
The role of fluid pressure-induced aseismic slip in earthquake cycle modulation 

 

S. K. Y. Lui1,2, Y. Huang3, and R. P. Young2,4,5  

1 Department of Chemical and Physical Sciences, University of Toronto Mississauga. 
2 Department of Earth Sciences, University of Toronto. 
3 Department of Earth and Environment Sciences, University of Michigan. 
4 Department of Civil and Mineral Engineering, University of Toronto. 
5 Department of Physics, University of Toronto. 

 

Corresponding author: Semechah K. Y. Lui (semechah.lui@utoronto.ca)  

Key Points:  

• Fluid pressure change can induce aseismic slip that either advances or delays future 
earthquakes 

• Delayed earthquakes are preceded by large aseismic moment release on faults 

• It is possible to identify critical aseismic responses that can advance or delay future 
earthquakes with enhanced monitoring 
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Abstract 

The evolving state of fault stress during and after the perturbation of fluid pressure gives rise to an 
intriguing interplay of seismic and aseismic slip on the fault. A better understanding of the possible 
role of fluids in the triggering mechanism of seismicity is pivotal to effective seismic hazard 
mitigation, particularly in the context of induced seismicity. Through numerical modeling, we 
investigate the effect of pore pressure perturbations on the spatio-temporal evolution of fault slip 
and the modulation of earthquake cycles. Pressure perturbations are imposed at different 
magnitudes and different times during a selected interseismic period. Results show a wide range 
of aseismic responses which can lead to both time advancement and delay of subsequent 
earthquakes. Specifically, even pressure perturbation <5% of the average event stress drop can 
trigger aseismic slip that leads to considerable time delay in the next earthquake even when 
perturbation occurs late in the interseismic period. We find that earthquakes that are delayed in 
time are associated with large aseismic moment release. Our study highlights the importance of 
close monitoring of aseismic fault slip in regions prone to the influence of pore fluids and provides 
physical insights into identifying critical aseismic responses associated with certain triggering 
outcomes.  

1 Introduction 

For many years, aseismic slip has been found to play a significant role in fault slip evolution 
and contribute to interesting phenomena in different geological settings (Byrne et al., 1992; Chen 
& Lapusta, 2009; Igarashi et al., 2003; Jolivet et al., 2015; Lui & Lapusta, 2018; Nadeau & 
Johnson, 1998; Rousset et al., 2016; Schmidt et al., 2005). At subduction zones, the extent of 
downdip region exhibiting aseismic behavior has important implications for the seismic hazard on 
the megathrust faults (Byrne et al., 1992). In regions previously thought to be under steady loading,  
bursts of aseismic transient discovered from InSAR or geodetic data highlight the needs to revise 
our understanding on the underlying fault mechanics (Rousset et al., 2016). Many repeating 
earthquake sequences are found to exhibit atypical scaling between recurrence time and seismic 
moment due to significant aseismic slip in the seismogenic regions (Chen & Lapusta, 2009; Lui & 
Lapusta, 2018; Nadeau & Johnson, 1998). In tectonic earthquakes, aseismic slip is often found be 
operating in combination with pore pressure diffusion as driving processes (De Barros et al., 2020; 
Duverger et al., 2018; Hatch et al., 2020; Ruhl et al., 2016).  

In the context of injection-induced seismicity, recent studies also suggest complex 
triggering mechanisms involving aseismic motion induced on or surrounding the fault (Cappa et 
al., 2019; De Barros et al., 2016; Duboeuf et al., 2017; Eyre et al., 2019; Goodfellow et al., 2015; 
Guglielmi et al., 2015; Huang et al., 2019; Wei et al., 2015). For example, joint analysis of seismic 
data, radar and leveling measurements shows that the ��5.3 and 5.4 mainshocks of the Brawley 
swarm in 2012 are preceded by aseismic slip on a neighboring fault that is closer to the injection 
well (Wei et al., 2015). Field experiment which involves measuring fault slip and seismicity 
induced by fluid injection into a natural fault reveals that microseismic activities are preceded by 
a considerable amount of aseismic slip (Guglielmi et al., 2015), and further analysis on the 
observations infers that the large aseismic slip in this injection experiment may promote localized 
stress transfer and induced microearthquakes with low relative stress drops (Huang et al., 2019). 
Numerical modeling finds that fluid-induced aseismic slip front can outpace pore-fluid migration 
and transmit earthquake-triggering stress changes beyond the fluid-pressurized zone (Bhattacharya 
& Viesca, 2019). At the laboratory scale, studies have shown that fluid injection experiments on 
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granite samples under triaxial stresses result in substantial aseismic deformation during fluid 
pressurization (Goodfellow et al., 2015). Nonetheless, with the complexity of the earth’s crust it 
remains challenging to dissect the interaction between aseismic and seismic motions and in 
particular, how pore pressure perturbation may affect aseismic slip and earthquake cycles remains 
elusive. 

The classic notion on the effect of pore pressure perturbation is earthquake cycle 
advancement. As fluid migrates through high-permeability pathways to local fractures zones, the 
direct effect of an increase in pore pressure (�) reduces the effective normal stress of the fault and 
hence the fault resistance (Parotidis et al., 2003; Shapiro et al., 2002). Other mechanisms such as 
the propagation of fracture through hydrofracturing (Cornet, 2000) and poroelastic stress 
perturbation due to fluid extraction or injection, which does not require direct hydrological 
connection (Goebel et al., 2017; Segall, 1989), bring the fault closer to failure and leads to a time 
advancement of the next earthquake by either lowering the fault strength or increasing the loading 
of stress. When accounting for triggered aseismic slip, however, it can be a more complex scenario. 
Aseismic motions do not always directly trigger seismic slip, but may weaken the fault without 
noticeable signals and affect the occurrence of future earthquakes. If the stress released due to 
aseismic motion is substantial, can it potentially delay subsequent seismic cycle(s)? Moreover, 
how would a fault respond seismic- and aseismically to stress perturbations occurring at different 
magnitudes and at various stages of the interseismic period? 

In this paper, we investigate the effect of pore pressure perturbation on the interaction of 
aseismic and seismic motions on the fault, and how such interactions can change the temporal 
evolution of earthquake cycles and the nucleation of dynamic ruptures on the fault. We simulate 
sequences of earthquakes using fully dynamic earthquake cycle simulations, which resolve the 
spontaneous slip history of a rate-and-state planar fault under stable tectonic loading. Our model 
features a fault subjected to external stress perturbation and generating ��~3 earthquake 
sequences. ��~3 earthquakes are commonly observed earthquake sizes in the central US before 
the surge of induced seismicity. The temporal rate of change of seismicity has clear association 
with fluid injection in the region, and their migration during an induced seismicity sequence is 
insightful for the delineation of fault strands. We examine stress perturbation occurring throughout 
a seismic cycle, with specific focus on combinations of variables that may match realistic field 
conditions. For example, it is commonly believed that faults in the central US are critically stressed 
and that tectonic-like events can be induced by negligible changes in the state of stress due to the 
presence of fluid (Townend & Zoback, 2000). Also, the inferred change in � due to fluid injection 
is within 0.01 to 1 MPa (Hearn et al., 2018; Keranen et al., 2014), which is a very small percentage 
of typical stress drops of induced events ranging between 1 and 20 MPa (Boyd et al., 2017; Huang 
et al., 2017; Wu et al., 2018). Therefore, modeling fault response to small stress perturbation at 
later stages of the cycle can provide physical insights into the mechanisms of induced seismicity. 
2 Models and Methods 

2.1 Fault governed by the rate-and-state friction 

Our numerical model adopts the empirically derived rate-and-state friction laws (Dieterich, 
1979; Marone, 1998; Ruina, 1983), which are capable of modeling and explaining both seismic 
and aseismic phenomena (Ben-Zion & Rice, 1997; Dieterich, 1994; Gomberg et al., 1998; Lapusta 
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et al., 2000; Lapusta & Liu, 2009; Lapusta & Rice, 2003; Miyazaki et al., 2006; Rice & Ruina, 
1983). In the formulation, the shear stress (��) on the fault is given by  

�� = 	
� = �	 − �� ��� + � �� ��
��

� + � �� ����
� � � �1� 

where 	
 is the effective normal stress, 	 is the normal stress, � is the pore pressure, � is the friction 
coefficient, �� is the reference friction coefficient at the reference slip velocity ��, and � and � are 
rate-and-state parameters, � is slip velocity, and � is the characteristic slip for the evolution of the 
state variable �. The evolution of the state variable � in our model is governed by the aging 
formulation:  

��
�� = 1 − ��

� �2�  
In steady state, i.e. when � is constant, one gets � = �/� and the resulting shear resistance �!! is 

�!! = 	
 ��� + �� − �� �� ��
��

� � �3�  
 

Thus, the fault behavior at steady state is defined by the value of parameter �� − ��. � − � > 0 
corresponds to velocity-strengthing (VS) frictional properties, resulting in stable slip at the 
imposed loading rate, while � − � < 0 corresponds to velocity-weakening (VW) friction, and for 
VW area of sufficiently large sizes, results in potentially seismogenic regions (Rice et al., 2001; 
Rice & Ruina, 1983; Rubin & Ampuero, 2005). In the framework of rate-and-state friction, shear 
stress is assumed to be equal to frictional strength on the fault.  

Dynamic instability deveolops when the steady-state VW slipping region of the fault is 
larger than the nucleation size. Here we utilize the theoretical estimate of nucleation size 
established by Rubin and Ampuero (2005), with the additional factor of &'/4 to account for 3-
dimensional simulations  (ℎ*∗ ):  

ℎ*∗ = &'

4
2,∗��

&	
�� − ��' �4�  
where ,∗ = , for mode III ruptures and ,∗ = ,/�1 − -� for mode II ruptures, , is the shear 
modulus, and - is the Poisson’s ratio. This 3-D estimate has been shown to match the combined 
nucleation sizes produced by 3-D earthquake simulations (Chen & Lapusta, 2009).  

In our model, a strike-slip planar fault is embedded in a 3-D elastic medium (Figure 1a). 
Using spectral boundary-integral methodology with adaptive time stepping (Lapusta et al., 2000; 
Lapusta & Liu, 2009), we solve for the spontaneous shear stress and slip history on the fault, 
resolving all aspects of seismic and aseismic slip at different stages of the seismic cycle, all inertial 
effects during simulated earthquakes with slip rate of the order of meters per second, and 
postseismic slip. Our fully elastic model ignores the viscous response of the crust and assumes 
postseismic relaxation in the form of afterslip. It has been successfully applied to reproduce various 
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earthquake phenomena in both field and laboratory scales (Barbot et al., 2012; Lui & Lapusta, 
2016, 2018; Noda & Lapusta, 2013; Schaal & Lapusta, 2019). 

2.2 Spatio-temporal resolution of numerical model 

To capture the evolution of shear stress and slip rates in the fully dynamic model, both the 
cohesive zone (Λ/) and the nucleation size (ℎ*∗ ), have to be properly resolved, which are important 
in dynamic rupture (Day et al., 2005; Lapusta & Liu, 2009) and during interseismic periods (Ben-
Zion & Rice, 1997; Lapusta et al., 2000; Rice & Ruina, 1983), respectively. Day et al. (2005) 
established that the initial cohesive zone size has to be discretized by at least three to five spatial 
cells (∆1). The cell size in our model is approximately one fifth of the estimated cohesive zone 
size, which allows us to accurately simulate seismic events in our models. According to equation 
(4), ℎ*∗  of our model is approximately 190 times of ∆1, which also exceeds the criterion for 
obtaining resolution-independent results. We further compare our model against one with cell size 
= 0.5 ∆1, which yields almost identical results, and hence confirm the robustness of our model in 
terms of spatial resolution. 

For proper temporal resolution under variable time stepping, we employed the procedure 
developed by Lapusta et al. (2000) and utilize a minimum time step estimate of ∆�234 = 5∆1/6!, 
where 5 = 1/3, which is capable of producing good resolution of dynamic rupture propagation as 
suggested by Day et al. (2005). The 3-D boundary integral modeling employs the BICycle 
algorithm developed by Lapusta and Liu (Lapusta & Liu, 2009) and is performed in parallel on 
128 cores, each with a memory of 5GB. For the fault model in this study, a simulated period of 
approximately 20 years takes 10 computational hours to run. 

2.3 Fault model setup  

In the model, the fault is divided into three regions: The location of the induced earthquake 
sequence is represented as a circular VW patch, embedded in the center of a VS creeping region, 
by assigning VW properties, � − � < 0, to the VW patch and VS properties, � − � > 0, to the 
surrounding fault zone. There is also a boundary region where a fixed tectonic loading rate is 
applied (Figure 1a). The VW patch has a diameter of 400 m, and the adjacent VS region is driven 
by steady sliding at a rate of 23 mm per year. The effective normal stress on the fault is 50 MPa, 
approximating the stress condition at a crustal depth of 3 km, which is within the common range 
of focal depth for induced earthquakes in the central US. The full list of model parameters, 
including fault properties and frictional parameters commonly used in simulations, are listed in 
Table 1.  

Table 1. Fault model parameters used in all simulations 
 

Parameter Symbol Value 
Shear wave speed Cs 3.0 km/s 

Shear modulus , 30 GPa 
Reference slip velocity Vo 10-6 m/s 

Reference friction coefficient fo 0.6 
Characteristic slip distance L 160 ,7 
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Rate-and-state parameters in VW region avw, bvw 0.015, 0.019 
Rate-and-state parameters in VS region avs, bvs 0.019, 0.015 

Cell size ∆1 0.96 m 

 

In the simulation, slip at each time step that occurs with slip rate of 0.01 m/s or higher is 
considered seismic, which is consistent with previous studies (Bizzarri & Belardinelli, 2008; 
Lapusta & Liu, 2009; Noda & Lapusta, 2013; Rubin & Ampuero, 2005). The rest of slip is 
considered aseismic. Hence, each seismic event begins in the simulation when slip rate of 0.01 m/s 
is reached at one or more points on the fault, and ends when slip rate everywhere on the fault first 
decreases to less than 0.01 m/s. Stress drop is defined as the difference between shear stresses at 
the beginning and end of a seismic event. The average stress drop for each seismic event is 
computed as a moment-based average (Noda et al., 2013).  

2.4 Tested model space  

In cases without external stress perturbation, seismic events rupture the entire seismogenic 
velocity-weakening (VW) region of 400 m in diameter (Figure 1b). In the simulations, all initial 
loading conditions are relaxed over the first three cycles, allowing the model to stabilize to a 
repeating sequence with consistent recurrence interval and source properties after approximately 
5 years.  The generated tectonic sequence has an average moment magnitude and stress drop of 
�� 3.3 and 4 MPa, respectively (Figure 1c). These source properties are comparable to the 
commonly reported earthquakes in the central and eastern United States (Huang et al., 2017). The 
average recurrence interval of the sequence of events is 1.61 years, which is defined as the time 
window between the onset of a dynamic event, i.e. seismic wave energy being emitted, and the 
end of the interseismic period that follows, i.e. right before the next earthquake occurs.  
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Figure 1: Schematics of the fault model and the unperturbed earthquake sequence in our 
simulations. (a) (Top) In the numerical model, a planar strike-slip fault (region where friction 
acts) is embedded into a 3-D homogeneous elastic medium. (Bottom) In our study, a (red) circular 
VW patch is centered inside the (blue) creeping VS region. Stable plate-rate loading is transmitted 
from the (green) boundary region. (b) Snapshots [i] to [iv] illustrate a typical seismic event of the 
earthquake sequence that ruptures the entire velocity-weakening patch. This is the 6th event of the 
sequence (red star in figure 1c). Color scale indicates slip rate on the fault. (c) Moment magnitude 
and stress drop of the tectonic earthquake sequence generated on the numerical fault with no 
external stress perturbation. 

Based on the unperturbed tectonic sequence, we impose pore pressure perturbation during 
the sixth earthquake cycle, i.e. the interseismic period between the 6th and 7th earthquakes of the 
sequence (black arrow in Fig. 1c), well into the stage in which a stable repeating sequence is 
established. Our main focus is the fault response to perturbations with different magnitudes that 
occur at various times during an earthquake cycle. Therefore, we only vary two parameters in the 
model: the magnitude of the perturbation and the timing of perturbation relative to an unperturbed 
seismic cycle. For mathematical simplicity, a single pore pressure change is imposed as an 
instantaneous positive step increase uniformly across the entire fault (∆�) during the selected 
earthquake cycle.  More complex perturbation patterns that account for paramters such as the rate 
of pressure change and the frequency of perturbation are not included.  

The magnitude of pore pressure perturbation depends on factors such as injection rate, 
distance from injection sites and hydraulic diffusivity of the crust. Using hydrogeological models, 
Keranen et al. (2014) inferred a range of pore pressure perturbation between 0.01 and 1 MPa for 
the Jones swarm near West Carney field, Oklahoma. Keranen and Weingarten (2018) also showed 
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several possible scenarios of pore fluid pressure variation and the magnitude can be over 1 MPa at 
distances within 1 km from the well. Here we adopt a range of positive change in pore pressure 
(∆�) between 0.01 and 2 MPa, which is equivalent to 2.5-50% of the average stress drop of the 
simulated sequence. In terms of perturbation time, 9: is defined as the time of perturbation with 
respect to an unperturbed seismic cycle: A perturbation imposed at X% of a selected seismic cycle 
is abbreviated as 9: = X%. 9: in our simulations is between 25% and 90% of the interseismic 
period. We analyze the behavior of the source region and changes in the source characteristics and 
temporal distribution of the perturbed sequence. The percentage change in the perturbed cycle 
durations relative to the averaged unperturbed seismic cycle (∆9;) is defined as  

∆9; = 94; − 9<;
9<;

× 100% �5� 

  
where 9<; is the unperturbed recurrence interval, and 94; is the new recurrence interval under the 
influence of perturbed stresses. A negative ∆9; indicates a time advancement of the next 
earthquake, and vice versa.  

3 Results  

3.1 Effects of pore pressure change on the timing of triggered earthquakes   

 For a ∆� = 2 MPa, i.e. 50% of the average stress drop, time advancement to the next 
earthquake is significant regardless of 9:, resulting almost always in instantaneous triggering 
(Figure 2a). Instantaneous triggering refers to the nucleation of the next earthquake starting right 
after perturbation is applied and the eventual dynamic rupture occurring within hours. For 
perturbation magnitude between 10-25% of the average event stress drop, i.e. ∆� = 0.5 and 1 MPa, 
we generally observe a time advancement to the next earthquake, except for one case with ∆� = 1 
MPa. For cases with 25% < 9: < 60%, there is as much as a 40% time advancement (∆9; is up to 
-40%). Within the last quarter of the cycle, i.e. 75% < 9: < 90%, the fault is already critically 
stressed, and hence seismic events are triggered instantaneously. As a feature under the rate-and-
state friction, the time remaining to instability after the stress perturbation is nonlinear and exceeds 
the estimation based on the assumption of a linear relationship between the interevent time and the 
inverse of stress loading rate. This indicates that additional factors are likely to contribute to the 
occurrence time of the triggered event, such as fault aseismic motion.  
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Figure 2: Change in the remaining time to instability with respect to pore pressure perturbed 
at different times during the selected seismic cycle. (a) Each data point represents one simulation 
within the tested model space. Markers falling on or very close to the dashed edge of the grey 
triangle are events that are instantaneously triggered. (b) Simulation results with pore pressure 
perturbation at 0.1 MPa (yellow markers) and 0.2 MPa (purple markers) implemented at 4th, 5th 
and 6th cycles.  
 

For ∆� ≤ 0.2 MPa, i.e. < 5% of the average event stress drop, we see more contrasting 
responses wherein ∆9; can be negative or positive at different 9:. For ∆� = 0.2 MPa, time delay 
occurs when 9:  ≤  40%.On the other hand, in the majority of scenarios with ∆� = 0.1 MPa, there 
is a time delay. In particular, even when perturbations occur late in the interseismic period, instead 
of bringing the fault to failure, we find that the remaining time to the next event is lengthened in 
some cases. To this end, we also explore more scenarios by perturbing the same time window in 
the 4th and 5th seismic cycles of the unperturbed sequence, and find that 94; can be over 10% 
longer than 9<; when 9: = 80% (Figure 2b). At this stage of the cycle, a small difference in 9: can 
reverse the scenario from delay to advancement. For example, for ∆� = 0.1 MPa that occurs during 
the 5th cycle, 9; is positive (>10%) when 9: = 80%, but is negative (-5%) when 9: = 85% (Figure 
2b). In section 3.3, we discuss how the modulation of seismic cycle, particularly the delaying of 
subsequent earthquakes, is due to triggered aseismic slip in the VW region. 
 
3.2 Effect of pore pressure perturbation on earthquake source properties and nucleation process 
 

Our simulation results indicate that the changes in pore pressure, even up to 50% of the 
average event stress drop, have no significant effect on the magnitude or the stress drop of the 
triggered earthquakes. The magnitude ranges from Mw 3.18 to 3.41, and the stress drop ranges 
from 2.8 to 4.2 MPa (Figure 3). This is likely because the event magnitude is constrained by the 
size of the VW patch preset in the model setup, as well as the frictional properties of the VS region, 
which controls how far the coseismic slip can penetrate into the surrounding VS region. For 
example, for larger (a − b)VS, we would expect stronger suppression of the propagating slip front 
and hence a smaller extent of penetration into the VS region. This would imply a smaller total 
rupture area, and hence a higher average stress drop.  
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Figure 3: Source properties of triggered earthquakes. (a) Earthquake magnitude of triggered 
earthquakes. (b) Earthquake stress drop of triggered earthquakes.   

 
On the other hand, among the triggered events with a narrow range of magnitude, we 

observe considerable difference in the nucleation process. According to Equation (4), the 
theoretical estimate of nucleation size (hT

*) in the current model set up is ~180 m, so the ratio 
between the VW patch and hT

*of the fault in our model is approximately 2.2. We investigate how 
nucleation size changes under the influence of pore pressure change. To measure the actual 
nucleation size resolved in the simulations (h*), we determine the edge of the nucleating region to 
be where log10(V) drops off rapidly (black dotted outline in Figure 4a). Based on the outlined area, 
an effective diameter is back-calculated using Equation (4), assuming the area to be a circle. In the 
case with no perturbation, h* is approximately 183 m, very similar to hT

*. Among all simulated 
cases, h* of the triggered earthquakes ranges between 40% and 160% of h* of the unperturbed 
event (Figure 4b). This shows that the nucleation evolution and size are strongly controlled by the 
loading history of the fault. While h* is similar to hT

* under slow tectonic loading,  relatively small 
perturbations can make substantial differences. There is no obvious correlation between h* and 9:, 
but h* is negatively related to triggered event magnitude (Figure 5). This is likely because for cases 
with large h*, substantial slip has occured within the VW region before the onset of the dynamic 
rupture (Figure S1a), which partially releases the cumulative stress and results in a smaller seismic 
event. In contrast, a smaller h* implies much less slip preceding the dynamic rupture, resulting in 
more stress being released during the seismic event and a larger mainshock (Figure S1b). The 
observed difference in slip rate evolution and nucleation process is the outcome of the triggered 
aseismic response due to pore pressure perturbation, which is discussed in the next section.  
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Figure 4: Change in nucleation size (h*) of triggered earthquakes. (a) Simulation with ∆� = 
0.5 MPa and Tp = 80%. Snapshot showing the slip velocity in the VW region (white circle) at the 
onset of a dynamic rupture, i.e. as soon as one or more cells are slipping above the threshold 
seismic rate (0.01 m/s). The nucleation region is outlined by the black dotted line, where log10(V) 
drops off rapidly. Unit of x- and y-axis is meter. (b) h* in simulations, with respect to theoretically 
estimated hT

*, versus Tp. Filled and empty markers represent cases with a time delay and 
advancement, respectively.  
 

 
 
Figure 5: Nucleation size versus magnitude of triggered events. h* in simulations, with respect 
to theoretically estimated hT

*, versus seismic moment of triggered events. Grey dashed line is the 
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best-fitting line, with linear equation L = −0.1394 1 + 2.1465 and coefficient of determination 
O' = 0.6.  
 
3.3 Critical role of fluid-induced aseismic slip  

Next we investigate how aseismic slip on the fault may drive the observed variations in the 
perturbed seismic cycle. Specifically, we analyze the temporal evolution of aseismic moment 
released on the VW region by cells slipping below the threshold seismic velocity (0.01 m/s) during 
each time step. Our key finding is that, independent of the magnitude and timing of perturbation, 
there is a general positive correlation between the aseismic moment released during the perturbed 
cycle and the change in 9;, i.e. delayed triggered events are preceded by higher aseismic moment 
release (Figure 6). In the two scenarios in which the triggered events experience the longest time 
delay (by ~10%), the slow slip events release aseismic moment exceeding 8 × 10QR N⋅m, which 
is comparable to the average event size of the sequence (�� 3.3).  

 

 
 
Figure 6: Aseismic moment released in the VW region during the perturbed cycle. There is a 
positive correlation between the aseismic moment released and ∆9;. The grey dashed line is the 
best fitted line. 
 

Under the rate-and-state friction, the extent of aseismic response and the time remaining to 
instability strongly depends on the stress state of the asperity at the onset of stress perturbations. 
Particularly, for perturbations occurring late in the interseismic period, we see significant 
variations in the triggered aseismic slip with only 5% difference in 9:, which results in contrasting 
outcomes, i.e. event advancement versus delay. This can be illustrated with two scenarios during 
the 5th seismic cycle, with ∆� = 0.1 MPa and 9: = 80% and 85%, respectively. When 9: = 80%, 
the fault experiences two major aseismic transients after the perturbation, which significantly 
prolong the time remaining to instability (Figure 7a). At the time of perturbation, aseismic creep 
in the surrounding VS area due to far-field loading has started penetrating radially into the VW 
region. At the same time, there is also a weak aseismic creep front propagating upward around the 
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locked region at the center (Figure 7b, snapshot 1). Pore pressure perturbation happening 
coincidentally with the development of an aseismic transient has led to a strong one, with 
maximum slip rate reaching 10-5 m/s (Figure 7b, snapshot 2). Nonetheless, since slip rate of the 
centered locked area remains at ~10-13 m/s and the area is a significant portion (25%) of the VW 
region, the condition is not favorable for the aseismic transient to nucleate into a dynamic rupture. 
Afterward, the VW patch stabilizes and returns to a locked condition (Figure 7b, snapshot 3). With 
this stress condition, the second aseismic transient also fails to develop into a seismic event (Figure 
7b, snapshot 4). Note that this transient is also weaker than the first one with a lower maximum 
slip rate. The VW region then stabilizes again, but slip rate of the locked region further increases 
(Figure 7b, snapshot 5). A seismic nucleation eventually starts on day 184 post perturbation, but 
the interplay of aseismic transients and fault stabilization is substantial enough to delay the 
triggered event timing by 10% (Figure 7b, snapshot 5-6).  

 

 

Figure 7: Simulation with ∆T = 0.1 MPa and Tp = 80% (imposed in the 5th cycle) that results 
in a delay of the triggered event. (a) The release of seismic and aseismic moment during the 
perturbed cycle. In this case, pore pressure is 0.1 MPa and 9: = 80%. Yellow star represents the 
occurrence of the triggered event, which marks the beginning of the next cycle. The grey star and 
grey line represent the timing of the 6th event in the unperturbed sequence. In this case, the 
triggered event experiences a time delay. Black dashed line marks 9:. Slip rate on the fault at six 
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specific times, as pointed out by the black arrows, is shown in snapshots in (b). (b) Snapshots 
illustrating the slip evolution on the VW patch after pore pressure is perturbed.  

Perturbation at 9: = 85%, on the other hand, coincides with the end of a weak aseismic 
transient, and hence there is no direct triggering of significant aseismic moment release (Figure 
8a). However, at the onset of perturbation, only 16% of the VW region remains locked (area in 
dark blue). Creep has penetrated substantially into the remaining area and causing it to slip at close 
to the fixed tectonic loading rate (Figure 8b, snapshot 1). Together with the slight increase in 
overall slip rate due to pore pressure perturbation, the fault is under a condition which prevents it 
from stabilizing (Figure 8b, snapshot 2). Therefore, as slip starts accelerating at the bottom of the 
VW patch, an advanced dynamic rupture develops on day 52 post perturbation (Figure 8b, 
snapshot 3).   

 

 

Figure 8: Simulation with ∆T = 0.1 MPa and Tp = 85% (imposed in the 5th cycle) that results 
in an advancement of the triggered event. (a) The release of seismic and aseismic moment 
during the perturbed cycle. In this case, pore pressure is 0.1 MPa and = 85%. Yellow star represents 
the occurrence of the triggered event, which marks the beginning of the next cycle. The grey star 
and grey line represent the timing of the 6th event in the unperturbed sequence. In this case, the 
triggered event experiences a time advancement. (b) Snapshots illustrating the slip evolution on 
the VW patch after pore pressure is perturbed. Color scale used in this sub-figure is the same as 
that in Figure 7b.  

To quantify the role of aseismic slip, we examine the frequency and intensity of aseismic 
transients that occur between 9: and the next triggered event. First of all, the unperturbed tectonic 



A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

sequence has a relatively simple aseismic moment release pattern in every seismic cycle, as 
indicated by the rate of moment release and the change in maximum slip rate on the fault (Figure 
S2). There is only one obvious occasion when the rate of aseismic moment release picks up slightly 
at approximately 85% of the cycle, during which the maximum slip rate on the fault increases by 
less than two orders from ~10-9 to ~10-7.5 m/s. When pore pressure is perturbed, even at small 
magnitudes of 0.1 and 0.2 MPa, it is obvious that significantly more complex moment release 
patterns can be induced. For example, when 9: = 25%, there are up to four aseismic transients 
between 9: and the next triggered event (Figures S3). We find that the timing of subsequent 
triggered earthquakes is not dependent on the frequency but the intensity of aseismic transients, as 
expressed by the change in maximum slip rate within the VW region. In particular, for smaller 
perturbation magnitudes in our model space, i.e. ∆� = 0.1 and 0.2 MPa, aseismic transiets 
associated with delayed induced earthquakes in general have higher maximum slip velocity than 
those associated with earthquake time advancement. For 9: < 75%, earthquakes tend to be 
advanced if the triggered aseismic transients do not exceed a critical slip rate of 10-6 m/s (Figure 
9a, Figure S4). For 9: ≥ 75%, the maximum transient slip rate associated with advanced 
earthquakes also slightly increases, but in general they are still lower than those associated with 
delayed cases (Figure 9a). For larger perturbation magnitudes, i.e. 0.5 and 1 MPa, the intensity of 
aseismic transients associated with earthquake advancement becomes even stronger, up to the 
order of 10-3 m/s (Figure 9b, Figure S5). Due to the larger magnitude of pressure change, all the 
earthquakes are instantaneously triggered for 9: ≥ 75%. 

Another interesting observation is that for cases with the most delayed earthquakes, i.e. 
∆9; ≈ 10%, the intensity of aseismic transients is very strong, with maximum slip velocity 
momentarily reaching the dynamic slip rate threshold preset in the model. For instance, in the rare 
case of ∆� = 1 MPa at 9: = 50%, in which the triggered event is delayed by almost 10%, the 
induced aseismic transients are so strong that the fault momentarily reaches 10-1 m/s and releases 
seismic moment equivalent to a ��  0.9 earthquake (Figure S6).  
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Figure 9: Maximum slip velocity of triggered aseismic transient due to pore pressure 
perturbation. (a) Cases with ∆� = 0.1 and 0.2 MPa. For 9: ≥ 75%, cases with perturbation 
occurring in the 4th and 5th earthquake cycles are also plotted. (b) Cases with ∆� = 0.5 and 1 
MPa. 

4 Discussion 

4.1 Implications for induced seismicity 

Substantial aseismic moment release has been observed in both field- and lab-scale studies 
of induced earthquakes (McGarr & Barbour, 2018). Our numerical study finds that even small ∆� 
of ≤ 0.2 MPa can induce substantial aseismic slip, which can change the temporal seismicity 
distribution, even if perturbation occurs towards the end of the interseismic period. In many 
studies, wells within 10 km from the induced earthquakes are typically included in the analyses. 
According to existing hydrogeological model calculations, the magnitude of pore pressure 
perturbation at distances between 2 and 10 km possibly falls within the lower end of our tested 
perturbation range, i.e. less than 0.2 MPa. Also, since faults are believed to be critically stressed 
in intraplate regions as aforementioned (Townend & Zoback, 2000), i.e. fault approaching the end 
of the seismic cycle, the modeled condition can be applicable for describing the continental interior 
prone to induced seismicity. Our results suggest that aseismic slip can play a crucial role in 
influencing the temporal evolution of earthquake sequences occurring in these regions. While it is 
challenging to determine the stress state of individual faults, our results imply that many 
earthquakes can possibly be delayed. For this reason, even though a decrease in seismicity is being 
observed in recent years after the reduction of injection operations (Langenbruch & Zoback, 2016), 
induced earthquakes as a phenomenon may last for longer than expected. In particular, a recent 
study on a seismic swarm in Western Canada shows that pore pressure-driven aseismic slip is 
likely the driving mechanism behind the unusally long-lived seismicity that persisted almost a year 
after the completion of hydraulic fracturing operations, which is also far longer than expected for 
a typical aftershock sequence for a mainshock of �� 4.1 (Eyre et al., 2020).  Broadband and 
borehole array catalog locations indicate that the seismic swarm appears to occur on multiple fault 
strands. While our current model simulates a single earthquake sequence on a planar fault, we 
argue that if the effects of triggered aseismic slip is prominent on an aggregate of critically stressed 
fault strands and modulate the earthquake cycles to various extents, the combined seismicity 
generated may appear as a prolonged series of events.  

To this end, further investigation is required, as our model is simplified in terms of both 
the spatial and temporal distribution of pore pressure change. More complex perturbation patterns 
will be incorporated into the model based on realistic injection history. Future work will also focus 
on simulating more heterogeneous faults, such as one with multiple VW regions that can generate 
more sophiticated series of earthquake of different sizes. Nevertheless, our findings reinforce the 
importance of better instrumentation for close monitoring of fault motions, as the spatial and 
temporal evolution of aseismic slip could be valuable for predicting the likelihood of induced 
events occurring in the near future. For instance, one may be able to infer from dense arrays of 
borehole strainmeters measurable slow slip signal along the locked segment, characterizing their 
location and intensity. Borehole seismometers may improve the local magnitude of completeness 
and allow us to observe tiny seismic signals as discussed in section 3.3, which may potentially be 
useful for predicting large earthquakes in the near future. Furthermore, since aseismic slip is 
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dependent on the frictional properties of the fault, one may be able to obtain insightful information 
about the frictional properties in the region of interest based on observations of induced source 
properties and aseismic motions along fault.  

4.2 Aseismic slip triggered by other types of stress perturbation 

 Pore pressure change is undeniably a major factor contributing to induced earthquakes, 
especially in regions where fluid pathways are available between injection source and nearby 
preexisting faults. On the other hand, both oberservational and numerical studies also suggested 
that the perturbation of solid matrix stress due to poroelastic response to injection or thermoelastic 
response from the temperature gradient between the injected fluids and the rocks also plays a role 
and may even take over fluid diffusion as the dominating triggering mechanism at large distances 
from injection wells. (Deng et al., 2016; Goebel et al., 2017; Murphy et al., 2013; Segall & Lu, 
2015). Therefore, it is also important to understand the potential of poroelastic stress change in 
triggering aseismic slip and its associcated effects.   

Extending from our model, we perform an analogous set of simulations with shear stress 
perturbed on the fault instead of pore pressure. Shear stress perturbation with similar magnitude 
range (0.1 and 1 MPa) is imposed as a positive step change at the same Tp mentioned in section 2. 
Simulation results indicate that in the framework of rate-and-state frictions, porelastic stress 
perturbation can also trigger significant aseismic response on the fault and cause similar extent of 
temporal modulations in earthquake cycles, including both advancement and delay of events 
(Figure S7). In certain cases, we also observe significant aseismic slip in subsequent earthquake 
cycle after a main event has been triggered (Figure S8). Our result implies that aseismic fault slip 
remains a key driver in the triggering process of seismicity under different types of stress 
perturbation.  

5 Conclusions 

In this study, we model the long-term fault response to pore pressure perturbation and study 
how perturbations can influence the aseismic behavior of a fault which can lead to modulation of 
earthquake cycles. We find that pore pressure perturbation can result in a wide range of aseismic 
responses, which can lead to both time advancement and delay of earthquake, as well as variations 
in the nucleation process, resulting in a wide range of nucleation size. The extent of aseismic slip 
is predominantly dependent on the magnitude of pore pressure change and state of the fault at the 
time of perturbation. In particular, our results highlight two key findings: (1) Even very small 
perturbation (<5% of the average event stress drop) is capable of inducing substantial aseismic 
response, which, depending on the time of perturbation, can lead to contrasting outcomes. (2) 
Triggered events that are delayed in time are associated with large aseismic moment release. In 
scenarios with small perturbations, it is possible to characterize critical conditions of aseismic 
transients that would determine the outcome of triggering. Also, as perturbation magnitude 
increases, there is also an increasing trend in the intensity of aseismic transients associated with 
delayed earthquakes. Our results have important implications for seismic hazard assessment, 
especially in the context of induced seismicity. With enhanced instrumentations and monitoring, 
one may be able to identify fault-specific critical patterns of aseismic motion that can cause 
earthquakes to occur sooner or later.  
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