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Abstract 23 

Fluid injection into the subsurface can induce seismicity by reactivating shear rupture, which 24 

typically produces larger earthquake magnitudes than tensile rupture. In laboratory shear 25 

rupture experiments, pressurization of the entire fault is often limited because large unconfined 26 

samples allow fluid to leak at free surfaces. In this study, we investigated shear fault 27 

reactivation by directly injecting fluid into a PMMA fault (760 mm long, 76 mm high) formed 28 

as the interface between two separate PMMA blocks. To prevent leakage in the 76 mm 29 

dimension, we made a low permeability barrier by coating the outer edges of the fault with 30 

Teflon tape. Fluid pressure then extended along the 760 mm dimension, resulting in the 31 

migration of seismicity away from the injection well. Changes in injection rate and fluid 32 

viscosity revealed two mechanisms: (1) slow injection rate or low-viscosity fluid caused 33 

seismicity migration governed by pressure diffusion, and (2) fast injection rate or high-34 

viscosity fluid caused seismicity migration proportional to injected volume. Simulations with 35 

a 2D poroelastic model showed that seismicity migrated with the fluid pressure front in the 36 

volume-driven regime, whereas fluid pressure advanced well ahead of seismicity in the 37 

pressure-diffusion-driven regime. These results highlight that Teflon tape effectively sealed 38 

faults and controlled fluid flow, and that injection rate and fluid viscosity have a strong impact 39 

on fault slip and induced seismicity.  40 
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1. Introduction 41 

Fluid injection into the subsurface serves a variety of geo-engineering purposes, including the 42 

disposal of large volumes of wastewater (Bao and Eaton, 2016; Keranen et al., 2014) and 43 

Carbon Capture and Storage (CCS) (Stork et al., 2015). However, such practices have been 44 

shown to elevate the risk of seismicity by reactivating faults. For example, the M 5.7 Prague 45 

and M 5.8 Pawnee earthquakes in Oklahoma, USA, were triggered by high-volume wastewater 46 

disposal (Barbour et al., 2017; Keranen et al., 2014). Beyond waste disposal, fluid injection is 47 

also employed to fracture rock (i.e., hydraulic fracturing) in applications such as Enhanced 48 

Geothermal Systems (EGS) (Majer et al., 2007) and enhanced hydrocarbon recovery (Atkinson 49 

et al., 2016; Ellsworth, 2013). Yet these operations have also been linked to induced seismicity. 50 

Notable examples include the M 5.5 event at Pohang (South Korea), the M 3.9 event at Fox 51 

creek, Alberta (Canada), the M 4 event at the Eagle Ford Formation, South Texas (USA), and 52 

the M 2.9 event at Garvin County, Oklahoma (USA) (Bao and Eaton, 2016; Fasola et al., 2019; 53 

Grigoli et al., 2018; Holland, 2013; Schultz et al., 2020). Given these risks, understanding the 54 

mechanisms of induced seismicity is crucial for mitigating potential risks to infrastructure and 55 

communities. 56 

 57 

Fluid injection may produce tensile hydraulic fracture (Jaeger et al., 2009; Scholz, 2002) if the 58 

associated fluid pressure exceeds the tensile strength of the rock. This tensile (Mode 1) fracture 59 

typically produces only low magnitude microseismic events, often below magnitude 0 (Eaton, 60 

2018; Eaton et al., 2018; Maxwell, 2014). Under sufficient deviatoric stress, fluid injection 61 

may significantly reduce effective normal stress. According to the Coulomb failure criterion, 62 

this stress reduction can trigger shear slip (Mode 2 and Mode 3 fractures), even without 63 

reaching tensile conditions (Jaeger et al., 2009; Scholz, 2002). Shear fractures tend to release 64 

more strain energy than tensile fracture, often resulting in larger earthquakes (Kanamori and 65 

Brodsky, 2004; Lockner, 1995). 66 

 67 

Earthquakes associated with fluid injection are mainly attributed to pore pressure diffusion. 68 

High pressures near the injection well cause elevated pore pressure on nearby faults and 69 

fractures, which reduces the effective normal stress and reduces the resistance to shear. Pore 70 

pressure diffusion models suggest a migration of seismicity fronts for which the distance from 71 

the injection well is proportional to √αt, with α and t representing hydraulic diffusivity and 72 

time, respectively (Shapiro et al., 2002, 1997). Based on this relationship, hydraulic diffusivity 73 
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has been inferred from seismic fronts, as observed in Basel (Switzerland), Soultz-sous-Forets 74 

(France), Cotton Valley (USA), Fenton hill (USA) (Mukuhira et al., 2017; Parotidis et al., 2004). 75 

Other studies noted that poroelastic stresses can also affect induced seismicity, and may be 76 

important in formations with little hydraulic connectivity (e.g. Chang and Segall, 2016; Zhai 77 

et al., 2019). Another mechanism that drives induced seismicity involves stress redistribution 78 

resulting from aseismic slip. The increased pore pressure first triggers aseismic slip, which 79 

expands outward from an injection well. As the slipping region extends beyond the area of the 80 

pressurized region, stress is transferred to adjacent locked segments, potentially triggering 81 

seismicity. This phenomenon has been observed in in-situ faults, experiments, and simulations 82 

(Bhattacharya and Viesca, 2019; Cappa et al., 2019; Guglielmi et al., 2015; Yang et al., 2023). 83 

 84 

In laboratory studies, both tensile fractures and shear fractures have been systematically 85 

investigated to understand the mechanisms of fracture propagation and fault slip behavior 86 

under various conditions. Tensile fracture experiments have quantified fracture growth with 87 

fluid injection (Cochard et al., 2024; Ha et al., 2018; Liu et al., 2018; Yuan et al., 2024; Zhao 88 

et al., 2022), examined fracture patterns and breakdown pressure in heterogeneous layers of 89 

rocks (Teufel and Clark, 1984), and highlighted the effects of pressurization rate, viscosity of 90 

injected fluid, and cyclic injection on the breakdown pressure (Ha et al., 2018; Ishida et al., 91 

2004; Lockner and Byerlee, 1977; Patel et al., 2017; Zoback et al., 1977). In contrast, shear 92 

fracture experiments have primarily focused on how fluids affect fault stability. For example, 93 

injection rate strongly affects slip behavior. Higher rates promote unstable slip and dynamic 94 

ruptures, while slower injection favors aseismic creep and stable sliding, thereby reducing the 95 

risk of induced seismicity (Gori et al., 2021; Ji et al., 2022; Wang et al., 2020). Fault roughness 96 

also affects slip behavior by enhancing permeability through shear dilation as asperities open 97 

faults (Ye and Ghassemi, 2018), while heterogeneous stress distributions concentrate seismic 98 

activity around asperities, leading to localized slip zones (Wang et al., 2024). 99 

 100 

Previous shear fracture laboratory experiments have primarily been conducted on small fault 101 

samples (typically less than 100 mm in length), which may not fully capture the complexities 102 

of larger fault systems. To overcome this limitation, longer samples (e.g., ~1 m or ~3 m in 103 

length) were used for fluid injection experiments, where fluid was directly injected into the 104 

fault (Cebry et al., 2022; Cebry and McLaskey, 2021). However, the large samples have a slab-105 

like geometry and are typically unconfined, so fluid can diffuse to a free surface of the sample 106 
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relatively close to the injection well (e.g., 38 mm diffusion distance for a 760 mm-long fault; 107 

Cebry and McLaskey, 2021). This limits the extent of pressurization along the fault and causes 108 

seismicity to occur predominantly near the injection well. 109 

 110 

In this study, we investigated shear fracture by fluid injection, but we applied Teflon to the 111 

laboratory fault surface to reduce hydraulic diffusivity, confine the fluid, and extend the 112 

diffusion distance from 38 mm to 380 mm. The Teflon surface treatment is identical to that 113 

reported in Song and McLaskey (2024), used to modify the fault friction properties. We 114 

compared experiments with Confined Fluid (CF), where Teflon was attached along the top and 115 

bottom of the fault to produce a diffusion distance of 380 mm, to experiments with Open Fluid 116 

(OF), which has a 38 mm diffusion distance, similar to the setup in Cebry and McLaskey (2021). 117 

Both types of experiments produced several tiny seismic events. However, the CF experiments 118 

allowed fluid pressure to weaken a larger portion of the laboratory fault, and we often observed 119 

seismicity migration away from the injection well. The effects of injection rate and fluid 120 

viscosity were investigated, revealing two distinct seismic migration mechanisms: (1) pressure-121 

diffusion-driven migration, occurring at slow injection rate or low-viscosity fluid and (2) 122 

volume-driven migration, occurring at fast injection rate or high-viscosity fluid. To better 123 

understand the mechanisms behind the migration of seismicity, a 2D numerical model was 124 

developed incorporating Darcy flow and poroelasticity. With the volume-driven regime, the 125 

fluid pressure built up faster than it diffused away, forcing the fault open and abruptly 126 

increasing the porosity and permeability of the fault zone. The resulting reduction of effective 127 

normal stress allowed the fault to slip and release stored shear strain energy as a sequence of 128 

seismic events, which migrated faster than those solely driven by pore pressure diffusion.  129 
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2. Experimental materials and methods 130 

2.1. Experimental setup 131 

The experiment was conducted in a biaxial machine (Cebry and McLaskey, 2021; Mclaskey 132 

and Yamashita, 2017; Song and McLaskey, 2024), with the setup illustrated in the top-view 133 

diagram (Fig. 1a). Two Polymethyl methacrylate (PMMA) blocks were used: the moving block 134 

measured 760 mm × 203 mm × 76.2 mm, while the stationary block measured 790 mm × 152 135 

mm × 76.2 mm in the x, y, and z directions, respectively. The stationary block included 4 mm 136 

diameter injection holes drilled in it that allowed fluid to directly reach the fault plane (Fig. 1b). 137 

Normal force was applied using four hydraulic cylinders, while shear force was exerted on the 138 

moving block to induce slip along the fault plane. To minimize friction from surfaces other 139 

than the fault, Teflon sheets were inserted at the steel-to-steel (Low Friction Interface, LFI) and 140 

PMMA-to-steel interfaces. The friction coefficient of these non-fault surfaces is ~0.04 (Song 141 

et al., 2025). The end of the fault near the shear hydraulic cylinder (i.e., forcing end), is defined 142 

as the North (N) end, while the opposite end (i.e., leading end) is defined as the South (S) end. 143 

 144 

To measure the fault slip and seismic waves, we used Eddy current sensors (square symbols) 145 

and Piezoelectric sensors (triangle symbols), respectively (Fig. 1a), attached to the sample with 146 

hot glue (Stanley, DualMelt). The Eddy current sensors, labeled E1 to E8, were positioned 147 

along the top of the block at 100 mm intervals in the x-direction. Each Eddy current sensor 148 

consisted of a probe attached to the stationary block and a steel target fixed to the moving block. 149 

Displacement of the probe relative to the target was interpreted as fault slip, recorded at 20 kHz 150 

sampling rate with a resolution of ~0.15 μm. The Piezoelectric sensors (Panametrics, V103), 151 

labeled P1 to P8, were positioned at 100 mm intervals in the x-direction and placed 40 mm 152 

away from the fault plane in y-direction. The Piezoelectric sensors were recorded continuously 153 

at 20 kHz and also at 2 MHz for 50 ms time windows when the signal exceeded the noise level.  154 

 155 

2.2. Fault conditions 156 

The surfaces of the PMMA blocks were fly-cut flat and then roughened using 80-grit abrasive. 157 

In the CF setup, we applied Teflon tape (Hyper Tough, 12.7 mm wide) to both sides of the fault 158 

in the (x, y) plane to prevent fluid leakage (Fig. 1c). To attach the Teflon tape to the fault, the 159 

Teflon tape was extended along the designated fault surface and fixed at both ends with 160 

adhesive tape. Before assembling the blocks, we placed plastic wrap (GLAD, Clingwrap) 161 

between the Teflon areas to prevent adhesion between them (Song and McLaskey, 2024). In 162 
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the bare PMMA region, we pre-wetted the fault with the injected fluid to ensure saturated 163 

conditions before testing. In the experimental setup by Cebry and McLaskey (2021), Talc was 164 

applied to the fault edge to induce Velocity-Strengthening (VS) behavior. To replicate similar 165 

fault conditions (an Open Fluid setup, OF), we attached Teflon, also known for its velocity-166 

strengthening (VS) behavior (Song and McLaskey, 2024), to both ends of the faults (Fig. 1d). 167 

Comparing the CF and OF setups enabled the investigation of how the Teflon arrangement 168 

affected fluid pathways and seismicity patterns. 169 

 170 

 171 
Fig. 1. (a) Top view of biaxial experimental setup. Note that ‘E’ and ‘P’ are Eddy and 172 

Piezoelectric sensors, respectively. (b) A-A’ plane of stationary block for the fluid injection 173 

details. Fault conditions for (c) Confined Fluid (CF) and (d) Open Fluid (OF), which is 174 

similar to the friction conditions shown in Cebry and McLaskey (2021).  175 
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2.3. Experimental procedure 176 

We applied a constant normal force to the x-z sample boundary which resulted in 8 MPa 177 

sample-average normal stress on the fault for all cases. We then increased the shear force on 178 

the y-z sample boundary on the moving block to produce a constant ~3 μm/s loading rate. 179 

Before conducting each experiment, we sheared the moving block by ~2 mm to avoid a run-in 180 

phase, characterized by frictional evolution with continued slip (Song and McLaskey, 2024). 181 

Once completed, we sheared the sample to generate one or two complete rupture seismic slip 182 

events (see Fig. 2a). We then paused shearing for 10 s when the sample-average shear stress on 183 

the fault reached a midpoint between the peak (τpeak) and residual (τres) shear stresses (Fig. 2), 184 

after which we injected fluid according to the specified injection rates and fluid types listed in 185 

Table 1. Water (viscosity: 1 mPa·s) and a more viscous fluid (viscosity: 50 mPa·s), composed 186 

of 28 % water and 72 % glycerin (PTI Process Chemicals, Glycerin 99 %) by weight, were 187 

injected directly onto the fault surface. 188 

 189 

 190 
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Fig. 2. Overview of sample-average shear stress, pore pressure at the injection well, and 191 

slip behavior of (a) OF8W and (b) CF8W. Shearing ceased when the sample-average shear 192 

stress reached a midpoint between the peak shear stress (τpeak) and the residual shear 193 

stress (τres). Fluid injection into the fault began 8 ml/min injection rate, 10 s after stopping 194 

shearing in both tests. E1 - E8 are eight eddy current slip sensors with locations shown in 195 

Fig. 1. The region highlighted by the blue dotted area is analyzed in Fig. 3. 196 

 197 

 198 

Table 1. Experimental conditions. 199 

Experiment Name Fault condition Injection rate [ml/min] Injected fluid 

1 OF8W Open Fluid 8 Water 

2 CF16W Confined Fluid 16 Water 

3 CF8W Confined Fluid 8 Water 

4 CF4W Confined Fluid 4 Water 

5 CF2W Confined Fluid 2 Water 

6 CF1W Confined Fluid 1 Water 

7 CF1V Confined Fluid 1 Viscous fluid 

8 CF0.5V Confined Fluid 0.5 Viscous fluid 

 200 

 201 

2.4. Hypocenter locations and magnitude of seismicity 202 

During fluid injection onto the fault, swarms of seismic slip events were detected by 203 

Piezoelectric sensors, shown in Fig. 3. Using the recorded waveforms, we determined the 204 

hypocenter locations and estimated the moments of individual seismic slip events. 205 

 206 

To locate the hypocenter of the seismic slip events, we used the first P-wave arrival times. 207 

Specifically, we selected the four earliest arrival times from eight sensors (P1 to P8; see Fig. 208 

S1a). An array of possible hypocenter locations was constructed along the x-direction with a 209 

spacing of 0.02 mm, covering a total length of 760 mm and resulting in 38,000 points. For each 210 

point, we computed a cost function as described below: 211 

   Cost (x) = ∑ |(ti − t0) − √(x − xi)2 + (y − yi)2 + (z − zi)2/Vp|4
i=1 ,  (1) 212 

where ti is the ith Piezoelectric sensor’s first arrival time and (xi, yi, zi) are the ith sensor’s spatial 213 

coordinates, t0 is the estimated origin time of the seismic source, and VP is the P-wave velocity 214 

(2650 m/s for PMMA). We confine this localization to the x dimension only by assuming that 215 

the events originated near the center of the fault such that (y - yi) is fixed to 40 mm, and (z - zi) 216 

is fixed to 38.1 mm. The hypocenter location (x) that minimized Equation (1) was identified as 217 

the hypocenter (see Fig. S1c). 218 
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 219 

To obtain the seismic moment of the seismic slip events, we utilized the Fourier domain using 220 

the Fast Fourier Transform (FFT) algorithm. Since the recorded signals included instrument 221 

response, they were calibrated using a reference source which is a ball impact, which has been 222 

validated in previous studies (Cebry and McLaskey, 2024; McLaskey et al., 2015; Song et al., 223 

2025; Song and McLaskey, 2024). We dropped a steel ball (~2.38 mm diameter) from a height 224 

of 0.91 m, measured the seismic signals, and calculated the equivalent seismic moment of this 225 

ball drop (M0_BD) (see McLaskey et al., 2015; Song et al., 2025 for details). We then performed 226 

an FFT on the signals from all sensors and averaged the resulting spectra (Fig. S1b). To estimate 227 

the moment of the seismic slip event (M0_SE), we compared the amplitude of the FFT of the 228 

seismic event to that of the ball drop event in the 4 - 9 kHz frequency range. This frequency 229 

band was chosen because it is below the corner frequency of the ball drop (~25.6 kHz; see Wu 230 

and McLaskey, 2018 for details) and still had high Signal-to-Noise Ratio (SNR) in both the 231 

ball drop and seismic event. Finally, we converted the seismic moment to magnitude (M) using 232 

the empirical relation (Hanks and Kanamori, 1979) 233 

M = 2/3·log(M0_SE) - 6.067.      (2) 234 

 235 

3. Experimental Results 236 

3.1. The effect of fluid boundary condition: Open Fluid vs. Confined Fluid 237 

The effect of the Teflon tape used to confine the fluid is examined in Fig. 2, which compares 238 

the OF8W and CF8W tests. The CF test exhibited larger shear stress reduction and slip 239 

compared to the OF test. For example, the sample-averaged shear stress in CF8W dropped by 240 

~2 MPa, which is five times greater than the ~0.4 MPa drop observed in OF8W. The 241 

corresponding slip for CF8W reached ~1200 μm, which is four times larger than ~300 μm slip 242 

observed in OF8W. In the pore pressure evolution, the OF pressure remained stable at ~10 MPa 243 

(Fig. 2a), likely due to fluid leakage at the top and bottom of the sample, which prevented 244 

further pressure buildup (Cebry and McLaskey, 2021). In contrast, the CF test showed a 245 

pressure drop to 8 MPa (Fig. 2b), likely due to a high permeability layer by the Teflon (Section 246 

5.3). 247 

 248 

To analyze the seismic slip events induced by fluid injection, Fig. 3 shows a zoom in of the 249 

blue-dotted region in Fig. 2. Many seismic slip events were so small that no slip was detected 250 

with the Eddy current sensors. However, for the larger seismic slip events, we mapped the 251 



This is a preprint submitted to EarthArXiv and has not been peer reviewed 

 

11 

extent of dynamic slip, defined as where the average the slip rate exceeded 3 mm/s measured 252 

using Eddy current sensors within ±0.01 s time window, surrounding the event. Figs. 3c and 253 

3d show the extent of dynamic slip as black vertical lines. The locations of the hypocenters 254 

(circles) and their corresponding magnitudes (indicated by the color within each circle) were 255 

determined from piezoelectric sensors (see methods in Section 2.4). A representative set of 256 

signals from one seismic slip event is shown in Fig. 3e, with the earliest first arrivals detected 257 

near P4 and P5, close to the injection site. Fig. 3f shows a sequence of two seismic slip events 258 

with distinct hypocenters that occurred within a few milliseconds of each other. 259 

 260 

In most experiments, a few small-magnitude events occurred near the injection well before the 261 

mainshock, defined as the event with the largest magnitude that ruptured the entire fault (Fig. 262 

3c). The mainshock reduced the sample-average shear stress to τres. The main focus of this 263 

study is the migration of seismicity that occurred after the mainshock. In experiment OF8W, 264 

those events remained concentrated near the injection well, indicating that fluid pressurization 265 

and weakening were highly localized. In contrast, CF8W exhibited both a larger number of 266 

events and a more distributed rupture pattern (Fig. 3d). The hypocenters propagated bilaterally 267 

along the fault. As the hypocenters migrated, dynamic slip occurred both at the hypocenter 268 

locations and ahead of them, extending to the ends of the sample but not extending back behind 269 

the migrating front of hypocenters.  270 

  271 
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 272 
Fig. 3. Zoomed-in view of the blue dotted region in Fig. 2, highlighting fluid-induced (a) 273 

slip, (c) magnitude and hypocenter of seismicity, and (e) representative signals for OF8W, 274 

with (b), (d), and (f) showing the corresponding results for CF8W. Note that the 275 

mainshock is defined as the largest magnitude event within these slip sequences. Vertical 276 

black lines denote the extent of dynamic slip in c and d. 277 

 278 

 279 

3.2. Effect of injection rate and fluid viscosity 280 

Fig. 4 shows the effects of fluid injection rate and viscosity on pore pressure and seismicity for 281 

confined fault (CF) experiments. Data for other injection conditions are provided in Fig. S2. At 282 

the fast injection rate (CF16W), the mainshock occurred immediately as the first event with no 283 

detectable precursory slip (Fig. 4b), followed by seismicity that initially clustered near the 284 

injection well and then migrated outward (Fig. 4a). In contrast, the slow injection rate (CF1W) 285 

showed multiple small magnitude foreshocks near the well before the mainshock (Fig. 4c) with 286 

~20 μm of precursory slip along most of the fault (Fig. 4d). After the mainshock, most events 287 
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remained clustered near the injection well. Some events occurred farther from the injection site, 288 

but no distinct migration was observed.  289 

 290 

The injection of more viscous fluid (CF1V) caused a clear outward migration of hypocenters 291 

and larger event magnitudes (Fig. 4e). Despite the slow injection rate, the viscous fluid 292 

produced seismic behavior similar to that observed in fast water injection (CF16W). The 293 

mainshock resulted in ~300 μm of slip (Fig. 4f), six times more than in the water injection cases. 294 

 295 

Table S1 summarizes the effects of loading rate and fluid viscosity. Higher injection rates of 296 

water generally produced more seismic events, larger friction drops, and higher peak pressures, 297 

but fewer foreshocks. Slow injection of viscous fluid caused larger friction changes and fewer 298 

foreshocks, similar to fast water injection (CF16W), though with fewer total events. 299 

 300 
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 301 

Fig. 4. Pore pressure at the injection well, along with the magnitude and hypocenter 302 

distribution of seismicity for (a) CF16W, (c) CF1W, and (e) CF1V. Cumulative slip prior 303 

to the mainshock for (b) CF16W, (d) CF1W, and (f) CF1V. 304 

 305 

 306 

4. Numerical simulation  307 

4.1. Model  308 

To better understand the physical mechanisms underlying the seismicity migration, injection-309 

driven fault dynamics were simulated using a poroelastic model implemented in the open-310 

source Finite Element software, Multiphysics Object-Oriented Simulation Environment 311 

(MOOSE) (Permann et al., 2020). The simulation was conducted in 2D to represent the 312 
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experimental fluid injection in the x-y plane where z = 38.1 mm, corresponding to the depth of 313 

the injection well (Fig. 5a). The bulk PMMA blocks were modeled as porous media with very 314 

low porosity (10-4) and permeability (10-6 D), while the fault was represented by a highly 315 

permeable domain of thickness 0.5 mm, in agreement with the experimental set-up. Due to the 316 

geometric symmetry of the domain, the simulations were performed on a quarter of the 2D 317 

cross-section (Fig. 5b). The open outflow boundary condition (bottom right of the simulation 318 

domain) was implemented via PorousFlowOutflowBC in MOOSE to represent the free flow 319 

through the fault outlet. With that modeling approach, fluid at the outflow boundary was 320 

removed according to the local flux derived from Darcy’s law and the pressure gradient, which 321 

varied during the simulation. 322 

 323 

 324 

Fig. 5. (a) 2D simulation domain representing a quarter of the experimental set-up in the 325 

x-y plane at the injection position. (b) Simulation set-up with the boundary conditions 326 

(BC) and material properties employed in the numerical model. (c) Mesh adopted in the 327 

simulations, with a finer mesh in the fault region. 328 

  329 
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 330 

The PorousFlowFullySaturated action from the PorousFlow module was employed to couple 331 

fluid flow and mechanical deformation, according to the following governing equations: 332 

∂

∂t
(ϕρ) + ϕρ∇ ∙ vs − ∇ ∙ (

ρk

μ
∇Pf) = 0,    (3) 333 

−∇ ∙ (σeff − αBPfI) = 0,      (4) 334 

where ϕ is the porosity (dimensionless), k is the permeability (m2 or D), ρ is the fluid density 335 

(kg/m3), μ is the fluid dynamic viscosity (Pas), vs is the velocity of the porous solid skeleton 336 

(m/s), αB is the Biot coefficient (dimensionless, 0.8 in this study), Pf is the fluid pressure (Pa), 337 

σeff denotes the effective stress tensor (Pa), and I is the identity tensor.  338 

 339 

Both the bulk PMMA and fault regions were considered as linear elastic porous solids (Fig. 340 

5a). To represent fault opening without fault lateral deformation, we assigned a Poisson’s ratio 341 

of 0 to the fault region. The fluid flow in both the fault and the bulk PMMA regions were 342 

assumed to follow Darcy’s law. Fault aperture was modeled through porosity, which varied 343 

with fluid pressure Pf according to the following poroelastic constitutive relationship: 344 

ϕ = ϕref + aP(Pf − Pf
ref),      (5) 345 

where the superscript ref refers to a reference state, ap = 2×10-7 Pa-1 to match the time scale of 346 

the fault opening dynamics observed experimentally (of the order of seconds). Additionally, 347 

we arbitrarily set ϕref = 0.005 to represent an initial fault porosity higher than the porosity of 348 

the PMMA blocks and Pf
ref = 0.1 MPa to set the reference fluid pressure equal to the 349 

atmospheric pressure. Fracture aperture can also be viewed as a linear function of fluid pressure, 350 

see for example (Ozdemirtas et al., 2009): 351 

w = wref +
1

Kn
(Pf − Pf

ref),      (6) 352 

where w is the fracture aperture, and Kn is the normal stiffness of the fracture. In agreement 353 

with the model described in Equation (6), in this work, fracture aperture was considered 354 

equivalent to porosity. 355 

 356 

We assumed that fluid flow within the fault region was governed by the cubic law, such that 357 

the flow rate q could be expressed as: 358 

q [m2/s] =
w3

12μ
∇Pf,      (7) 359 

Q [m3/s] =
w3Lz

12μ
∇P =

w2

12

A

μ
∇Pf,    (8) 360 
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in which the area of the cross section of the flow channel is noted A = w·Lz, where Lz is the 361 

length perpendicular to the 2D domain modeled in the simulations (i.e., z-direction in Fig. 1). 362 

Fault permeability can be seen as a quadratic function of porosity, given that kf = w2/12. Since 363 

we modeled fault opening as a porosity change, fault permeability was expressed as a function 364 

of porosity, as: 365 

kf = kf
open

ϕ2,      (9) 366 

where kf
open represents the permeability of the fault zone when it is fully opened (i.e., ϕ = 1). 367 

In this work, kf
open = 100 D was chosen to represent a fault with an opening w of the order of 368 

0.1 mm, and to capture the time scale of the propagation of the fault aperture front observed 369 

experimentally. Lastly, the fluid viscosity μ was set as a value of 1 mPas for the water and 50 370 

mPas for the viscous fluid in agreement with the experiments. The fluid density was modeled 371 

as a function of fluid pressure, as follows: 372 

ρ = ρ0 exp (
Pf

Kb
),     (10) 373 

where ρ0 represents reference fluid density and Kb denotes the fluid bulk modulus. 374 

 375 

The initial fluid pressure was set to 0.1 MPa in the entire simulation domain. The fluid was 376 

injected into the fault region as shown in Fig. 5a at various injection rates. The unit of the 377 

injection rate was converted to a mass rate per area to match the input requirements of the 378 

PorousFlowSink boundary condition in MOOSE. The injection area is the lateral surface area 379 

of the injection cylinder (shown in Fig. 5a), calculated as 2π·r·H = 2π·(2×10-3 m)·(0.5×10-3 m) 380 

= 2π×10-6 m2, where r and H are the radius and height of the injection cylinder, respectively. 381 

An injection flow rate of 8 ml/min corresponds to injection volume rate per area of 1/(15 π) 382 

m3/m2/s, which corresponds to 21 kg/m2/s for water. We varied the injection rates from 0.5 383 

kg/m2/s to 20 kg/m2/s, corresponding to volumetric injection rates ranging from 0.2 ml/min to 384 

7.6 ml/min. 385 

 386 

The mesh in the fault region was finer than in the bulk PMMA blocks, because of the difference 387 

of scale between the fault and bulk PMMA block zones (Fig. 5c). A first-order Lagrange 388 

interpolation was adopted for both displacement and pore pressure fields. 389 

 390 

4.2. Distribution of porosity with different injection rates 391 
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To investigate how the injection rate of water affects the spatial distribution of porosity in the 392 

simulation, we plotted the porosity distribution along the fault distance at similar injected 393 

volumes (Fig. 6). Porosity is a function of pore pressure (Equation (5)). As pore pressure 394 

increases, porosity also increases, enhancing fluid flow within the fault. At the fastest injection 395 

rate (7.6 ml/min), porosity is higher and more localized near the injection well (Fig. 6a). In 396 

contrast, at a slower injection rate (0.5 ml/min), the porosity has lower values and is more 397 

distributed away from the injection well, even for a similar injected volume (Fig. 6b). The red 398 

dotted line at a porosity of 0.15 represents the critical porosity (ϕc) associated with the onset of 399 

seismicity, which is discussed in Section 5.1.2. 400 

 401 

 402 

Fig. 6. Porosity distributions along the fault distance at various injected volumes of water 403 

from 0.06 ml to 0.6 ml for (a) 7.6 ml/min injection rate and (b) 0.5 ml/min injection rate. 404 

Note that ϕc is the critical porosity for the onset of seismicity, detailed in Section 5.1.2.  405 

  406 
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5. Discussion 407 

Our experiments demonstrated that fault slip and seismicity patterns during fluid injection were 408 

influenced by the presence of confinement, injection rate, and fluid viscosity. The impermeable 409 

Teflon-covered fault sections used in the confined fluid (CF) experiments enhanced fault 410 

weakening by pressurizing a larger fault area compared to the open fluid (OF) experiments. 411 

Fast injection rate (e.g., CF16W) triggered an immediate mainshock without foreshocks, 412 

whereas slow injection rate (e.g., CF1W) led to a mainshock preceded by detectable slow slip 413 

and multiple associated foreshocks near the injection well. Viscous fluid injection (e.g., CF1V) 414 

produced fewer but larger magnitude seismic events, while water injection (e.g., CF1W) 415 

produced a larger number of smaller events. Results of 2D poroelastic simulations showed that 416 

at a fast injection rate, porosity increased sharply near the injection well and gradually extended 417 

along the fault, while at a slow injection rate, the porosity increase was smaller but more 418 

uniformly distributed along the fault. 419 

 420 

5.1. Seismicity migration mechanisms 421 

To examine the mechanisms driving seismicity migration, we first created a pressure-diffusion 422 

model that neglects poroelasticity (Section 5.1.1). While this adequately described the 423 

seismicity locations for the low injection rate, it could not explain the faster migration observed 424 

at higher injection rates and with the more viscous fluid, which we term volume-driven 425 

seismicity migration. In contrast, the experimental results could be reproduced with the 426 

poroelastic model described in Section 4 because the numerical model included fluid volume 427 

in its formulation (Section 5.1.2). 428 

 429 

5.1.1. Pressure-diffusion model 430 

We modeled pressure diffusion using the 2D diffusion equation: 431 

∂Pf

∂t
= α(

∂2Pf

∂x2
+

∂2Pf

∂y2
),     (11) 432 

where t is time, α (= kf/(βc·μ)) is the hydraulic diffusivity, and βc is the storage coefficient. 433 

Using symmetry, we modeled 2D diffusion using only a quarter of the domain (Fig. S3a) and 434 

applied Neumann boundary conditions at the Teflon-PMMA interface and Dirichlet boundary 435 

conditions (P = 0) at the free surface at the fault end. To determine α, we used a shut-in test 436 

where fluid injection was halted at a set pressure (8 MPa, after ~40 s) and the subsequent 437 

pressure decrease over time was observed. Our analysis showed that α ranged from 8E-9 to 8E-438 
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8 m2/s (Fig. S3b) and no single α value could perfectly match our results, consistent with Cebry 439 

and McLaskey (2021), likely due to neglected poroelastic effects (Rutqvist and Stephansson, 440 

2003). 441 

 442 

Fig. 7 shows the experimental data alongside pressure contours from the pressure-diffusion 443 

modeling, (see also Figs. S3c and S3d). For the fast injection, the pressure contours barely 444 

change during the time scale of the distinct linear migration of seismicity observed at higher 445 

injection rates (Fig. 7a). Thus, the pressure-diffusion model fails to adequately explain this 446 

migration. For the slow injection rate, the hypocenters of seismicity migrated slowly and 447 

remained clustered near the contour lines, indicating that seismicity was plausibly driven by 448 

pressure diffusion (Fig. 7b). 449 

 450 

 451 

Fig. 7. Comparison of modeled pressure contours (e.g., 1 mPa, 1 Pa, and 1 kPa) for (a) 452 

CF16W and (b) CF1W. Note that pressure diffusion on fault surface is shown in Figs. S3c 453 

and S3d. 454 

 455 

 456 

5.1.2. Seismicity migration with injected volume 457 

To better understand the mechanism behind the migration of seismicity at fast injection rates 458 

that could not be explained by pressure diffusion, Fig. 8a shows the migration of seismicity 459 

hypocenters against injected fluid volume rather than time. The injected volume was calculated 460 

by multiplying the time and the injection rate, and the x-axis was shifted to align migration 461 

trends for comparison. When normalized this way, the propagation of seismicity in CF1V and 462 

CF16W experiments exhibit similar behavior, suggesting that injected volume played a key 463 

role. However, in CF1W, pressure appeared to be the dominant control (Fig. 7b) instead of 464 

injected volume. 465 
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 466 

To reproduce seismicity migration from the numerical simulations described in Section 4, we 467 

assumed that seismic slip events occur when the Coulomb failure criterion is reached: 468 

τ ≥ τstatic = μPMMA ∗ (σN − Pf),    (12) 469 

where τ is the applied shear stress (set to 3.1 MPa for these experiments, see Fig. 2b), σN is the 470 

applied normal stress (8 MPa), and μPMMA is the static friction coefficient of PMMA, which is 471 

a tunable parameter to match with experimental results. Setting an assumed value for μPMMA 472 

produces a critical pore pressure, which corresponds to a critical value of porosity. The location 473 

of this critical porosity, ϕc, changes with injection volume (red dotted arrows in Fig. 6a) and its 474 

migration was used to simulate a migration of seismicity. Through trial and error, we found 475 

that ϕc = 0.15 matched the experimental results. That is, when normalized by the injected 476 

volume, all seismicity migration patterns collapsed to a similar form except for experiments 477 

where low-viscosity fluid was injected at a low rate (e.g., 0.5 ml/min or 0.9 ml/min injection 478 

rates) (Fig. 8b).   479 

 480 

This ϕc = 0.15 corresponds to a critical pressure Pf = 0.8 MPa (Equation (5)). Combining this 481 

with the experimentally observed values of σN and τ, Equation (12) yields a value of μPMMA = 482 

0.43. This falls within the previously reported range of PMMA friction coefficients, from 0.38 483 

to 0.6 (McLaskey et al., 2012; Paglialunga et al., 2023; Wu et al., 2023). 484 

 485 
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 486 
Fig. 8. (a) Migration of hypocenters as a function of injected volume in the experiment. 487 

Note that the graph has been shifted in the x-direction to align the trends for comparison. 488 

Normalized Vprop is defined as the fault distance divided by the injected volume. (b) 489 

Seismicity migration as a function of injected volume in the simulation. Note that each 490 

data point for fault distance corresponded to the location where the porosity distribution 491 

intersected the critical porosity. (c) Propagation velocity normalized by the injected 492 

volume of all CF fault conditions for experiment and simulation. Schematic porosity 493 

distributions for (d) volume-driven seismicity and (e) pressure-diffusion-driven seismicity 494 

(similar to Fig. 6). Note that the hashed area represents the delay in injected fluid volume 495 

between the seismicity front and fluid front. 496 

 497 

 498 

5.1.3. Pressure-Diffusion-Driven versus Volume-Driven Seismicity Migration 499 

To systematically study seismicity migration, Fig. 8c shows the normalized propagation 500 

velocity (Vprop) versus injection rate under CF fault conditions, where the velocity was 501 

calculated as the slope of fault distance versus injected volume using linear fitting (Fig. 8a). 502 

Two symbols are shown at each injection rate because seismicity migrates bilaterally and one 503 

symbol is for the N-propagating front and the other is from the S-propagating front. In nearly 504 

all the experiments, the normalized propagation velocities ranged between ~300 mm/ml and 505 

~800 mm/ml (black and red symbols). The velocity derived from the numerical simulation was 506 

~700 mm/ml (blue symbol), well aligned with the experimental results. 507 
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 508 

In the volume-driven seismicity migration, illustrated in Fig. 8d, fluid pressure remains 509 

concentrated near the injection point due to limited diffusion, which is characteristic of 510 

scenarios involving fast injection rate or high-viscosity fluid. The fluid pressure pushes open 511 

the fault which increases the permeability of the fault zone and enhances fluid flow. The 512 

pressure-diffusion model that lacks this poroelastic effect fails to reproduce the migration of 513 

seismicity observed experimentally (Section 5.1.1). Meanwhile, the seismicity front in the 514 

volume-driven pattern approximately matches the fluid front because of the high value and 515 

large gradient of porosity and fluid pressure. In contrast, experiment CF1W and simulations 516 

with slow injection rates and low-viscosity fluid can be described by pressure-diffusion-driven 517 

seismicity. In that regime, there is a large spatial separation between the seismicity front and 518 

the fluid front, depicted by the gray hashed region in Fig. 8e. 519 

     520 

To further verify that the migrating seismicity closely matched the expanding fluid front, we 521 

ran an additional CF1V experiment where the fault was initially dry. The fault was pre-wetted 522 

in all previously reported experiments to ensure saturated conditions before testing; however, 523 

through the use of a dry fault, we could visually track the fluid front through the transparent 524 

PMMA (Fig. A1). Using this method, it was confirmed that the hypocenters of the seismicity 525 

generally aligned with the locations of the fluid fronts. 526 

 527 

5.1.4. Comparison to previous work 528 

The pressure-diffusion model cannot fully explain the volume-driven seismicity in this study. 529 

Instead, a poroelastic model that allows permeability to increase with increasing fluid pressure 530 

was needed to reproduce the seismicity migration. Yang et al. (2023) used a 2D anti-plane 531 

numerical model to confirm a direct link between the injection rate and the speed of stress 532 

transfer. They investigated the stress transfer front speed (0.01 MPa pressure contour) at high 533 

injection rates (from 3×105 ml/min to 6×106 ml/min), considering a fault opening of w = 1 m 534 

in the y-direction and a fault depth of d = 1 km in the z-direction (Fig. 1c), Within this range 535 

of injection rates, the normalized stress transfer front speed remained ~10-3 mm/ml. This is 536 

consistent with previous numerical simulation results showing that the slip front migration 537 

speed is proportional to the injection rate (Dublanchet, 2019; Garagash, 2021). However, at a 538 

low injection rate (1.2×105 ml/min), the normalized stress transfer front speed, governed by 539 

pressure diffusion, dropped to ~10-4 mm/ml. Despite the similarity in migration mechanism to 540 
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our experiments, the boundary injection rate between volume-driven and pressure-diffusion-541 

driven regimes in Yang et al. (2023) is ~105 times higher (~2×105 ml/min) than in our 542 

experiments (~1.5 ml/min; Fig. 8c). This difference arises from the reservoir capacity per unit 543 

fault length: w·d is 1000 m2 in Yang et al. (2023), whereas in our experiment, w·d is only 544 

2.5×10-5 m2 (w = 0.05 m and d = 0.0005 m; Figs. 1c and 5a). Furthermore, Yang et al. (2023) 545 

found that fluid injection-induced pore pressure triggered aseismic slip, which transferred 546 

stress to distant locked faults, causing rupture without permeability changes with pore pressure. 547 

However, the poroelastic model in this study accounts for permeability changes with pore 548 

pressure, which also affects the boundary injection rate. Finally, differences in initial model 549 

settings, such as the shear modulus of the block (0.85 GPa in this study and 32.4 GPa in Yang 550 

et al., 2023), can affect the boundary injection rate. Nevertheless, volume-driven migration of 551 

stress or seismicity is commonly observed in both stress transfer and poroelastic models. 552 

 553 

5.2. The effect of fluid viscosity on seismicity 554 

While fluid viscosity affects the transition between volume-driven and pressure-diffusion-555 

driven seismicity regimes, it also appeared to affect the seismicity that was generated. Viscous 556 

fluid produced fewer seismic events, but larger magnitude events compared to water. A related 557 

observation is that with water injection, dynamic slip typically propagated from seismic 558 

hypocenters outward away from the injection well with notably no dynamic slip in regions 559 

close to the well that were already highly pressurized (Figs. 4a and 4c). In contrast, under 560 

viscous fluid injection, dynamic slip also propagated back into the region near the injection 561 

well (Fig. 4e) despite the fact that it was highly pressurized there. This observation might be 562 

explained by Cornelio and Violay (2020) who found that as fluid viscosity increased, the (a-b) 563 

parameter from the rate-and-state friction law decreased, transitioning from positive (i.e., 564 

velocity-strengthening) to negative values (i.e., velocity-weakening). This is because high-565 

viscosity fluid leads to boundary lubrication condition, where thin fluid films coexist with 566 

solid-solid contact. This regime is highly sensitive to slip rate changes, enhancing velocity-567 

weakening behavior as the system becomes more prone to frictional instability. Also, they 568 

found that water promoted dilation of the fault during fault slip, while viscous fluid promoted 569 

compaction, which increased pore pressure locally and reduced effective normal stress. This 570 

compaction destabilized the fault and contributed to be velocity-weakening behavior. Therefore, 571 

under viscous fluid injection, even fluid-pressurized regions adjacent to the well could 572 

experience dynamic slip, and this could be the cause of the larger magnitude events. 573 
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  574 

5.3. High permeable pathways by Teflon tape 575 

This study showed that the Teflon technique effectively prevented fluid leakage and expanded 576 

the potential applications of fluid-injection experiments in large samples that are not confined 577 

within a pressure vessel. However, the Teflon tape used in this study has a thickness of ~tens 578 

of microns, which created a highly permeable pathway along the edge of the bare PMMA fault 579 

surface adjacent to the Teflon-covered area. This increase in permeability near the edge of the 580 

Teflon can be visualized in Fig. A1 where the fluid front travels fastest near the Teflon and 581 

slower in the interior of the bare PMMA region. The higher permeability pathway near the edge 582 

of the Teflon region is the likely reason for the drop in fluid pressure from 10 MPa to 8 MPa 583 

shown in Fig. 2b but not present in Fig. 2a. This heterogeneous permeability distribution was 584 

not incorporated into the numerical simulations. 585 

    586 
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6. Conclusions 587 

In this work, we investigated shear fault reactivation by directly injecting fluid into a PMMA 588 

fault (760 mm long, 76 mm high) formed from the interface between two separate blocks. To 589 

prevent leakage due to a free surface at a short distance from the injection location, we coated 590 

the section of the fault close to the free surface with Teflon tape. The enhanced weakening of 591 

the fault compared to cases without the Teflon showed that the Teflon barriers were effective 592 

at confining the fluid and enabling pressurization over a larger fault area. This Teflon 593 

confinement technique allows for more versatility in large-scale laboratory fluid injection 594 

experiments. 595 

 596 

By varying the fluid injection rate and viscosity, two distinct migration mechanisms were 597 

observed. At slow injection rate or with low-viscosity fluid (water), seismicity slowly migrated 598 

from the injection point, termed pressure-diffusion-driven seismicity since the seismicity front 599 

followed a pressure-diffusion model. In contrast, at fast injection rate or with high-viscosity 600 

fluid, the seismicity front migrated much more rapidly, with migration rate proportional to the 601 

injected fluid volume. This migration behavior is referred to as volume-driven seismicity in 602 

this work.  603 

 604 

A 2D poroelastic numerical model was developed, incorporating pressure-dependent 605 

permeability within the fault zone. This model reproduced the experimentally observed 606 

seismicity migration patterns by assuming that seismic events initiate when and where fluid 607 

pressure, linked to porosity (Equation (5)), reaches a critical threshold. When the 608 

experimentally applied stress levels were added to the critical fluid pressure threshold, it 609 

suggested a friction coefficient μPMMA = 0.43, aligning with previously published estimates.   610 

 611 

Overall, this study demonstrates that the migration of seismic events can be governed by either 612 

pressure diffusion or the injected volume, with the controlling mechanism determined by the 613 

injection rate, fluid viscosity, and poroelastic parameters. The volume-driven seismicity 614 

migration regime identified in this study is likely important for cases of fast injection into low 615 

permeability formations, which are conditions similar to hydraulic fracture operations for 616 

subsurface hydrocarbon operations or stimulation phases associated with enhanced geothermal 617 

systems in tight formations.  618 

  619 
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Appendix A 636 

 637 

We conducted fluid injection under dry fault conditions, following the same procedure as in 638 

CF1V. A camera positioned beneath the fault captured high-resolution images (2640 × 1080 639 

pixels) at 310 s, 355 s, and 370 s to compare fluid migration with seismic hypocenters. In the 640 

PMMA region, the fluid spreads out in a circular pattern (Fig. A1a). Upon reaching the 641 

boundary between the Teflon-covered and bare PMMA areas, the fluid advances more rapidly 642 

along the boundary than within the PMMA fault regions (Figs. A1b and A1c). The fluid reaches 643 

the top faster than the bottom, leading to asymmetric migration. The fluid migration region, 644 

roughly outlined in red circle, is compared with seismic hypocenters (Figs. A1d and A1e). This 645 

result indicates that the fluid front directly influences fault seismicity in volume-driven regimes 646 

(see Section 5.1.2). While many hypocenters align with fluid locations, some originate from 647 

the far end of the fault, beyond the fluid. This suggests that seismic triggering is not solely due 648 

to direct fluid injection but also influenced by other mechanisms. This may be due to stress 649 

concentration at the fault ends caused by the cessation of a previous rupture. 650 

 651 



This is a preprint submitted to EarthArXiv and has not been peer reviewed 

 

29 

 652 

Fig. A1. Fluid migration of CF1V under dry fault conditions at (a) 310 s, (b) 355 s, and (c) 653 

370 s, with corresponding seismicity at (d) 355 s and (e) 370 s. 654 

 655 

 656 

657 
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Fig. S1. (a) Representative signals from the slip event in time domain and (b) averaged 

frequency-domain spectra (via FFT) for both the ball drop and slip event. (c) Process for 

determining the seismic event location in one-dimensional analysis: divide the mesh for 

calculation, compute the cost function at each mesh point, and identify the minimum cost, 

which corresponds to the seismic event location. Note that the four fastest arrival signals 

were used for the cost calculation. 
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Fig. S2. Pore pressure at the injection well, along with the magnitude and hypocenter 

distribution of seismicity for (a) CF4W, (b) CF2W, and (c) CF0.5V. 
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Fig. S3. (a) Schematic 2D pressure-diffusion model with boundary conditions. (b) Shut-in 

test to obtain the range of the hydraulic diffusion coefficient in CF fault condition. Note that 

water injection continued until ~40 s before being stopped. Pressure distribution with 

distance for CF1W using water for α = 8e-8 m2/s at (c) 460 s and (d) 540 s. Note that the color 

scale represents pressure on a logarithmic scale. 
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Table S1. Mechanical properties with different loading rates and viscosities. Note that 

friction coefficient is the ratio of sample-average shear and normal stresses. 

Exp 

Total events 

[Count] 

Foreshocks 

[Count] 

Peak fluid pressure 

[MPa] 

Change of 

friction coefficient 

CF16W 274 0 9.7 0.25 

CF8W 317 2 9.7 0.24 

CF4W 314 3 9.4 0.23 

CF2W 288 7 9.2 0.22 

CF1W 190 7 8.6 0.19 

CF1V 53 1 9.2 0.21 

CF0.5V 39 0 9.0 0.15 

 


