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Abstract 19 

Numerous studies have reported the occurrence of aseismic slip or slow slip events along faults 20 

induced by fluid injection. However, the underlying physical mechanism and its impact on 21 

induced seismicity remain unclear. In this study, we develop a numerical model that incorporates 22 

fluid injection on a fault governed by rate-and-state friction to simulate the coupled processes of 23 

pore-pressure diffusion, aseismic slip, and dynamic rupture. We establish a field-scale model to 24 

emulate the source characteristics of induced seismicity near the Dallas-Fort Worth Airport 25 

(DFWA), Texas, where events with lower-stress drops have been observed. Our numerical 26 

calculations reveal that the diffusion of fluid pressure modifies fault criticality and induces 27 

aseismic slip with lower stress drop values (<1 MPa), which further influence the timing and 28 

source properties of subsequent seismic ruptures. We observe that the level of pore-pressure 29 

perturbation exhibits a positive correlation with aseismic-stress drops but a reversed trend with 30 

seismic-stress drops. Simulations encompassing diverse injection operations and fault frictional 31 

parameters generate a wide spectrum of slip modes, with the scaling relationship of moment 32 

(𝑀0) with ruptured radius (𝑟0) following an unusual trend, 𝑀0 ∝ 𝑟0
4.4, similar to 𝑀0 ∝ 𝑟0

4.7 33 

observed in the DFWA sequence. Based on the consistent scaling, we hypothesize that the lower-34 

stress-drop events in the DFWA may imply less dynamic ruptures in the transition from aseismic 35 

to seismic slip, located in the middle of the broad slip spectrum, as illustrated in our simulations. 36 

 

Plain Language Summary 37 

Injection-induced earthquakes have presented significant obstacles to developing energy 38 

resources related to fluid injection, such as enhanced geothermal systems and shale gas 39 

development. Despite their prevalence, the causes and impact of these earthquakes are not fully 40 

understood. Aseismic slip, characterized by slower velocities and longer durations than typical 41 

earthquakes, has been observed in induced earthquake studies. In this study, we use a numerical 42 

model to investigate how fluid pressures influence the slip properties of induced seismicity near 43 

the Dallas-Fort Worth airport (DFWA), Texas. Our model shows that elevated fluid pressure 44 

induces aseismic slip and advances or delays fast slip (i.e., earthquakes). The pore-pressure 45 

perturbation alters the source characteristics of both aseismic-slip events and seismic ruptures, 46 

enhancing aseismic-stress release while diminishing seismic-stress release. Simulations 47 

involving various fault frictional properties reveal a wide spectrum of slip modes, ranging from 48 

slow to rapid slip, which are different from the stress-release processes that drive globally 49 

observed natural earthquakes, but exhibit similarities to observations in the DFWA. 50 

Consequently, we infer that the DFWA events may exhibit reduced dynamic characteristics akin 51 

to slow slip events positioned in the middle of the broad spectrum generated in our modeling. 52 

 

1. Introduction 53 

Fluid injection into the subsurface is an important industrial practice used for developing 54 

geo-energy resources such as enhanced geothermal systems, CO2 sequestration, and shale gas 55 

extraction worldwide (National Research Council, 2013). However, these injections often induce 56 

seismicity, leading to the suspension of several projects (e.g., Pohang in Korea, Basel in 57 

Switzerland, and the 2011 Preese Hall in UK) (Häring et al., 2008; Foulger et al., 2018; Lee et 58 



manuscript submitted to JGR: Solid Earth 

 3 

al., 2019). Thus, seismic hazard assessment and understanding the slip properties of induced 59 

earthquakes are essential for sustainable energy development.  60 

Injection-induced earthquakes are commonly accepted to be induced by at least two main 61 

mechanisms: (1) elevated pore pressure that diffuses through rock pores and directly reduces 62 

effective normal stress (frictional resistance to slip) on pre-existing faults, and (2) poroelastic 63 

coupling, which is an elastic deformation of a porous medium that indirectly alters fault-loading 64 

conditions without hydraulic connection (Ellsworth, 2013). However, the triggering mechanisms 65 

associated with pore-pressure changes alone remain controversial in explaining why geodetic 66 

observations have often detected aseismic slip (e.g., Eyre et al., 2022; Jiang et al., 2022; Pepin et 67 

al., 2022; Staniewicz et al., 2020), which require further interpretation of fault dynamics.  68 

In addition to geodetic observations, a field-scale experiment in southeastern France has 69 

recorded aseismic slip using specially designed strainmeters, indicating that pore-pressure 70 

increases initially triggered aseismic slip on pre-existing faults (Cappa et al., 2019; Guglielmi et 71 

al., 2015). Numerical modeling conducted for this experiment has complemented the observed 72 

aseismic slip (Bhattacharya and Viesca, 2019; Larochelle et al., 2021). The source characteristics 73 

of the microseismicity (−3.9 < 𝑀W < −3.1) in this experiment show low-stress drops (~0.01 MPa 74 

on average), which may suggest the occurrence of slow earthquakes influenced by the aseismic 75 

response and fluid pressure increases (Huang et al., 2019). Several seismological observations 76 

have also reported events with lower-stress drops for induced earthquakes (Chen & 77 

Abercrombie, 2020; Goertz-Allman et al., 2011; Jeong et al., 2022; Shen et al., 2023; Yu et al., 78 

2021). These lower-stress-drop events are mainly found at the beginning of the sequence and in 79 

proximity to injection wells, often giving rise to an apparent non-self-similar scaling of induced 80 

earthquakes. The apparent scaling observations may result from changes in fault friction 81 

behaviors influenced by pore pressure unless rock material properties (i.e., seismic velocities) 82 

vary in space. For instance, Jeong et al. (2022) observed a magnitude dependence and distance 83 

trend in stress drops of the earthquake sequence at Dallas-Fort Worth Airport (DFWA), Texas 84 

(Figure 1), which predominantly occurred in the basement, assumed to possess consistent rock 85 

properties. The low-stress drops may indicate a dynamic weakening of the fault, which may be 86 

influenced by an increase in pore pressure and a reduction in effective normal stress (Goertz-87 

Allman et al., 2011). The decrease in effective normal stress leads to a lower degree of interface 88 

locking on the fault and limits the magnitude of stress drops (Moreno et al., 2010). This may 89 

imply different slip behaviors on the pre-existing fault in response to fluid injection (e.g., De 90 

Barros et al., 2023). 91 

In a tectonic environment, aseismic slip often occurs in combination with pore-pressure 92 

diffusion, contributing to the moment budget and release of the strain accumulated on the fault 93 

(Durand et al., 2022; Ruhl et al., 2016). Studies in subduction zones suggest that aseismic creep 94 

can initiate or trigger large seismic ruptures and may be considered a precursor event for 95 

forecasting large earthquakes (Harris, 2017; Obara & Kato, 2016). Thus, aseismic slip plays a 96 

crucial role in altering the timing of earthquake occurrence, subsequent seismic cycles, and 97 

earthquake hazard assessment (Bürgmann, 2018; Lui et al., 2021). These findings highlight the 98 

importance of coupled modeling of dynamic ruptures and fluid pressure evolution to better 99 

understand the role of aseismic slip and the complex processes involved in injection-induced 100 

seismicity. 101 

This study investigates the influence of pore pressure diffusion resulting from fluid 102 

injection on fault slip activation, dynamic behavior, and source scaling. The observations in the 103 
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DFWA are used to establish a numerical simulation and to constrain model parameters such as 104 

bottomhole pressure, reservoir properties, and fault framework. To account for both aseismic and 105 

seismic fault-slip behavior, we employ the spectral boundary integral method with a rate-and-106 

state friction and pore-pressure diffusion model under stable tectonic loading. We simulate the 107 

model both with and without fluid injections and subsequently extend the simulations by varying 108 

injection operation scenarios and fault frictional parameters to gain insights into the 109 

characteristics of triggered slip, their source properties, scaling relationships, and their impact on 110 

subsequent seismicity. 111 

 

2. Models and Methods 112 

To simulate the dynamic behaviors and source parameters of DFWA-induced seismicity, 113 

we use findings from previous studies to construct a model framework and constrain model 114 

parameters, including fault length, asperity size, shear wave velocity, shear modulus, and 115 

hydraulic parameters. Subsequently, the rate-and-state friction and pore pressure diffusion are 116 

incorporated into the DFWA fault model for simulations using spectral boundary integral 117 

equations. 118 

2.1. Induced Seismicity in the DFWA 119 

DFWA was previously considered an area of low-tectonic deformation over the past 300 120 

Ma (Magnani et al., 2017). However, induced seismicity began to occur with the development of 121 

unconventional oil and gas production since 2008 (Frohlich et al., 2011; Ogwari et al., 2018). 122 

The initial sequence starting in October 2008 involved 10 events (2.6 < M < 3.0) observed by the 123 

regional seismic network. Subsequently, a local seismic network installed by Southern Methodist 124 

University recorded 11 swarm-like earthquakes with high sample-rate data (200 samples/second) 125 

between November 20 and December 2, 2008 (DeShon et al., 2019). The majority of the 126 

earthquakes (9 out of 11 events) occurred within a span of 3 hours on November 20, 2008, while 127 

the remaining two were detected on November 28 and December 1 of the same year. Although 128 

the fault length in the DFWA exceeds 50 km (Hennings et al., 2019; Horne et al., 2020), these 129 

events occurred in the vicinity of the nearest injection well (API 42-439-32673) and traced a ~1 130 

km linear feature that was parallel to a pre-existing fault (Figure 1a). Jeong et al. (2022) 131 

estimated lower-stress-drop values for the 11 DFWA earthquakes and abnormal source scaling, 132 

with stress drops increasing with moment magnitude and radial distance from the injection point 133 

within the first 1.5 km (Figures 1b, c). The DFWA fault is optimally oriented in the regional 134 

stress field, meaning that small stress perturbations can potentially nucleate earthquakes along 135 

the fault (Hennings et al., 2019). Fluid injection began at the nearest well in September 2008, 136 

prior to the earthquakes, and was subsequently shut down in August 2009, resulting in about a 137 

year of injection. Ogwari et al. (2018) demonstrated that seismicity continued to migrate mainly 138 

towards the northeast, parallel to the pore-pressure-diffusion front. The earthquake depths are 139 

~4.5 km below sea level (Frohlich et al., 2011) within a crystalline basement composed mainly 140 

of granite and diorite (Smye et al., 2019). The injection depth interval of interest is shallower, 141 

ranging from 3.1 to 4.2 km. 142 
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Figure 1. Seismic characteristics of the Dallas-Fort Worth Airport (DFWA), including (a) a map 

of the seismicity, stress-drop estimates increasing with (b) moment magnitude 𝑀W, and (c) radial 

distances from the nearest injection well. In (a), black lines depict faults and black dots represent 

the downthrown hanging-wall block from Horne et al. (2020). The seismogenic fault is 

highlighted as the bold line, and the inverted triangle indicates the location of the injection well. 

The rectangle represents a resized fault shown in Figure 2. In (b, c), the error bars represent the 

95% confidence limits. The figures have been modified from Jeong et al. (2022). 

 

2.2. Simulating Earthquake Sequences using Rate-and-State Friction 143 

We simulate dynamic earthquake sequences using the spectral boundary integral equation 144 

method, which resolves both aseismic and seismic slip on faults (Lapusta et al., 2000). Our 145 

model implements the long-term evolution of slip and stress along the fault, taking into account 146 

inertial effects during rapid seismic events. Thus, the model results in a fully dynamic process, in 147 

which the stress is redefined from the final stress of the previous event after an earthquake 148 

rupture. Friction on the fault is controlled by the laboratory-derived rate-and-state friction law, 149 

which represents the evolution of friction depending on slip velocity (𝑉) and frictional state 150 

variable (𝜃) (Dieterich, 1979; Marone, 1998; Ruina, 1983). The fault slip is governed by the fault 151 

strength 𝜏𝑓 given by 152 

𝜏𝑓 = (𝜎𝑛 − 𝑝) [𝑓0 + 𝑎ln (
𝑉

𝑉0
) + 𝑏ln (

𝑉0𝜃

𝑑𝑐
)]     (1) 153 

where 𝜎𝑛 represents the normal stress, 𝑝 is the pore pressure, 𝑓0 is a reference friction 154 

coefficient, 𝑉0 is the reference velocity, and 𝑑𝑐 is the critical slip distance. Parameters 𝑎 and 𝑏 155 

are the frictional stability factors for the direct effect of changes in 𝑉 and the evolutionary effect 156 

of 𝜃, respectively. To estimate the evolution of 𝜃, two choices are available: the aging law and 157 

the slip law. The aging law describes the response of asperities to long contact time (Dieterich, 158 

1979) and is widely used in various numerical studies (e.g., Lapusta et al., 2000, Lin, & Lapusta, 159 

2018, Lui et al., 2021). The slip law simulates nucleation processes better for interactions 160 

between aseismic and seismic events (Ampuero and Rubin, 2008). We compare models with two 161 

evolution laws in Supporting information (Text S1 and Figures S1-S3). The results from both 162 

laws are qualitatively consistent with each other. As a result, we opt for the aging law, which 163 

appears more favorable for investigating aseismic slip. The aging law is given as 164 
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𝜕𝜃

𝜕𝑡
= 1 −

𝑉𝜃

𝑑𝑐
 .      (2) 165 

At steady state, 𝜃 = 𝑑𝑐/𝑉, the fault strength 𝜏𝑠 is rewritten as 166 

𝜏𝑠 = (𝜎𝑛 − 𝑝) [𝑓0 + (𝑎 − 𝑏)ln (
𝑉

𝑉0
)] .            (3) 167 

Regions with (𝑎 − 𝑏) > 0 are velocity-strengthening (VS), which are mostly creeping 168 

steadily. On the other hand, regions with (𝑎 − 𝑏) < 0 are velocity-weakening (VW), which 169 

promotes earthquake nucleation and rupture propagation. The rate-and-state friction properties 170 

(𝑎, 𝑏, and 𝑑𝑐) are assumed to be constant and independent of pore-pressure perturbations. Due to 171 

limited frictional information for the DFWA fault, we adopt the (𝑎 − 𝑏) values for granite gouge 172 

under hydrothermal conditions at a depth of 5 km: (𝑎 − 𝑏) = +0.004 and −0.004 for the VS and 173 

VW regions, respectively (Blanpied et al., 1991, 1995). The initial shear stresses in the VS and 174 

VW regions, 𝜏0
𝑉𝑆 and  𝜏0

𝑉𝑊, are determined from equation 3 with 𝑉 equals tectonic loading (𝑉𝑝𝑙). 175 

Dynamic rupture nucleates when the slipping region on the VW patch exceeds the 176 

nucleation size (ℎ∗) suggested by Rubin & Ampuero (2005) as  177 

ℎ∗ =
2

𝜋

𝜇𝑠
∗𝑏𝑑𝑐

(𝑏−𝑎)2(𝜎−𝑝)
      (4) 178 

where 𝜇𝑠
∗ = 𝜇𝑠 for mode III ruptures and 𝜇𝑠

∗ = 𝜇𝑠/(1 − 𝜈) for mode II ruptures, where 𝜇𝑠 is the 179 

shear modulus and 𝜈 is the Poisson’s ratio.  180 

We set up a 1D planar fault with a length of 1,000 m (𝐿𝑥) based on observed seismicity 181 

(Figure 1a). This fault is embedded in a homogeneous 2D medium, and thus we resolve a 2D 182 

antiplane shear problem (Figure 2). We assume the presence of a hydraulic pathway between the 183 

injection wellbore and the fault surface, and thus fluid is directly injected onto the fault (Figure 184 

2). The VW patch is located in the center of the fault and surrounded by VS regions under 185 

tectonic loading. The expected tectonic loading at DFWA is as slow as 1-2 mm/year (Kreemer et 186 

al., 2018, Wang et al., 2022). However, in order to model pore-pressure effects on multiple 187 

seismic cycles, for computational efficiency, we use a faster loading rate of 23 mm/year. In 188 

Supporting information (Text S2 and Figures S4-S6), we compare the results obtained with 189 

slower and higher loading rates and find that changes in the loading rate alter the recurrence 190 

interval but do not pose substantial changes to the general slip pattern or the aseismic and 191 

seismic source properties. The diameter of the VW patch (𝑑) is set to 200 m, determined from 192 

the average rupture radius of 100 m estimated by Jeong et al. (2022). The shear wave velocity 193 

(𝐶𝑠) and shear modulus at the fault depth are based on previous studies of seismicity in north 194 

Texas (Quinones et al., 2018, 2019). We simulate the earthquake cycle for 15 years with an 195 

adaptive time step, which results in a much shorter time step during dynamic ruptures relative to 196 

interseismic periods (Lapusta et al., 2000; Lapusta & Liu, 2009). The threshold of seismic rate is 197 

set to 0.01 m/s, following Chen & Lapusta (2009), while the aseismic slip is empirically defined 198 

by a threshold of 1.46×10-9 m/s, twice the value of 𝑉𝑝𝑙 (Figure 3). Detailed fault parameters are 199 

documented in Table 1.  200 
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Figure 2. Schematic illustration of the fault framework. The actual fault (black line) extends in 

depth between 3 and 7 km across multiple layers. However, we reduce the fault size (dashed 

rectangle) based on the seismicity displayed in Figure 1a, where the center of seismicity is 

denoted by the red star in this figure. The modified fault is situated within the basement. The 

right-hand side of the figure illustrates the resized fault layout, consisting of a 1 km long fault 

with a 200 m diameter velocity-weakening (VW) asperity at the center (dark gray) and two 300 

m velocity-strengthening (VS) regions on both sides (light gray). The VW area is determined 

from the average rupture radius of 100 m estimated by Jeong et al. (2022). The actual injection 

point is above the fault, but we assume the existence of a hydraulic conduit (vertical orange line) 

between the actual injection point and a location -200 m from the center of the fault, which 

emulates direct injection onto the fault. The edges of the fault are loaded by a tectonic slip rate 

(𝑉𝑝𝑙) of 23 mm/year (green).  

 

2.3. Simulating Pore-Pressure Diffusion 201 

To simulate induced seismicity, we integrate pore-pressure diffusion into the rate-and-202 

state fault model. Since the pore pressure is time-dependent, the diffusion calculation is 203 

incorporated at identical grid points as the spectral boundary integral equations. The 1D fluid 204 

transport equation is given by 205 

𝜕𝑝

𝜕𝑡
=

𝜕

𝜕𝑥
[𝐷

𝜕𝑝

𝜕𝑥
] + 𝐺     (5) 206 

where 𝑝 is pore pressure, 𝐷 is hydraulic diffusivity, and 𝐺 represents the potential source at the 207 

injection location and time. The hydraulic diffusivity is estimated using the equation 𝐷 =
𝑘𝜌𝑔

𝜂𝑆
 208 

where 𝑘 is permeability, 𝜌 is density, g is gravitational acceleration, 𝜂 is viscosity, and 𝑆 is 209 

specific storage. We take these parameters based on previous research conducted in Azle, Texas, 210 

which is assumed to have similar geomechanical characteristics to the DFWA area (Hornbach et 211 

al., 2015). The potential source is determined from bottomhole pressure estimated from surface 212 

pressure using an algorithm described in Gao et al. (2021). The average rate of bottomhole 213 

pressure is 17.4 Pa/s, which is directly injected into the VS region situated 200 m away from the 214 
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center of the fault as a constant fluid source (see Figure 2). For simplicity, we neglect changes in 215 

porosity and permeability. Several studies have proposed that permeability changes can 216 

contribute to slow slip earthquakes and variations in fluid-induced seismicity (Khajehdehi et al., 217 

2022, Marguin & Simpson, 2023). To investigate the effect of permeability changes, we conduct 218 

an additional simulation with a simple permeability evolution (Text S3 and Figure S7) and find 219 

that permeability changes have no significant impact on our modeling results.  220 

We solve the pore-pressure changes using the explicit finite difference method. To ensure 221 

numerical stability, we use Von Neumann stability analysis, 
𝐷Δ𝑡

Δ𝑥2 <
1

2
 where Δ𝑡 and Δ𝑥 are time 222 

and spatial resolutions, respectively. After the injection begins, the time resolution follows that 223 

of fluid injection (Δ𝑡) until the simulation is completed. This accounts for a leftover effect from 224 

the continued diffusion of the pore-pressure front along the fault even after injection stops. Due 225 

to the short time resolution required for dynamic ruptures, the pore-pressure perturbations are not 226 

processed during seismic ruptures. We omit the first event to avoid effects from initial 227 

conditions, and thus the fluid injection begins after the foremost seismic rupture. We also neglect 228 

poroelastic effects, which are relatively smaller than pore-pressure perturbations at the length 229 

scale of the model and for the relatively short simulation time (Zhai & Shirzaei, 2018). The 230 

detailed parameters of pore-pressure diffusion are given in Table 1. 231 

 

Table 1. Model Parameters 

Parameter description Symbol Value 

Shear wave speed 𝐶𝑠 3,460 m/s 

Shear modulus 𝜇𝑠 32 GPa 

Loading slip rate 𝑉𝑝𝑙 23 mm/year (7.29×10-10 m/s) 

Reference slip velocity 𝑉0 10-6 m/s 

Reference friction coefficient 𝑓0 0.6 

Characteristic slip distance 𝑑𝑐 160 𝜇m 

Initial shear stress in VS and VW regions 𝜏0
𝑉𝑆,  𝜏0

𝑉𝑊 31.4 MPa, 28.5 MPa 

Initial normal stress 𝜎𝑛 50 MPa 

Fault length 𝐿𝑥 1,000 m 

Patch diameters 𝑑 200 m 

Nucleation size ℎ∗ 78 m 

Rate-and-state properties in VS region a, b 0.015, 0.011 

Rate-and-state properties in VW region a, b 0.015, 0.019 

Spatial resolution Δ𝑥 0.28 m 

Fluid injection rate 𝐺 17.4 Pa/s 

Permeability 𝑘 1.0 × 10-15 m2 

Fluid density 𝜌 1,031 𝑘𝑔𝑚−3 

Gravitational acceleration constant 𝑔 9.81 m2/s 

Fluid viscosity 𝜂 1.1 × 10−3 𝑃𝑎 𝑠 

Specific storage 𝑆 13 × 10−6 m-1 

Hydraulic diffusivity D 7.1 × 10−4 m2/s 

Time resolution for pore-pressure model Δ𝑡 55.6 s 
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3. Results 232 

3.1. Aseismic-Slip Events 233 

We simulate the earthquake cycle and estimate the maximum slip velocity (𝑉𝑚𝑎𝑥) over 234 

time using the rate-and-state friction fault model, considering both scenarios: (1) with and (2) 235 

without fluid injection (Figure 3). Here, the earthquake cycle without fluid injection serves as a 236 

reference, which only experiences seismic ruptures with consistent recurrence intervals of ~1.75 237 

years (Figure 3a). When fluid is injected at year 8.47 (50% of the recurrence interval after the 238 

first earthquake), we observe that the pore-pressure perturbation leads to advanced timing of 239 

seismic activities compared to the reference scenario. The recurrence times in the fluid-injection 240 

scenario exhibit variation after injection but gradually converge toward the event timings 241 

observed in the reference scenario after the suspension of fluid injection. This suggests that fluid-242 

driven stress perturbations gradually subside to background levels after injection stops, and the 243 

stress states surrounding the fault recover to tectonic conditions through multiple earthquakes 244 

over time.  245 

Shortly after injection begins, we observe two slow-slip events before the seismic rupture 246 

that are characterized by relatively smaller velocities and longer durations (Figure 3b). The 247 

amplitude and duration of 𝑉𝑚𝑎𝑥 are 3.610-9 m/s and 13.7 days for the first aseismic-slip event. 248 

For the second event, the amplitude is 6.610-9 m/s, with almost identical duration to the first 249 

one. After injection ceases, one more aseismic-slip event is observed just before the post-250 

injection-seismic rupture occurs (Figure 3c), with amplitude and duration of 2.910-8 m/s and 251 

13.1 days. In this case, the subsequent seismic rupture begins before 𝑉𝑚𝑎𝑥 falls back to 𝑉𝑝𝑙. This 252 

suggests that aseismic slip may play a significant role in triggering earthquakes. Note that the 253 

duration of seismic ruptures ranges from 0.5 to 2 seconds. 254 

 

Figure 3. Maximum slip velocities (𝑉𝑚𝑎𝑥) plotted against simulation time for a fault length of 

1,000 m with a 200 m diameter VW asperity. Two scenarios are simulated: one without fluid 

injection (red) and one with fluid injection (blue). (a) displays 𝑉𝑚𝑎𝑥 over 7 to 15 years. Note that 

no seismic events are triggered before year 7. The gray-shaded area highlights the time range for 

fluid injection, spanning from 8.47 to 9.47 years. (b) zooms in on the injection period including 

the first and second aseismic-slip events depicted in (a). (c) zooms in on the period including the 

third aseismic slip in (a), which is considered to end at year 10.42 (vertical dashed line). The 
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horizontal dashed lines denote the seismic (10-2 m/s) and aseismic (1.46×10-9 m/s) velocity 

thresholds. Green horizontal bars highlight the time windows shown in Figure 4. 

 

To investigate these aseismic-slip events in more detail, we analyze changes in pore 255 

pressure, slip rate, and shear stress (Figure 4). In our reference simulation with only tectonic 256 

loading, earthquakes rupture the entire VW asperity, and there is little variation during the 257 

interseismic period on the fault (Figure 4a). In contrast, with fluid injection, pore-pressure 258 

perturbation triggers two aseismic-slip events, partially releasing the cumulative stress prior to 259 

seismic rupture (Figure 4b and Figure S8a in Supporting information). The first and second 260 

events nucleate at 151.2 m and 169.0 m from the injection point, respectively, both within the 261 

left side of the VW region that is closer to the injection source and affected more strongly by 262 

pore-pressure diffusion. After the suspension of injection, the pore-pressure diffusion front 263 

continues to propagate, triggering the third aseismic-slip event at 180.2 m from the injection 264 

point, followed by subsequent seismic rupture at the center of the fault (Figures 4c and S8b). 265 

This suggests that the asperity is still heavily influenced by pore-pressure perturbation even after 266 

injection stops.  267 

 



manuscript submitted to JGR: Solid Earth 

 11 

 

Figure 4. Pore-pressure diffusion (top), logarithmic slip rate (middle), and logarithmic shear 

stress (bottom) on the fault with simulation time steps for two scenarios: (a) model with no 

injection and (b, c) model with fluid injection at -200 m from the center of the VW asperity, as 

illustrated by black vertical lines. The time windows for each column are highlighted in Figure 3 

(green horizontal lines). In the middle row of (b), white box represents a seismic rupture, as 

shown in Figures 5a-c. In (b, c), white arrows indicate the aseismic-slip events. Note that the 

colorbar in the middle row (i.e., slip rate) is constrained to 10−2 m/s, a criterion used for 

determining seismic rupture, in order to maintain visually distinct aseismic slip events. 

 

Next, we define the rupture domain for both aseismic and seismic events to investigate 268 

the rupture characteristics shown in Figure 4. Figures 5a-c illustrate the distribution of 269 

cumulative slip, slip rate, and shear stress changes along the fault for the seismic rupture that 270 

occurred during the injection period, starting at year 8.98 and lasting for 0.66 seconds. The 271 

rupture domain (Σ) represents the region with a net positive slip and is defined as Σseis = {𝑥 ∈272 

(a) (b) (c)
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𝐿𝑥|𝛿(𝑥) > 0} for seismic events (Figure 5a). Note that ruptures in our simulations extend from 273 

VW into neighboring VS regions, and hence result in a complex shear stress change profile along 274 

fault.  275 

In the case of aseismic-slip events, non-zero slip is widely observed both within and 276 

outside the VW patch (Figures 5d, g, j). The first, second, and third aseismic events start at years 277 

8.65, 8.87, and 10.38, respectively, and each lasts ~13 days (see Figure 3). Since we defined the 278 

aseismic-slip velocity threshold as 1.46×10-9 m/s, the duration of each slow slip event is defined 279 

as the period of time when the 𝑉𝑚𝑎𝑥 of the fault exceeds this threshold. Similarly, for aseismic 280 

slip events, Σ is determined at locations where the slip rate exceeds 1.46×10-9 m/s during the 281 

events, defined as Σaseis = {𝑥 ∈ 𝐿𝑥|𝑉(𝑥) > 1.46 × 10−9 𝑚/𝑠}, following the methodology by 282 

Perry et al. (2020) (Figures 5e, h, k). The rupture dimensions are 51.3 m, 162.8 m, and 158.3 m 283 

for the first, second, and third aseismic-slip events, respectively. The second and third events are 284 

generally half of the size of seismic ruptures (303.3 m). However, the first aseismic event shows 285 

a significantly smaller rupture dimension, probably due to the relatively lower extent of pore-286 

pressure perturbation at that time (Figures 4 and S8). 287 
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Figure 5. Distribution of cumulative slip (left), slip rate (middle), and change in shear stress 

(right) in three columns as a function of position along the fault for (a-c) seismic ruptures and (d-

l) aseismic-slip events. The seismic rupture starts at year 8.98 and lasts for 0.66 seconds (white 

box in the middle row of Figure 4b). The first (d-f), second (g-i), and third aseismic events (j-l) 

start at years 8.65, 8.87, and 10.38, respectively, and each lasts ~13 days (white arrows in the 

middle row of Figures 4b,c). In the middle column, (b) displays slip rates before and after the 

seismic event, while (e, h, k) show the stacking of the slip rate profile along the fault at all time 

steps during aseismic events. Horizontal lines in (e, h, k) represent the threshold of aseismic slip 

(1.46×10-9 m/s). The VW asperity is highlighted as the gray-shaded area. 

 

3.2. Stress-Drop Variation 288 
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We estimate source parameters for the simulated events. The average stress drop based 289 

on energy considerations, Δ𝜎𝐸 (Noda et al., 2013), is given as 290 

Δ𝜎𝐸 =
∫ Δ𝜎(𝑥)𝛿𝑓(𝑥)𝑑Σ

 
Σ

∫ 𝛿𝑓(𝑥)𝑑Σ
 

Σ

      (6) 291 

where Δ𝜎(𝑥) is the distribution of shear stress changes and 𝛿𝑓(𝑥) is the final slip distribution, 292 

which is used as a weighting function. The weighting function has a maximum value of 1 and 293 

defines the rupture domain. This method presents a simple way of calculating stress drop for 294 

events with complex rupture domain, such as aseismic-slip events in this study (Figures 5d, g, j). 295 

The effective source radius (𝑟0) is determined based on the ruptured domain defined in section 296 

3.1 as 𝑟0 = √Σ2/𝜋  (Schaal & Lapusta., 2019) for a circular crack model (Eshelby, 1957). The 297 

moment is estimated as 298 

𝑀0 =
16

7
Δ𝜎𝐸𝑟0

3.     (7) 299 

Here, we also calculate the average pore-pressure values using the same method 300 

employed for calculating stress drop, replacing distribution of shear stress changes with pore-301 

pressure distribution in equation 6.  302 

Figure 6 depicts the variation in seismic moment and average stress drop values. For a 303 

no-injection scenario, the source parameters of seismic ruptures are consistent with each other 304 

and remain independent of time. In the case of fluid injection, we observe both seismic and 305 

aseismic events with a wide range of stress drops and moments. Interestingly, among just the 306 

triggered seismic events, there is a weak positive trend in stress drop and moment, as shown in 307 

the inset in Figure 6c, which is similar to field observation. When considering the triggered 308 

aseismic transients, which have lower moments and stress drops than seismic ruptures, it 309 

becomes clear that the positive trend continues. For the three aseismic transients, we observe 310 

temporal increases in both moments and stress drops, similar to the findings of 𝑉𝑚𝑎𝑥 (Figures 3b, 311 

c). The larger stress drops observed for the later aseismic-slip events suggest a change in fault 312 

criticality, which can be explained by equation 4. Since effective normal stress decreases due to 313 

enhanced pore pressure, it contributes to the growth of nucleation size and a reduction in the 314 

VW-diameter-to-ℎ∗ ratio, favoring aseismic-stress release. In fact, the estimated pore-pressure 315 

values are 0.07, 0.18, and 0.58 MPa for first, second, and third aseismic slip events, respectively, 316 

indicating a correlation between pore pressure and stress drop values (Figure 6d) and providing 317 

support for the hypothesis of nucleation growth. The initial phase of aseismic slip promotes local 318 

stress transfer and likely causes the variation in stress drop in subsequent seismic events. 319 

Consequently, the trend of seismic events with respect to pore pressure is reversed (slope = -0.1), 320 

as shown in the inset of Figure 6d, due to aseismic-stress release, resulting in reduced seismic-321 

stress release.  322 

Note that the stress drops of aseismic-slip events also show a positive trend with the 323 

distance from the injector. Here the distance from the injection point is estimated as the 324 

separation between the injection location and 𝑉𝑚𝑎𝑥 on the ruptured area for all simulated events. 325 

In general, pore-pressure changes peak at the injection source and decrease with radial distance, 326 

while pore pressure increases with time at a given point on the fault as injection continues. Based 327 

on the positive correlation between pore-pressure values and aseismic stress drop, the increase in 328 

stress drop with the distance is likely a reflection of the temporal diffusion of pore pressure. In 329 
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contrast, the negative correlation between pore-pressure values and seismic stress drops suggests 330 

the increase in stress drop with distance may be predominantly the effect of spatial decay of 331 

pore-pressure from the injection source, consistent with the observations in the DFWA sequence, 332 

where the first 9 events occurred within only ~3 hours. 333 

 

Figure 6. Analysis of source parameters from simulated events, including the temporal variation 

of (a) seismic moment and (b) stress drop. Stress-drop values are also plotted against (c) seismic 

moment and (d) distance from the injection point. The simulations include scenarios with (blue) 

and without (red) fluid injection. In (a,b), the gray-shaded area highlights the duration when fluid 

injection occurs. In (c), the green diamonds represent the observed stress drops in the DFWA 

sequence (Jeong et al., 2022). The inset in (c) shows a zoomed-in view of seismic ruptures, 

highlighting stress drop variation in the fluid-injection scenario compared to the no-injection 

model. In (d), average pore-pressure changes (yellow triangles) are measured during the same 

time periods as the stress-drop estimates. The inset in (d) displays stress drop as a function of 

pore-pressure changes only for seismic ruptures. Note that the first simulation event has been 

removed from (c) and (d) to eliminate initial model effects.  
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3.3. Triggered Slip Behavior and Source Parameter Scaling under Various Injection 334 

Conditions and Fault Frictional Properties 335 

To further investigate the sensitivity of our numerical observations to various injection 336 

scenarios and fault frictional states, we perform a suite of simulations and analyze the resulting 337 

slow slip and earthquake characteristics. Here, the original model with fluid injection is used as a 338 

reference, which is based on the reported injection rates. 339 

3.3.1 Effects of Injection Operation Parameters 340 

First, we compare the effects of various injection locations at -100, -200, and -300 m 341 

from the fault center (Figures 7a, b). Note that the negative sign denotes the left-hand side of the 342 

VW patch (Figure 2). At the closer distance of -100 m, both aseismic slip and seismic ruptures 343 

occur earlier than the reference, while at the longer separation of -300 m, the events are delayed. 344 

The recurrence times of seismic ruptures at the -100 m injection are comparable to the reference 345 

(0.03 to 0.1 years difference), while at the -300 m injection, they are longer (0.1 to 0.3 years). 346 

However, the recurrence time among the three cases gradually converages after multiple 347 

earthquake cycles. The intensity of aseismic slip also follows the same pattern as the reference 348 

model shown in Figure 3, where the first aseismic-slip event has a lower amplitude than the 349 

second (Figure 7b). The increase in 𝑉𝑚𝑎𝑥 over time for each aseismic-slip event may be related to 350 

a temporal increase in pore pressure, which correlates with stress drop (Figure 6d). This result 351 

suggests that an increase in pore pressure promotes a rapid slip rate and leads to a larger energy 352 

release for aseismic slip. For the 300 m separation, only one aseismic-slip event is found, 353 

suggesting that the separation influences not just the intensity but also the number of aseismic-354 

slip events.  355 

Second, we modulate the injection volume to values that are a factor of two larger than 356 

the reported injection rate (Figures 7c, d). The higher fluid pressure leads to earlier occurrences 357 

of aseismic slip and seismic rupture. During the injection period, 𝑉𝑚𝑎𝑥 for two aseismic-slip 358 

events exceeds those in the reference model by a factor of 4 for the first event and 2 for the 359 

second event (Figure 7d). Following the cessation of injection, the scenario with a larger 360 

injection volume shows significant variations in the first two seismic events (at years 9.6 and 361 

12.0 in Figure 7c), a difference in recurrence intervals by a factor of 3. We found that the fault 362 

maintains a higher 𝑉𝑚𝑎𝑥 than 𝑉𝑝𝑙 during the short interseismic period (0.74 years), indicating that 363 

the pore pressure effect remains significant after injection ends. During the longer interseismic 364 

period (2.40 years), we observe two occurrences of slip-rate elevation (Figure S9). Although they 365 

are below the aseismic threshold set in this study, they likely release considerable stress on the 366 

fault and delay the next seismic event.  367 

Third, we investigate different injection durations of 3, 6, and 12 months (Figures 7e, f). 368 

A short injection duration of 3 months leads to a delay in seismic triggering associated with a 369 

small aseismic slip, which is lower 𝑉𝑚𝑎𝑥 than the aseismic criteria specified in this study. 370 

Consequently, we exclude this event from the analysis. Both aseismic and seismic events 371 

triggered by the 6-month duration do not differ significantly from the reference (12-month 372 

period) during the injection phase, but the occurrence of post-injection event is further delayed, 373 

at year 10.79, compared to the reference model at year 10.43. The advancement of post-injection 374 
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events suggests that an extended injection window may lead to a greater pore-pressure 375 

perturbation after injection cessation, exerting a stronger influence on the earthquake cycle.  376 

Lastly, fluid is injected into our model at various times during a seismic cycle (Figures 377 

7g, h). When fluid is injected earlier (at year 7.94, 20% of the recurrence interval), both aseismic 378 

slip and seismic rupture occur earlier compared to the reference (at year 8.47, 50% of the 379 

recurrence interval). The seismic rupture occurs at year 8.77, representing a delay of ~0.83 years 380 

from the initiation of injection. Considering that the reference model exhibits a ~0.51-year offset 381 

between injection initiation and earthquake occurrence, we infer that earlier injection can lead to 382 

relatively delayed seismic events. The aseismic-slip events have a smaller 𝑉𝑚𝑎𝑥 than the 383 

reference, but there are more events. Note that no additional aseismic event occurs after the 384 

injection is stopped. When fluid is injected at year 8.99 (80% of the recurrence interval), an 385 

aseismic slip event and an earthquake occur shortly after the injection (Figure 7h). The delay 386 

time between injection initiation and seismic rupture is ~0.2 years. We estimate the maximum 387 

stress state at the center of the fault prior to seismic ruptures, resulting in values of 35.11, 38.89, 388 

and 39.40 MPa for injections at 20%, 50%, and 80% of the recurrence intervals, respectively 389 

(Figure S10). This implies that the cumulative stress state on the fault plays a role in triggering 390 

seismic ruptures. Injection onset close to the end of the interseismic period triggers earthquakes 391 

2.5 to 4 times more quickly compared to other simulations where fluid injection starts in the 392 

early or middle of the interseismic period. Based on these findings, we investigate the 393 

relationship between shear stress and pore-pressure perturbation across all simulated events from 394 

injection operation tests. For aseismic slip, shear stress states exhibit a positive correlation with 395 

pore-pressure values (slope = 5.10), whereas an inverse-proportional relationship is observed for 396 

seismic ruptures (slope = -0.63) (Figure S11). This opposite trend between aseismic and seismic 397 

events is consistent with the pattern observed between stress drop and pore-pressure perturbation 398 

(Figure 6d).  399 
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Figure 7. 𝑉𝑚𝑎𝑥 over time for various injection scenarios. The left-hand column represents the 

long-term time period, while the right-hand column provides a zoomed-in view of the injection 

period. The different injection scenarios are as follows: (a, b) Injection at different locations: -

100 m in red, -200 m in blue, and -300 m in orange; (c, d) Different injection volumes: twice the 

amount of injection volume (34.8 Pa/s) in green compared to the reference volume (17.4 Pa/s) in 

blue and zero volume in red; (e, f) Different injection durations: 3, 6, and 12 months displayed 

by orange, purple, and blue lines; (g, h) Different injection onset times: at years 7.94, 8.47, and 

8.99, represented by red, blue, and orange. The colored horizontal lines in (e, f) indicate the 

duration of 3 and 6 months. Inverted triangles in (g, h) denote the onsets of fluid injection, and 

the vertical dashed line in (h) represents a coseismic rupture from a no-fluid simulation. In all 

figures, the horizontal dashed lines denote the threshold slip velocities that define seismic slip 

(10-2 m/s) and aseismic slip (1.46×10-9 m/s). The bold text in the legend corresponds to the 

reference model setup. 
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Figure 8 illustrates the source scaling of aseismic events derived from a number of 400 

injection settings shown in Figure 7. Stress-drop values from the early injection at year 7.94 and 401 

the 6-month injection duration show lower-stress drops (< 0.1 MPa) and moments (< 108 N∙m), 402 

whereas the other aseismic-slip events mostly exhibit source parameters consistent with those 403 

estimated in the reference fluid-injection model (Figure 8a). In general, the occurrence of 404 

aseismic slip releases the stress accumulated during the interseismic period, potentially delaying 405 

seismic events (i.e., slip deficit). However, overpressure associated with fluid injection may 406 

prevent the accumulation of slip deficit associated with aseismic transients, ultimately advancing 407 

the occurrence of seismic rupture. In all simulations, the source scaling of aseismic-slip events is 408 

estimated to follow a relationship of 𝑀0 ∝ 𝑟0
3.4 (Figure 8b). When including seismic ruptures in 409 

the scaling analysis, the relationship becomes 𝑀0 ∝ 𝑟0
4.3, which is similar to the DFWA 410 

observations (𝑀0 ∝ 𝑟0
4.7). We acknowledge, however, that linear regression is estimated with a 411 

limited number of events with a small range of rupture radii and moments.  412 

 

Figure 8. A comparison of source parameters resulting from various injection parameters shown 

in Figure 7. (a) displays stress drop as a function of the seismic moment. (b) illustrates moment 

against source radius. The simulations with varying separations between injection locations and 

the center of VW asperity (100 m in red and 300 m in orange) are represented by transparent 

triangles, while green inverted triangles and purple squares correspond to a twice larger injection 

volume and shorter injection duration (6 months). Asterisks indicate the scenarios with early 

injection at year 7.94 (red) and late injection at year 8.99 (orange). The observed values in the 

DFWA earthquake sequence (Jeong et al., 2022) are denoted by green diamonds. In (b), the 

dashed line represents a constant stress-drop relation of 1 MPa. 

 

3.3.2 Effects of Fault Frictional Parameters 413 

We conduct multiple simulations, varying fault frictional parameters (i.e., 𝑎, 𝑏, and 𝑑𝑐), 414 

to investigate the effects of fault friction on our model. First, we perform simulations with no-415 
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injection scenario. Since the purpose of this study is to investigate and quantify changes in 416 

seismic and aseismic slip patterns during and after injection, we do not consider simulations that 417 

do not generate seismic events within a simulation time of 15 years, as well as those that exhibit 418 

irregular recurrence intervals due to the presence of aseismic slip or partial rupture during the 419 

interseismic period (see details in Text S4 and Figures S12-S14 in Supporting information). 420 

After testing a wide range of frictional parameters, simulations that fit the above criteria have 421 

(𝑎 − 𝑏)𝑉𝑊 ranging from -0.0050 to -0.0036, and 𝑑𝑐 ranging from 40 to 220 𝜇m. Based on these 422 

findings, we focus on fluid injection under three (𝑎 − 𝑏)𝑉𝑊 scenarios: -0.0050, -0.0040, and -423 

0.0036, each with different values of 𝑑𝑐. Simulations that exhibit smaller aseismic events below 424 

our threshold are subsequently excluded from the analysis. Recognizing that the injection at 20% 425 

of interseismic period leads to an increased number of aseismic-slip events from the injection 426 

operation tests (Figures 7g, h), we incorporate these earlier injection scenarios into the multiple 427 

fault parameter tests. 428 

Figure 9 illustrates the source parameters estimated from slip produced under various 429 

fault frictional parameters in the fluid-injection model. Our simulations produce a wide spectrum 430 

of slip modes (events with a wide range of slip rates). The stress drops of seismic ruptures appear 431 

to be independent of the distance from the injector (Figure 9c). However, the stress-drop values 432 

are increased with increasing seismic moments (Figure 9a), and the scaling follows 𝑀0 ∝ 𝑟0
3.46 433 

(Figure 9b). In contrast, stress-drop values are decreased with increasing averaged pore-pressure 434 

perturbation with a slope of -0.92 (Figure 9d), which corresponds to the results from Figure 6d, 435 

suggesting that pore-pressure changes lead to a reduction in the stress-drop values of seismic 436 

ruptures. Consequently, the combination of fluid injection and various fault friction models 437 

produces a smooth pattern of stress drop as a function of moments (Figures 9a, b).  438 

In the case of aseismic-slip events, the average stress drop value is 0.1 MPa, a factor of 439 

10 lower than the average stress drop of seismic ruptures. Stress drop and moment values of 440 

aseismic-slip events exhibit a wide distribution, with some overlapping with the DFWA events 441 

(Figure 9a). The estimates for aseismic-stress drop show slight increases with distance from the 442 

injection point (slope = 0.42 on a log scale) and with pore-pressure perturbation (slope = 0.57 on 443 

a log scale) as shown in Figures 9c and 9d. The pore-pressure perturbations are higher than the 444 

stress-drop estimates by an average of ~0.13 MPa. The stress drop also increases with seismic 445 

moment, which is similar to those of seismic ruptures. The source scalings are 𝑀0 ∝ 𝑟0
3.54, 𝑀0 ∝446 

𝑟0
3.53, and 𝑀0 ∝ 𝑟0

3.63 for the least, reference, and most velocity-weakening faults, respectively. 447 

These source scaling relationships are consistent with the scaling estimated in various injection 448 

scenarios shown in section 3.3.1, 𝑀0 ∝ 𝑟0
3.4, suggesting a similarity in the energy release patterns 449 

of the aseismic transients. When considering both seismic ruptures and aseismic-slip events, the 450 

scaling follows 𝑀0 ∝ 𝑟0
4.4, closely resembling the scaling observed in the DFWA sequence, 451 

𝑀0 ∝ 𝑟0
4.7. Additionally, we investigate the effect of various thresholds for aseismic transients 452 

(Text S5 and Figures S15-17). Increasing the threshold leads to reduced moments and source 453 

radii, while stress drops increase, revealing more dynamic properties and connection between 454 

aseismic slip and seismic ruptures. Despite these alterations, the scaling relationships remain 455 

consistent with Figure 9b (Figure S16). Thus, the lower-stress-drop events within the DFWA 456 

sequence may represent less dynamic ruptures that sit in the transition of aseismic and seismic 457 

slip involved in a wide spectrum of slip modes as shown in our simulations. Detailed results 458 
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from all simulations can be found in Datasets in the Supporting Information (Dataset S1 for 459 

aseismic events and Dataset S2 for seismic ruptures). 460 

 

Figure 9. Source parameters obtained from different fault frictional parameters, with circles 

denoting aseismic slip and squares representing seismic ruptures. (a, c, d) display the 

relationships between stress drop and (a) seismic moment, (c) distance from the injection point, 

and (d) average pore-pressure change. (b) shows seismic moment as a function of source radius. 

The distinctions between three (𝑎 − 𝑏)𝑉𝑊 scenarios: least (−0.0036), reference (−0.0040), and 

most velocity-weakening faults (−0.0050) are represented by various sizes and colors. In (a, b), 

the green diamonds depict observed stress drops in the DFWA sequence (Jeong et al., 2022). 

Dashed lines in (b) indicate constant stress drop values of 1 and 10 MPa. 

 

4. Discussion 461 

We conduct simulations of dynamic rupture on rate-and-state friction faults with spatially 462 

varying pore-pressure perturbations to investigate the source properties of injection-induced 463 

earthquakes. Our numerical modeling shows that injection-induced pore-pressure perturbations 464 
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trigger a continuous spectrum of slip behavior ranging from aseismic slip to seismic rupture, 465 

consistent with previous studies (e.g., Guglielmi et al., 2015; Yu et al., 2021). Aseismic-slip 466 

events occur prior to the dynamic ruptures, which alter the timing and source parameters of 467 

subsequent seismic events. This supports the claims in earlier studies that injection-triggered 468 

aseismic slip contributes to the triggering of earthquakes (Bhattacharya & Viesca, 2019; Eyre et 469 

al., 2022). Simulations with various injection parameters and fault frictional parameters produce 470 

a wide spectrum of slip modes that share similar non-self-similar scaling, as observed in the 471 

DFWA sequence.  472 

The key finding in our study is that fluid injection likely modifies the criticality of faults 473 

and hence the pattern of stress release, resulting in a broad spectrum of slip modes and their non-474 

self-similar scaling. Changes in fluid pressure are widely recognized to cause transitions between 475 

stable and unstable slip behavior on faults (Bürgmann, 2018). The transition can occur when 476 

reduced shear strength or slip resistance leads to slip in a part of the asperity while the rest of the 477 

asperity remains strong. When faults are not fully locked during the interseismic period, stress 478 

perturbations associated with a fluid injection can cause the fault to release a portion of its 479 

energy (Ji et al., 2023). Numerical modeling by Marguin & Simpson (2023) suggest that fluid-480 

pressure perturbations result in slow-slip events that have relatively lower stress drops, slip, and 481 

slip velocity. Another numerical modeling study by Lengliné et al. (2023) suggest that increased 482 

pore pressure may stabilize seismogenic patches and lead to a transition between seismic and 483 

aseismic behavior. Therefore, changes in effective normal stress may contribute to the non-self-484 

similar source scaling observed in our modeling results. 485 

Several studies have proposed heterogeneities on the fault as the cause of low-stress-drop 486 

events observed in induced seismicity. Yu et al. (2021) suggest that slow-slip events can occur 487 

due to fractured rock volume associated with fluid injection and hydraulic fracturing. These 488 

fractures can decrease pore pressure and increase effective normal stress, thereby inhibiting slip 489 

acceleration. Pennington et al. (2022) suggest that low-stress-drop events observed in injection-490 

induced seismicity are derived from immature faults. For instance, the 𝑀𝑊 4.0 Guthrie 491 

earthquake occurred in a stronger VW area, while the low-stress-drop events of the first 492 

sequence occurred in a weaker slip patch. Through numerical simulations, Lin & Lapusta (2018) 493 

suggest that a complex fault shape with heterogeneous strength may produce stress-drop 494 

variations. In our study, a wide range of simulations with diverse frictional properties, which 495 

possibly capture the various extent of fault heterogeneity under the influence of fluid 496 

pressurization, produce a smooth and consistent scaling law comparable to those estimated by 497 

the DFWA sequence. These results support the notion that the observed low-stress-drop events 498 

may be related to the interplay between heterogeneity and the extent of pore-pressure 499 

perturbations along the faults as suggested by previous studies. However, our simplified single-500 

VW-patch model does not consider interactions among asperities (e.g., Lui & Lapusta, 2016). 501 

Additionally, the linear combination of frictional heterogeneities in our model differs slightly 502 

from the heterogeneous fault suggested by previous studies, where the mechanical properties of 503 

the fault exhibit spatial variability. Thus, further research incorporating multiple asperities is 504 

necessary to comprehensively investigate the impacts of such heterogeneous faults. 505 

Due to insufficient geological data for the properties of the DFWA fault, we establish a 506 

numerical framework with only one VW patch. The use of a simple model can offer a 507 

straightforward simulation and understanding (Lengliné et al., 2023), but such simplification also 508 

makes it challenging to produce a quantitative match to observations. The simple approach does 509 
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not consider several factors, such as changes in dilatancy, thermal pressurization or flash 510 

weakening processes, and opening-mode fractures. These factors potentially provide additional 511 

mechanisms for reducing fluid pressure (Segall & Bradley, 2012; Yang & Dunham, 2021; 512 

Heimisson et al, 2022). Also, stress drops from numerical modeling are estimated following 513 

different procedures compared to those from observational calculations. We directly estimate the 514 

average shear stress changes from the simulation, whereas stress drops in observational studies 515 

are estimated from the averaged source spectrum recorded across multiple stations (Chen & 516 

Abercrombie, 2020; Huang et al., 2019; Jeong et al., 2022; Yu et al., 2021). The accuracy of 517 

these estimates depends on the number of stations, network coverage resolution, and rupture 518 

directivity (Kemna et al., 2020). In addition, stress-drop estimates can be biased by inappropriate 519 

path correction, especially depth-dependent attenuation factors (Abercrombie et al., 2021). 520 

If the transition from aseismic to seismic behavior is a general phenomenon, then 521 

aseismic slip can be a precursor to the occurrence of seismic rupture. Danré et al. (2022) suggest 522 

that aseismic slip observed in induced seismicity has the same mechanism as the natural slow 523 

earthquakes that generally occur in a subduction zone. This finding suggests that we can 524 

potentially extend our findings from the study of induced earthquakes with known fluid input to 525 

understand the detailed fluid effect on natural earthquake slip at large. For instance, the fluid 526 

volume-seismicity relation estimated from induced earthquakes has been applied to represent the 527 

dynamic behavior of slab-derived fluid associated with natural earthquake swarms (Mukuhira et 528 

al., 2022). Hence, modeling of induced seismicity can improve our understanding of pore-529 

pressure effects on earthquake swarms in natural conditions and can provide critical insights for 530 

the spatiotemporal evolution of seismicity and timing prediction as a precursor to large 531 

earthquakes (Ruhl et al., 2016). Additionally, changes in slip patterns or non-self-similar scaling 532 

during and after injection can be evidence that earthquakes were influenced by a fluid-driven 533 

source or human activities. Relatively slow earthquakes, different triggering mechanisms, and 534 

variations in seismicity patterns contribute to modifications in seismic hazard assessment (e.g., 535 

Petersen et al., 2016). 536 

5. Conclusions 537 

In this study, we investigate the interplay between fluid-pressure perturbations, aseismic 538 

slip, and seismic rupture in order to understand the source scaling of injection-induced 539 

earthquakes near the DFWA. Our findings show that changes in stress caused by injected fluid 540 

pressure can trigger aseismic-slip events that advance or delay subsequent seismic ruptures 541 

relative to models without fluid injection. Additionally, the susceptibility to trigger slip on a fault 542 

is likely dependent on the stage of its seismic cycle. Injecting fluid on a critically-stressed fault 543 

close to the next coseismic period induces earthquakes 2.5 to 4 times earlier than fluid injection 544 

in the middle of the interseismic period. The aseismic-slip events and fluid pressurization, 545 

together cause variation of source properties in subsequent seismic ruptures. Simulations 546 

involving various injection scenarios and fault frictional parameters suggest a positive 547 

correlation between pore-pressure perturbation and aseismic-stress drops (slope = 0.48). 548 

Conversely, for seismic events, the trend is reversed (slope = -0.92). This relationship results in a 549 

broad spectrum of slip modes, which shows a scaling between stress drop and moment following 550 

M0 ∝ r0
4.4 for all simulated events. Based on the similar scaling observed in the DFWA sequence, 551 

M0 ∝ r0
4.7, we suggest that lower-stress-drop events in the vicinity of the DFWA may signify less 552 

dynamic ruptures involved in a wide range of slip modes, as shown in our simulations. 553 
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Consequently, our model highlights the importance of monitoring aseismic signals close to 554 

injection operation, which may serve as precursors to more destructive fault ruptures.  555 
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