, modified from Lin and Shearer25. 1044 

  1045 



 

 1046 

Supplementary Fig. 8. 1047 

Workflow of Vp/Vs analysis. “T” and “L” represent the time window and radius, 1048 

respectively. 1049 
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 1051 

Supplementary Fig. 9. 1052 

Cross-correlation (CC) improves the travel-time-difference measurements for an 1053 

event pair. 1054 
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 1056 

Supplementary Fig. 10. 1057 

Schematic illustration for the definition of a sub-cluster. Black dots represent all 1058 

events in cluster C1. Red dots indicate the target event of a sub-cluster, and brown 1059 

dots denote the events included in the sub-cluster after applying the spatiotemporal 1060 

window. 1061 
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 1063 

Supplementary Fig. 11. 1064 

Two examples of event-pair preprocessed results using different methods. “Original” 1065 

denotes the raw, unprocessed differential travel times, while “Least squares,” “Huber 1066 

regression,” and “RANSAC regression” represent the results after outlier removal and 1067 

mean subtraction using conventional least-squares fitting, the L1–L2 hybrid norm, 1068 

and random sample consensus (RANSAC), respectively. 1069 
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 1071 

Supplementary Fig. 12. 1072 

An example of preprocessed results for a sub-cluster using the RANSAC method. (a) 1073 

Unprocessed differential travel times of all event pairs within the sub-cluster. (b) 1074 

Differential travel times after removing outliers using the random sample consensus 1075 

(RANSAC) method. (c) Final measurements after applying an additional selection 1076 

criterion (slope >0.5) for each event pair to remove anomalous values concentrated 1077 

around Δts = 0 s due to incorrect P-wave phase picking of noisy waveform. (d) Three 1078 

event-pair examples for incorrect P-wave picks. 1079 



 

 1080 

Supplementary Fig. 13. 1081 

Iterative fitting procedure for Vp/Vs. (a) Evolution of Vp/Vs with iteration; dark blue 1082 

squares mark the iterations whose fitting results are shown in panels (b–f). (b–f) 1083 

Results of the 1st, 20th, 40th, 60th, and 80th iterations. Light blue circles indicate the 1084 

differential travel-time data retained in each iteration, and orange circles indicate the 1085 

data removed. 1086 



 

 1087 

Supplementary Fig. 14. 1088 

Statistics on number of events and differential travel-time data points in each sub-1089 

cluster for cluster C1 (a, c) and cluster C2 (b, d), respectively. 1090 



 

 1091 

Supplementary Fig. 15. 1092 

Fitting method comparison. (a) Total least-squares fit using all data. (b) Conventional 1093 

least-squares fit using all data. (c) Total least-squares result after iterative fitting. Blue 1094 

dots indicate the data retained in the final fit, and orange dots indicate the data 1095 

removed during the iterations. (d) Least-squares result after iterative fitting. 1096 

 1097 



 

 1098 

Supplementary Fig. 16. 1099 

Uncertainty and synthetic tests for cluster C1. (a) Final results retained after applying 1100 

both the uncertainty test and the synthetic test. (b) Original results before testing; gray 1101 

dots indicate event clusters that do not satisfy the criteria on event number or spatial 1102 

distribution. (c) Events are color-coded by uncertainties. (d) Events are color-coded 1103 

by theoretical biases. 1104 
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 1106 

Supplementary Fig. 17. 1107 

Initial velocity models (Vp, Vs and Vp/Vs) used for the synthetic tests. 1108 
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 1110 

Supplementary Fig. 18. 1111 

Uncertainty and synthetic tests for cluster C2. (a) Final results retained after applying 1112 

both the uncertainty test and the synthetic test. (b) Original results before testing; gray 1113 

dots indicate event clusters that do not satisfy the criteria on event number or spatial 1114 

distribution. (c) Events are color-coded by uncertainties. (d) Events are color-coded 1115 

by theoretical biases. 1116 
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 1118 

Supplementary Fig. 19. 1119 

Fitting results for cluster C1 using different spatial-temporal windows. Panels (a–c) 1120 

test different temporal windows with the spatial range fixed at 150 m, whereas panels 1121 

(d–f) test different spatial ranges with the temporal window fixed at 2 days. 1122 
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 1124 

Supplementary Fig. 20. 1125 

Fitting results for cluster C2 using different spatial–temporal windows. Panels (a–c) 1126 

test different temporal windows with the spatial range fixed at 200 m, whereas panels 1127 

(d–f) test different spatial ranges with the temporal window fixed at 3 days. 1128 
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 1130 

Supplementary Fig. 21. 1131 

Vp/Vs measurements of different rock samples. The raw data points of pore pressure 1132 

and Vp/Vs values are extracted from Christensen44 with a confining stress of ~66 1133 

MPa. We fit the measured Vp/Vs as functions of pore pressure using a shape-1134 

preserving piecewise cubic Hermite interpolating polynomial (PCHIP). The light blue 1135 

regions highlight the estimated pore-pressure increase from initial ~42 MPa given a 1136 

4% increase of Vp/Vs. 1137 
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 1139 

Supplementary Movie 1. 1140 

Spatiotemporal evolution of seismicity in cluster C1. 1141 

 1142 

Supplementary Movie 2. 1143 

Spatiotemporal evolution of seismicity in cluster C2. 1144 

 1145 

 1146 

 1147 


