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Abstract Huge earthquakes are frequently preceded by slow slip events (SSEs) that are speculated as

the precursor to regular earthquakes (REs). However, the way in which earthquakes initiate, as well as the
interactions between SSEs and REs remain poorly understood, adding more mysteries to the initiation of
earthquakes. Here, we perform systematic numerical simulations to explore the relationships between SSEs
and REs on faults including locally increased fluid pressure. We identity four types of fault slip behaviors
distinguished by SSE and earthquake initiation mode. The observed interactions between SSEs and REs
share similar features with those reported for natural earthquakes. Our results show that the occurrence of
SSEs may temporarily hasten fault decoupling, leading to the clock advance of mainshocks. Furthermore, the
interactions between SSEs and REs are more complicated than previously thought. On the one hand, since
SSEs with extremely high peak slip rates tend to directly transform into huge earthquakes, the possibility of
huge earthquakes may increase when SSEs happen. On the other hand, there is no threshold in peak slip rate
for SSEs to trigger the nucleation of REs. Therefore, it is difficult to distinguish the SSEs that could trigger

a huge earthquake from regular ones only with the knowledge of the peak slip rate. We also verify that the
spatial extent of SSEs is related to the occurrence of earthquakes to some extent. These findings may have
major implications for understanding the interactions between SSEs and REs, and the mechanism of earthquake
initiation.

Plain Language Summary Some earthquakes are reported to be preceded by slow slip events
(SSEs). These SSEs are regarded as the precursor to earthquakes. However, not all SSEs are followed by
earthquakes, making the prediction of earthquakes based on the monitoring of SSEs unreliable. In this paper,
we explore the relationships between SSEs and REs, based on numerical simulations. Locally increased fluid
pressure is included on the fault to generate SSEs. We identify four types of fault slip behaviors distinguished
by SSE and earthquake initiation mode. Some earthquakes are triggered by SSEs and some SSEs can directly
transform into earthquakes. Although we find that SSEs with high peak slip rates tend to transform into huge
earthquakes, leading to an increased likelihood of large earthquakes, SSEs with very low slip rates can still
trigger the nucleation of earthquakes. The result suggests that the prediction of earthquakes cannot solely rely
on the peak slip rate of SSEs. The spatial extent of SSEs is correlated with the occurrence of REs. The results
suggest that the study of slow slip and its connections between earthquakes may help us better understand the
mechanics of natural earthquakes.

1. Introduction

Facilitated by the improvements of geodetic and seismic observation networks, a spectrum of unusual slow earth-
quakes has been discovered, including very low-frequency earthquakes, short- and long-term slow slip events
(SSEs), and episodic tremor and slip (Ide et al., 2007; Obara & Kato, 2016; Peng & Gomberg, 2010; Rogers &
Dragert, 2003). The discovery of slow earthquakes manifests the complexity of fault slip behaviors, ranging from
aseismic creep to seismic events. The studies of slow earthquakes may provide insights into the fault slip budget
and its temporal variation over time, which is of fundamental importance to our understanding of the physics of
earthquakes.

Among these slow earthquakes, SSEs are usually defined as temporary episodes of creep acceleration with a
duration of days to years (Obara & Kato, 2016). SSEs slip too slowly to radiate seismic waves, but sometimes
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are accompanied by episodic tremors or microshocks, facilitating the detection and characterization of SSEs (Ito
et al., 2007). Recent advances in observations reveal that SSEs occur in different tectonic settings worldwide,
primarily in the subduction zones (Dragert et al., 2001; H. Hirose et al., 1999; Miller et al., 2002; Ozawa et al., 2002;
Wallace et al., 2016) and transform plate boundary faults (Khoshmanesh et al., 2015; Linde et al., 1996; Nadeau
& McEvilly, 2004; Shelly, 2009). Generally, SSEs are located shallower or deeper than the seismogenic zone,
or near the strongly locked segments of the faults. Sometimes, SSEs can migrate toward the locked segments of
megathrust (Uchida et al., 2020) or even penetrate the seismic patch (Ruiz et al., 2014; Veedu & Barbot, 2016).
Various mechanisms have been proposed for SSEs, such as the fluid overpressure (Kodaira et al., 2004; Liu
& Rice, 2007), the friction transitions of rocks from velocity-weakening (VW) to velocity-strengthening (VS)
behavior at high slip speeds (Kato, 2003; Liu & Rice, 2005; Shibazaki & Shimamoto, 2007), the dilatancy
strengthening of fault gouge (Segall & Bradley, 2012), and the geologic heterogeneity of fault zone (Lavier
etal., 2021; Luo & Ampuero, 2018; Skarbek et al., 2012; Wei et al., 2013). In addition, SSEs may play an impor-
tant role during the earthquake cycle in that they accommodate a significant fraction of a fault's slip deficit and
partly release the stress accumulated on the fault. Yet it is worth nothing that some SSEs are followed by huge
earthquakes. For example, the 2011 Mw 9.0 Tohoku-Oki earthquake (Kato et al., 2012) and the 2014 Iquique
Mw 8.1 earthquake (Kato & Nakagawa, 2014; Ruiz et al., 2014) are preceded by SSEs that migrate toward the
hypocenter. In addition, the 2004 Mw 6 Parkfield earthquake is suggested to be preceded by SSEs, about 16 km
below the hypocenter (Shelly, 2009). In this context, SSEs are closely related to the nucleation of earthquakes.
These observations led to the speculation that SSEs are one of the precursors to earthquakes.

While these investigations significantly expand our understanding of SSEs, it is a great challenge to forecast an
impending earthquake based on the monitoring of SSEs, partially because the relationship between SSEs and
regular earthquakes (REs) is highly complicated. Some huge earthquakes have been confirmed to be triggered
by SSEs. The 2014 Mw 7.3 Papanoa earthquake, for example, was triggered by a slow slip that transfers stress to
the hypocenter of the mainshock (Radiguet et al., 2016). Such a triggering mechanism has also been reported for
the 2011 Tohoku earthquake (Yokota & Koketsu, 2015) and the 2004 Mw 6 Parkfield earthquake (Khoshmanesh
& Shirzaei, 2018). In addition, the occurrence of periodic SSEs in megathrust zone earthquakes in northeastern
Japan often coincides with or precedes large earthquakes, indicating a potential triggering mechanism associated
with periodic stress perturbations (Uchida et al., 2016). In stark contrast, some SSEs are believed to inhibit huge
earthquakes. As SSEs partially release the accumulated stress, the source area of SSEs can act as a barrier to the
rupture of major earthquakes nearby (Dixon et al., 2014; Rolandone et al., 2018). On the other hand, SSEs can
postpone the next large earthquake because the accumulated slip deficit in the seismic gap might be reduced after
SSEs (Radiguet et al., 2012). Besides, SSEs may be not the prerequisite for the nucleation of megathrust earth-
quakes (Voss et al., 2018) and isolated SSEs might occur as well. Since it is difficult to distinguish the precursory
SSEs from regular SSEs (Dong & Xia, 2022), forecasting an impending earthquake based on SSEs observation
maybe thus unavailable. Therefore, the study of the interactions between SSEs and REs as well as the underlying
mechanism is of great importance to earthquake prediction and hazard mitigation.

Many efforts have been made to resolve the definite relationship between SSEs and REs. The changes in the
recurrent patterns of SSEs before an impending earthquake have been reported in numerical simulation in the
framework of the rate- and state-dependent friction (RSF) law. For instance, it was found that the recurrence inter-
val of SSEs gradually becomes shorter as the final mainshock is approaching (Matsuzawa et al., 2010; Shibazaki
& Shimamoto, 2007). This shortening in recurrence intervals is attributed to the gradual acceleration of slip near
the transition zone, implying that the irregular SSEs during the later stage of seismic cycles are a byproduct of
the earthquake nucleation process. Importantly, these changes in recurrence patterns may indicate an upcoming
huge earthquake, which might help forecast the main earthquakes (Obara & Kato, 2016). Such shorting in the
recurrence intervals of SSEs as a larger earthquake is impending has been confirmed in field observations. For
example, the evident reduction in recurrence intervals has been documented for the Boso SSEs before the 2011
Tohoku-Oki earthquake (Ozawa, 2014).

Apart from the shorting in the recurrence, other changes in SSEs before the final earthquake are also reported.
For instance, it has been proposed that the peak slip velocity of SSEs dramatically increases before the earth-
quake (Shibazaki & Shimamoto, 2007). In contrast, Luo and Liu (2019) show that the peak slip velocity of
SSEs significantly decreases before the megathrust earthquakes. Furthermore, the source region of SSEs may
gradually shrink and move down-dip as a huge earthquake is coming (Luo & Liu, 2019). On the other hand,
Segall and Bradley (2012) simulated the SSEs and earthquakes on a fault governed by rate-state friction incor-
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porating dilatancy and coupled pore-fluid and heat transport. They found that, depending on the size of the low
effective-stress VW zone, SSEs may penetrate the locked zone to initiate earthquakes by thermal pressurization
or directly evolve into dynamic ruptures. However, the ultimate SSE igniting the dynamic rupture proceeds as
the preceding regular SSEs, which is in sharp contrast to the findings aforementioned. Therefore, whether the
changes in SSEs are indicative of the upcoming huge earthquake is still in debate.

This study aims to understand the effect of SSEs on the earthquake initiation process. We construct a numerical
model to simulate both SSEs and earthquakes during the whole seismic cycle. In the model, faults are governed
by the RSF law. Locally increased fluid pressure is assigned on a local patch on the fault, leading to the nonu-
niformity of effective normal stress. High fluid content and pore pressure are not uncommon for natural faults
and have been inferred from the anomalies in seismic velocity (Kodaira et al., 2004) and electrical resistivity
(Saffer, 2017), Besides, increased pore pressure has been invoked to explain the occurrence of SSEs (Liu &
Rice, 2005). Through systematic parameters studies, we identify four types of fault slip behaviors characterized
by SSEs and earthquake initiation modes. Based on the analysis of the stress building up process, we explore the
interaction between the SSEs and REs. We also obtain the spectrum of fault slip behaviors, as a function of the
parameters of the fluid patch. Afterward, we discuss the effect of SSEs on the nucleation mode and the recurrence
interval of earthquakes. Finally, we explore how the monitoring of SSEs can help map the locked fault zone and
evaluate seismic potential. Although the findings of this study are merely under a simple model, the fundamental
rules that SSEs and earthquakes follow may further our understanding of the mechanism of earthquake initiation
and the role of SSEs during seismic cycles.

2. Numerical Model
2.1. Friction Law

We consider a fault governed by the RSF law that is derived from laboratory rock friction experiments
(Dieterich, 1979; Ruina, 1983). The shear stress = on the fault is a function of slip rate V, the state variable , and
the effective normal stress o

_ Vi) Ve
WV, 0) =5 Mo+aln%+b Dc()

)]

where yo and V'* are the reference friction coefficient and slip velocity, respectively. a and b are nondimensional
frictional constants that describe the direct effect and the evolution effect of velocity change, respectively. D, is
the characteristic slip distance that can be interpreted as the distance needed to renew the fault contact state 6.
In this study, we adopt Dieterich's “aging-law” (Dieterich, 1979) to describe the evolution of the state variable:

V(Ho(r)

c

0=1-

@

This law can account for the healing of faults observed in the laboratory. Assuming that the state variable has
evolved into a steady state following a step change in slip velocity, the term on the right in Equation 2 is equal to
zero. Then, the state variable at the steady state is D./V. Thus, the shear stress at the steady state 7 is a function
of velocity:

@) =5 i+ @=L ®

From Equation 3, it can be seen that when a — b > 0, the steady shear stress 7, increases with the increase in slip
rate, and thus the fault is VS. Conversely, when a — b < 0, the fault is VW (Scholz, 1998). Previous studies have
shown that a VS fault always slides stably while a VW fault is conditional stable (Scholz, 1998). A VW fault can
develop instabilities once its length exceeds the theoretical critical nucleation zone size L. (Rice, 1993):

GD,

LCZCm (4)
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Figure 1. Friction parameters and stress conditions along the fault. (a) The assigned distribution of the friction parameter

(a — b) with @ = 0.010 and b = 0.015 in the central velocity-weakening (VW) segment and ¢ = 0.010 and b = 0.005 in the
velocity-strengthening (VS) segments. (b) Scheme of stress conditions on the fault. The normal stress is homogeneous

(o = 100 MPa). A fluid patch with increased pore pressure (P) has a width of W. D is the distance between the centers of the
fluid patch and the fault.

where G and C are the shear modulus of the crust and the geometry coefficient, respectively. The estimated L. is
derived based on the stability analysis of the fault. There are also several other versions of the estimation of L,
depending on the competition between g and b (Dieterich, 1992; Rubin & Ampuero, 2005).

2.2. Fault Model

In our model, a 1-D fault is embedded in a 2-D antiplane (mode III) elastic space. The simulated fault model
is shown in Figure 1. The fault with a length of L = 4,096 m is divided into three segments, with a central
VW segment (3,596 m in length) surrounded by two VS segments (250 m in length) with a constant plate
rate ¥, = 0.032 m/y. The distribution of the frictional parameters, that is, a and b, along the fault is shown in
Figure 1. Other parameters except effective normal stress are uniform on the fault (i.e., yo = 0.6, D, = 0.01 m,
V* =1 x 107 m/s, and G = 30 GPa). These parameter values are not meant to be actual values for natural
faults. The stress conditions along the fault are shown in Figure 1b. The normal stress is uniform along the fault
(o = 100 MPa). Following Equation 4, the settings of the parameter imply L. = 0.6 km.

A fluid patch with increased pore pressure (P) is included on the fault. In this work, pore pressure is in the
range of 10-90 MPa. We note that the 90 MPa pore pressure is extremely high, almost near-lithostatic. Such
near-lithostatic pore pressure has been proposed as the explanation for abnormally high Poisson's ratio, seismic
velocity ratio, and electrical resistivity at plate boundaries (Audet et al., 2009; Kodaira et al., 2004; Saffer, 2017,
Shelly et al., 2006). Recently, Yao and Yang (2020) have proposed that the strength of the Nicoya megathrust is as
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low as 7.5 MPa, which is another evidence for near-lithostatic pore pressure. Thus, the range of pore pressure may
cover most cases of real faults. The fluid patch has a width of 17, and the distance between the patch center and
fault center is D. The existence of the fluid patch leads to heterogeneity in the effective normal stress. Numerical
simulations have shown that near-lithostatic pore pressure is one of the possible mechanisms for the occurrence
of SSE (Li & Liu, 2017; Liu & Rice, 2005, 2007; Shibazaki et al., 2019). The inhomogeneity of effective normal
stress has also been shown to affect the rupture nucleation and propagation (Weng et al., 2015; Yang et al., 2012).
In this study, SSEs can be generated by including a small patch with elevated fluid pressure to the central VW
segment, as shown in Figure 1b. We investigate the effect of the small fluid patch on the behaviors of SSEs and
the nucleation of earthquakes.

2.3. Numerical Simulation Procedure

To perform numerical simulation using the boundary integral equation method, the fault is discretized into
N = 2,048 subfaults. The discretized cell is thus 2 m in length (~1/300 L.), which is fine enough to resolve the
process zone (Rubin & Ampuero, 2009). We use the quasi-dynamic method to simulate the fault slip behaviors.
The quasi-dynamic relation between fault slip and shear stress is:

7)== X K0 = Viut) = nVi(0 ®)

where 7; and V; are the shear stress and slip velocity on the ith subfault, respectively. u; is the slip on the jth
subfault. K;; is the elastostatic kernel that relates the slip on the jth subfault to the change in shear stress on the
ith subfault. #V; is the radiation damping term introduced by Rice (1993) to prevent the unbounded increase
of slip velocity during the rupture process. Combining Equations 1, 2, and 5, we get the differential equations
governing the fault slip behaviors. These equations are solved using a fourth-order adaptive Runge-Kutta algo-
rithm, where the step doubling technique is used to determine the stepsize (Presse et al., 1992). Besides, the term
Z/’.V:] Kij(u;(t) — Vpit) in Equation 5 can be calculated using fast Fourier transform methods, due to the transla-
tional invariance of K;;. This method can significantly reduce the computation time from scaling with N2 to with
N log, N, which facilitates plenty of simulations under various conditions.

2.4. The Reference Model Without Fluid Pressure

We first present the simulation results of the stress-homogeneous model without fluid pressure for reference.
Figures 2a and 2b show the long-term evolution of the slip rate and the friction along the fault, respectively. In
Figure 2a, the horizontal axis is the time, and the vertical axis is the fault position. The onset of an earthquake is
defined as the moment when the peak slip rate exceeds a threshold of 1073 m/s (V). The visual abrupt change
in color along the fault represents the occurrence of an earthquake. It can be seen that earthquakes periodically
occur on the fault, with a recurrence interval of about 40 yr. During the interseismic stage, two stable creeping
zones occupy the VS segments, with a slip rate roughly equal to V;;. The creeping zones gradually penetrate the
central VW segment, which is firmly locked with a slip rate on the order of 107'* m/s. The expansion of the
creeping zone brings about stress concentration that migrates synchronously with the creeping front (Figure 2b).
Meanwhile, shear stress gradually accumulates on the fault (Figure 2c). At the end of the interseismic stage, the
two stable creeping zones coalesce (Figure 2a), promoting the slip rate of the entire fault above the background
level (i.e., the plate loading rate). An earthquake nucleates later at the center of the VW segment, and then the
fault ruptures dynamically. In the coseismic stage, the maximum slip rate Ve could exceed 1 m/s (Figure 2c).
At the same time, the stress accumulated during the interseismic stage was drastically released (Figure 2c). When
the earthquake ceases, the VW segment locks again, while the VS segments still accommodate plate loading.
Afterward, a new seismic cycle starts. This periodical fault activation is similar to the results in previous studies
(Barbot, 2019; Wu & Chen, 2014), indicating that our simulation works well.

Figure 2d displays the detailed nucleation process of the earthquake. In the nucleation phase, the nucleation zone
with large slip rate expands slowly. At the end of the nucleation phase, the nucleation zone reaches a critical size
for instability, which is close to the magnitude of L. defined in Equation 4. This observation is consistent with
experimental observations (Latour et al., 2013; Nielsen et al., 2010; Ohnaka & Kuwahara, 1990) and other clas-
sical numerical simulations (Kaneko & Ampuero, 2011; Rubin & Ampuero, 2005). It should also be noted that
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Figure 2. The simulation result for the reference model including none fluid patch. The slip rate (a) and friction (b) along the fault in seismic cycles. (c¢) The peak slip
velocity (Veax) and the average shear stress as a function of time. (d) Slip rate evolution in one seismic cycle corresponding to the dashed box in (a). Note that the time
scale in panel (d) is shown in the logarithmic form to display the nucleation process.

in this reference model, no SSEs have been observed during the interseismic stage. Consistently, earthquakes on
the stress-homogeneous fault are spontaneously nucleated.

3. Results and Interpretations
3.1. Typical Fault Slip Behaviors: SSEs and Earthquake Nucleation

We perform a total of 300 simulation cases to study the interactions between SSEs and REs. In each simulation
case, the total calculation step is set as 100,000. In this way, we have at least six seismic cycles for each case.
Since the fault slip in the first earthquake is highly affected by the initial conditions, the results of the first earth-
quake are out of consideration.

In this work, we define the fault slip with the peak slip rate Vpe. exceeding Vieis (= 10~ m/s) as REs. SSEs are
fault slip with Vieis > Vpeax > 2 V;1. The fault slip with Ve, below 2 ¥V, is considered as fault creeping. Following
these criteria, we identify four types of fault slip behaviors in our parameter studies: (a) spontaneously nucleated
REs without SSEs, (b) SSEs and spontaneously nucleated REs, (c) SSEs trigger the nucleation of REs, (d) SSEs
directly grow into REs. The detailed slip behavior of each type is presented as follows.

3.1.1. Type I: Spontaneously Nucleated REs Without SSEs

Figure 3 shows a typical case of type I, where no SSEs occur during the interseismic stage and the RE initiates
spontaneously. The fluid patch with a pore pressure of 40 MPa has a width of 0.4 km (Figure 3a) and its center
locates at 0.8 km (point A in Figure 3b). As shown in Figure 3b, the evolution of the slip rate along the fault is very
similar to that of the reference model except that the creeping front expends marginally faster in the patch from
time T1 to T2. Afterward, this patch persistently slips stably (creep) until the onset of the earthquake (Figures 3¢
and 3d). The earthquake is nucleated near the center of the fault (point B in Figure 3b, location = 2.09 km) that
locked during the entire interseismic stage (Figures 3e and 3f). The detailed nucleation process is shown in
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Figure 3. Fault slip behaviors of type I. (a) Fault slip rate in seismic cycles in a model with P = 40 MPa, W = 0.4 km. The horizontal dashed lines mark the domain
of the fluid patch. (b) Detailed fault slip rate in a seismic cycle. A and B correspond to the center of the fluid patch and the fault, respectively. Vertical dashed lines
correspond to the moment when the creeping front reaches (T1) and leaves (T2) the fluid patch. (c) The slip velocity at points A and B as a function of time. (d) The
cumulative slip at points A and B as a function of time. (¢) Snapshots of slip rates from creeping to earthquake nucleation. The results of every 100th step are shown.
Also highlighted is the slip rate at times T1 and T2. (f) Snapshots of friction profile from creeping to earthquake nucleation. The results of every 100th step are shown.
Also highlighted is the friction at times T1 and T2.

Figure 3e. It can be seen that the nucleation process is almost the same as those on faults without fluid pressure
(Fang et al., 2010; Rubin & Ampuero, 2005). Comparing the friction evolution on the right and left portions
(Figure 3f), we find that the existence of the fluid patch hardly affects the stress evolution during the interseismic
stage, especially in the later stage. This indicates that the stress accumulating process is essentially not disturbed.
Therefore, it appears that the earthquake is spontaneously nucleated in its own way.
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No evident SSEs are observed in this case, although it has been generally accepted that increased fluid pressure
could generate SSEs (Kodaira et al., 2004; Liu & Rice, 2007). We speculate that the absence of SSEs in this study
is due to the adjacency between the fluid patch and the VS segment outside. Since the stable creeping VS segment
can be considered as a barrier to rupture (Kaneko et al., 2010; Perfettini et al., 2010), it may prevent the increase
in slip rate at the patch. Therefore, SSEs are prohibited in this model. The irrelevant pattern between the fluid
patch and the earthquake may be due to the large interval between the patch (center at point A) and the nucleation
zone (center at point B). When the patch undergoes creeping in the early interseismic stage, the final nucleation
zone is still firmly locked. It takes about 30 yr for the creeping front to travel from point A to point B. Therefore,
the accumulation of long-term tectonic loading plays a dominating role in generating the earthquake.

3.1.2. Type II: SSEs and Spontaneously Nucleated REs

Figure 4 presents a typical case of type II, where SSEs episodically occur during the interseismic stage and the
RE initiates spontaneously. In this case, the fluid patch with pore pressure of 80 MPa has a width of 0.16 km
(Figure 4a) and its center locates at 1.3 km (point A in Figure 4b). As shown in Figure 4b, in the interseismic
stage, the slowly expanding fault creeping is interrupted by two SSEs successively. The first SSE develops when
the creeping front reaches the edge of the patch. Both SSEs initiate near the edge of the patch and propagate
bilaterally at a velocity of 1~2 km/yr, about two orders of magnitude higher than the expanding velocity of
the creeping front. The second SSE is more energetic and featured with a higher slip rate, higher slip, larger
source area, and longer source duration than the first one (Figures 4b—4d). This increase in slip rate within the
sequence of SSEs is generally consistent with previous observations (F. Hirose & Maeda, 2013; Shibazaki &
Shimamoto, 2007), although the model setup and friction law are not identical. After the quenching of the SSEs,
the slip rate in the source zone of the SSEs drops slightly below the background level. The occurrence of SSEs
hastens the expansion of the creeping zone and the shrinkage of the locked zone. Finally, an earthquake is nucle-
ated at point B (location ~ 2.15 km) about 5 yr after the second SSE. Figure 4e presents the nucleation process
of the earthquake. In the beginning, there are two nucleation zones: a small nucleation zone at the patch and a
large nucleation zone at the center of the fault. Afterward, the larger nucleation zone expands while the small
nucleation zone keeps its size unchanged. Eventually, the earthquake bursts from the large nucleation zone and
merges the small nucleation zone in the dynamic rupture process. The seismic cycle is about 39.65 yr, smaller
than that of the reference model.

We examine the relationship between the SSEs and the final RE based on the stress evolution process. The fric-
tion distribution during the nucleation process, and before and after the SSEs, is shown in Figure 4f. The SSEs
release a fraction of stress on its source zone and transfer stress to the center of the fault. Although the second
SSE brings about a non-negligible stress increase in the final nucleation zone, the nucleation zone is still locked
(V =~ 1072 m/s, as shown in Figure 4¢) and no earthquakes occur until 5 yr later. Therefore, the SSEs proceed as
separate events followed by no mega earthquakes, as are the SSEs extensively observed in the subduction zones
worldwide (Avouac, 2015; Rogers & Dragert, 2003). Besides, it has been proposed that SSEs are not necessarily
related to the immediate occurrence of the giant earthquake, because it is insufficient to demonstrate causality
(Graham et al., 2014; Ohtani et al., 2014; Voss et al., 2018). Therefore, we would approve that, in those cases,
the earthquakes are nucleated spontaneously rather than triggered by SSEs. Nevertheless, it should be noted that
the occurrence of SSEs could temporarily accelerate the propagation creeping front, which may bring the RE
forward.

3.1.3. Type III: SSEs Trigger the Nucleation of REs

Figure 5 presents a typical case of type III, in which SSEs trigger the nucleation of REs. In this case, the fluid
patch with pore pressure of 40 MPa has a width of 0.16 km and its center locates at 1.3 km (point A in Figure 5b).
In a seismic cycle (Figure 5b), we observe two SSEs during the interseismic stage. The first SSE begins about 10
yr before the final earthquake and lasts no more than 2 yr. Three years before the final earthquake, the second SSE
initiates near the edge of the patch (point A) with pore pressure and expands bilaterally. Similar to the previous
case, the second SSE is more energetic than the first one (Figures 5c and 5d). What is striking about the second
SSE is that the SSE skips the locked central fault segment (Figure 5b) and emerges on the other side of the fault
(point C in Figures 5b—5d). The second SSEs encircles the firmly locked fault segment. It looks that the locked
zone behaves as a barrier to SSEs, prohibiting the consecutive propagation of SSEs along the fault. Subsequently,
the second SSE persistently propagates toward the center of the locked segment (point B, location = 2.06 km),
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Figure 4. Fault slip behaviors of type II. (a) Fault slip rate in seismic cycles in a model with P = 80 MPa, W = 0.16 km. The horizontal dashed lines mark the
domain of the fluid patch. (b) Detailed fault slip rate in a seismic cycle. A and B correspond to the center of the fluid patch and the fault, respectively. The red contour
corresponds to the slip rate of 2 V. (c) The slip rate at A and B as a function of time. (d) The cumulative slip at A and B as a function of time. (e) Snapshots of slip
rates during the earthquake nucleation phase. Every 100th step is shown. Also highlighted is the slip rate before and after the slow slip events (SSEs). (f) Snapshots of
friction during the earthquake nucleation phase. Every 100th step is shown. Also highlighted is the friction before and after the SSEs. The dashed arrow indicates the
stress building up at the nucleation zone during the period of the second SSE.

pushing the slip rate at the locked segment above the background level (Figure 5e). Ultimately, the second SSE
erases the locked segment and leads up to the nucleation of the final earthquake.

The triggering mechanism, in this case, is explored based on the analysis of stress evolution. By comparing the
friction distribution before and after the second SSE (Figure 5f), we find that the second SSE significantly change
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Figure 5. Fault slip behaviors of type III. (a) Fault slip rate in seismic cycles in a model with P =40 MPa, W = 0.16 km. The horizontal dashed lines mark the domain
of the fluid patch. (b) Detailed fault slip rate in a seismic cycle. A-C correspond to the fluid patch center, the point at 2.7 km, and the fault center, respectively. The red
contour corresponds to the slip rate of 2 V. (¢) The slip rate at A-C as a function of time. (d) The cumulative slip at A-C as a function of time. (e) Snapshots of slip
rates during the earthquake nucleation phase. Every 100th step is shown. Also highlighted is the slip rate before and after the slow slip events (SSEs). (f) Snapshots of
friction during the earthquake nucleation phase. Every 100th step is shown. Also highlighted is the friction before and after the SSEs. The dashed arrow indicates the
stress building up at the nucleation zone during the period of the second SSE.

the stress distribution in that it transfers stress to the locked segment. After the second SSE, there is a sharp
increase in friction at the center of the locked segment, where the earthquake nucleation starts before long. Thus,
the final earthquake nucleation is likely to be triggered by the shear stress concentration induced by the second
SSE. Recently, Saltogianni et al. (2021) reported that two SSEs precede the 2018 Mw 6.9 Zakynthos earthquake.
The first SSE in 2014 generated mild Coulomb stress changes (<3 kPa) and thus did not trigger the final event,
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while the second SSE in 2018 caused stress changes up to 25 kPa, ultimately triggering the earthquake. This
observation is qualitatively similar to our numerical case. Besides, the scenario that earthquakes triggered by
SSEs has been confirmed by field observations (Kato et al., 2012; Radiguet et al., 2016; Yokota & Koketsu, 2015)
and other numerical studies (Segall & Bradley, 2012).

3.1.4. Type IV: SSEs Directly Evolve Into REs

Figure 6 presents a typical case of type IV, in which SSEs directly evolve into RE. In this case, the fluid patch with
pore pressure of 80 MPa has a width of 0.44 km and its center locates at 1.3 km (point A in Figure 6b). As shown
in Figure 6b, in the early interseismic stage, local creep has already developed on the patch about 20 yr before the
arrival of the creeping front that propagates inward (Figure 6b). We observe three SSEs during the interseismic
stage (Figures 6b—6d). The first and the second SSE initiate near the edge of the patch about 16 and 8 yr before the
final earthquake, respectively. About 1 yr before the final earthquake, the last SSE occurs and encircles the central
fault segment (point B, location =~ 2.91 km) that is firmly locked, culminating in a final earthquake. Figure 6e
explicitly shows the slip rate distribution during the initiation process of the earthquake. Depart from the previous
cases where the final earthquakes are always nucleated near the center of the fault, in this case, the earthquake
initiates on the right side of the fault, where the third SSE is ongoing. Furthermore, when the earthquake has
launched, the central segment of the fault is still locked, without attaining a slip rate around the background level.
It appears that the locked segment serves as a barrier to the earthquake rupture at the outset.

Figure 6f shows the stress evolution along the fault. The first and second SSEs slightly change the stress distribu-
tion, as is the case of type II. Although the third SSE transfers considerable stress to the central locked segment,
it does not trigger the nucleation of the earthquake there. The evolution of stress along the fault implies that the
SSE on the right side has occurred in the nucleation zone of the impending earthquake. This is similar to what
was documented for the 2014 Mw 7.8 Iquique Mw 8.1 earthquake (Ruiz et al., 2014). It should be noted that
the SSE leads to no increase in shear stress in the nucleation zone of the final earthquake. Therefore, it is not
likely that the final earthquake is triggered by the SSE. We argue that the third SSE itself evolves into the final
earthquake since the third SSE is exactly the nucleation of the final earthquake. This is similar to previous studies
(Ohtani et al., 2019; Segall & Bradley, 2012) and the nucleation mechanism is better resolved in this study. Field
observation has reported that the 2012 Mw 7.6 earthquake in Costa Rica are preceded by SSEs and the Coulomb
stress change caused by the SSE at the hypocenter is supposed to be too small to trigger the mainshock (Voss
etal., 2018). Our numerical result explicitly provides a possible mechanism for the occurrence of this earthquake.

3.2. Spectrum of Fault Slip Behaviors

To evaluate the dependence of the four types of fault slip behaviors on the parameters of the fluid patch (i.e., pore
pressure, patch location, and patch size), we inspect all the simulation results in this study. The combined effects
of pore pressure, patch size, and patch location is shown in Figure 7. If the fluid patch is located at the center or
near the edge of the VW segment, there are no SSEs. On the other hand, when the fluid patch is off the center
of the VW segment, SSEs are frequently observed and the occurrence of SSE is strongly dependent on the fluid
pressure and patch size. Generally, the frequency of SSEs tends to increase with fluid pressure and patch size.

In addition, the regime in which earthquakes initiate is controlled by the parameters of the fluid patch. When the
fluid patch is located near the edge or at the center of the VW segment, the nucleation of earthquakes follows the
scenario of either type I or type II. However, when the fluid patch is off the center, the nucleation of earthquakes
is more complex. As shown in Figure 6, higher fluid pressure and larger patch size always favor SSEs to directly
grow into REs. On the contrary, decreased fluid pressure and narrow patch facilitate the triggered nucleation of
REs. In the residual cases, earthquakes are nucleated spontaneously, without any evident connections with SSEs.
Besides, SSEs may shift the possible nucleation location of REs by transferring shear stress further away from
the center of the fault.

Furthermore, the earthquake recurrence intervals are influenced by the fluid patch. If the patch is near the edge or
at the center of the VW segment, the increase in pore pressure and patch size will result in shortened recurrence
intervals. The shortening in recurrence intervals is more prominent when the fluid is at the center, indicating
that the edge patch does not play an important role in earthquake cycles, as is the case in Figure 3. On the other
hand, if the fluid patch is off the center, the effect of the fluid patch is more complicated. It looks like that the
earthquake recurrence intervals are coupled with the SSEs frequency and the earthquake nucleation regime. This
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Figure 6. Fault slip behaviors of type IV. (a) Fault slip rate in seismic cycles in a model with P = 80 MPa, W = 0.44 km. The horizontal dashed lines mark the domain
of the fluid patch. (b) Detailed fault slip rate in a seismic cycle. A-C correspond to the fluid patch center, the point at 2.2 km, and the point at 2.9 km, respectively. The
red contour corresponds to the slip rate of 2 V. (¢) The slip rate at A-C as a function of time. (d) The cumulative slip at A-C as a function of time. (e) Snapshots of slip
rates during the earthquake nucleation phase. Every 100th step is shown. Also highlighted is the slip rate before and after the slow slip events (SSEs). (f) Snapshots of
friction in the last stage of the seismic cycle. Every 100th step is shown. Also highlighted is the friction before and after the SSEs.

is accessible because the occurrence of earthquakes is closely associated with the nucleation process and the
behaviors of SSEs in these cases.

How the localized heterogeneity in stress affects the fault slip or rupture behaviors of the entire fault is one of
the intriguing problems relevant to earthquake mechanisms (Yang et al., 2022; Yao & Yang, 2022). The tran-
sition in fault slip behaviors and rupture process has been documented in previous studies incorporating fric-
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earthquakes (REs) is represented as magenta strips.

tion heterogeneity (Dublanchet, 2018; Luo & Ampuero, 2018; Skarbek et al., 2012; Yabe & Ide, 2018; Yao &
Yang, 2020). In these studies, the selection of fault slip behaviors is mainly controlled by the spatially averaged

values of frictional parameters. Some studies suggest that fault slip behaviors depend on the asperities/barri-

2 ; : ; ;
—— Reference model A \RE\
ol — P=80 MPa, W=0.4 km 1
T ref
. 2 F : »lg T
2 (]
E Trec g
«-4r % 1
> =
1Y SSE3 |3
_6 o \ s 1
ssgp SSE2
-10 = . : : :
0 10 20 30 40

Shifted Time [year]

Figure 8. Comparison of the recurrence interval of the earthquakes preceded
by slow slip events (SSEs; T;..) and the recurrence interval of the reference
model (T<h). In this case, the earthquake is brought forward because T, is

shorter than 7!, The difference between T and T;.. is defined as clock
advance.

ers on the fault (Ariyoshi et al., 2012; Kato, 2004, 2020; Noda et al., 2013;
Weng et al., 2015; Yang et al., 2012). The breakage of the asperities and
the interactions between them dominate the fault slip behaviors, including
slip modes and seismic cycles. In this study, we conduct systematic param-
eter studies and present the spectrum of slip behaviors of faults with local
decreased effective normal stress. Our results validate that the existence of
locally increased fluid pressure plays an important role in determining the
slip behaviors of the entire fault, which are more complicated than those of
faults with uniform stress.

3.3. SSEs Bring the Final REs Forward

Previous studies have shown that the occurrence of SSEs signals a period
of increased probability for large earthquakes (Liu & Rice, 2005; Mazzotti
& Adams, 2004), while others argued that SSE may delay the occurrence
of large earthquakes (Radiguet et al., 2012). In this study, we examine the
above points of view by comparing the recurrence interval of the earth-
quakes preceded by SSEs (Ti.) to that of the characteristic earthquakes in
the reference model (ﬂei,f). As shown in Figure 8, if Ti is shorter than 7}’;{,

the final earthquake is brought forward. The difference between TS and T,
is defined as clock advance. Otherwise, the occurrence of the final earth-

quake is delayed or not disturbed by SSEs.
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The interactions between SSEs and REs have been deeply addressed in
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earthquake is brought forward.

increased fluid pressure. We have observed four types of fault slip behaviors

distinguished by SSEs and earthquake initiation process, which are reminis-

cent of natural earthquakes. For example, earthquakes directly triggered by
SSEs are reported for natural earthquakes, such as the 2014 Mw 7.3 Papanoa earthquake (Radiguet et al., 2016),
the 2011 Mw 9.0 Tohoku earthquake (Yokota & Koketsu, 2015), and the 2014 Mw 8.1 Chile megathrust earth-
quake (Socquet et al., 2017). Besides, the observation that SSEs grow into a RE may shed light on the nucleation
mechanism of the 2012 Mw 7.6 earthquake in Costa Rica (Voss et al., 2018).

Our results highlight that the interactions between SSEs and REs are conditioned by the characteristics of the
fluid patch. Previous numerical studies have produced various SSEs, closely associated with large earthquakes
or not (F. Hirose & Maeda, 2013; Li & Liu, 2017; Luo & Liu, 2019; Ohtani et al., 2014; Segall & Bradley, 2012;
Shibazaki et al., 2010; Skarbek et al., 2012). In those studies, the occurrence of SSEs may be a combined effect
of friction property, fault geometry, and stress condition. Specifically, several innovative studies include the fluid
diffusion dynamics during the seismic cycles, providing profound insights into the fluid driven aseismic slip (Liu
& Rubin, 2010; Zhu et al., 2020). In this study, only the heterogeneity of effective normal stress is incorporated in
the simple fault model. Interestingly, our results still reproduce the diversity of natural fault slip behaviors. Thus,
our simulation is also compatible with the perspective that fault heterogeneity in stress conditions could play a
crucial role in determining the fault slip behaviors (Luo & Liu, 2021; Yang et al., 2012, 2013; Yang, Yao, He,
& Newman, 2019; Yang, Yao, He, Newman, & Weng, 2019). However, it is still challenging to predict fault slip
behaviors since the natural fault plane is a mosaic of locked, creeping, and slow slipping patches at a wide variety
of length scales, more complex than the numerical models in this study.

One may be concerned about whether the periodic mirror effect resulting from short VS segment could affect
the fault slip behaviors as well as the interactions between SSEs and REs. By comparing the long-term fault slip
behaviors with two models with different VS segment lengths (Figures S1 and S2 in Supporting Information S1),
we confirm that the length of VS segment does not significantly affect the long-term slip behaviors of faults.
Thus, in this work, the periodic mirror effect does not modify our results on the first order.
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Figure 10. Relationships between the peak slip rate of slow slip events (SSEs) and final earthquakes. The left, middle, and
right panels display the cases where one, two, and three SSEs occur during the interseismic stage. SSEs immediately followed
by regular earthquakes (REs) are represented as filled cycles, squares, and triangles. SSEs develop as separate events are
shown as open symbols. Cycles, squares, and triangles represent the fault slip behaviors of types II, III, and IV, respectively.
The symbols connected by lines belong to one seismic cycle.

4.2. Source Area of SSEs Maps Locked Fault Zone

Previous studies have proposed that the highly coupled fault zone or the rupture of the impending earthquakes
can be outlined by SSE, because the SSEs partially released the stress in their source area, impeding the rupture
propagation of final earthquakes (Dixon et al., 2014; Rolandone et al., 2018). The weak coupling patch always
matches the location of SSEs well (Biirgmann, 2018). Our results support this viewpoint. As shown in Figures 5
and 6, the source area of SSEs is not continuous along the fault. The traveling SSEs front usually decelerates or
stops upon hitting the edge of the locked zone. The discontinuity in the spatiotemporal distribution of SSEs coin-
cidently matches the locked zone. This implies that SSEs can be considered as an inherent fault gauge that can
be used to delineate the locked fault zone. Thus, our result motivates careful and precise monitoring of SSEs that
might help predict the possible extent of locked fault zones and constraint earthquake magnitude.

On the other hand, the locked zone is a barrier to the propagation of SSEs, since the locked zone invariably
hinders the migration of SSEs along the fault. However, due to the stress transfer induced by SSEs, the locked
zone is gradually corroded and driven to failure. This concept has also been used to explain the unfastening of the
locked fault zone with the successive migration of SSEs (Uchida et al., 2020).

4.3. Increased Slip Rate of SSEs as a Plausible Precursor of REs?

Recent advances in observation point to that SSEs may prove useful for short-term earthquake forecasts (Voss
et al., 2018). However, how to predict the occurrence of large earthquakes based on SSEs remains unclear (Obara
& Kato, 2016). Previous studies have shown that the peak slip velocity of SSEs changes as a huge earthquake is
approaching (Luo & Liu, 2019; Shibazaki & Shimamoto, 2007). However, these results contradict each other.
Here, we explore the possible precursors in the peak slip velocity of SSEs in our studied model.

Figure 10 displays the peak slip velocity (V) of each SSE. For the cases with only one SSE during the interseis-
mic stage, it seems that SSEs with a higher V...« have a higher potential to trigger a huge earthquake. However,
there is no clear triggering threshold in V... If there are two SSEs during the interseismic stage, the Ve, of the
second SSE is always higher than that of the first SSE, especially for the cases where SSEs trigger earthquakes
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(type IIT). This means that SSEs with Vjeu > 20 Vi (~2 X 1078 m/s) are more likely to trigger huge earthquakes.
However, for the cases where earthquakes are nucleated spontaneously (type II), SSEs assuming V..« exceeding
20 Vy still occur as separate events and are not immediately followed by earthquakes. These results suggest that it
is difficult to discriminate the SSEs having the potential to trigger huge earthquakes on the basis of the peak slip
velocity. For the cases where three SSEs occur during the interseismic stage, the Ve, of SSEs increases with the
order of SSEs in the sequence. The SSEs with Vje, exceeding 70 V;; (~7 X 1078 m/s) have the potential to directly
grow into huge earthquakes, while others always occur as separate events. There is a clear threshold in Ve, for
an SSE to transform into a huge earthquake (mek\hre ~ 70 V).

Our numerical results are partially consistent with the work of Shibazaki and Shimamoto (2007), where the
Vieak of SSEs increases with time during the interseismic period. This may reflect the loosing of the fault as
stress continuously builds up in the zone where SSEs occur. However, our results show that it is difficult to infer
whether an SSE could trigger a huge earthquake. The SSEs with V., even slightly higher than the background
creeping rate could trigger a huge earthquake. Our results imply that it may be impracticable to decide whether
an SSE could trigger huge earthquakes merely based on the magnitude of V.. On the other hand, SSEs with
extremely high Ve, are promising to directly transform into huge earthquakes. This finding reminds us that the
occurrence of SSEs could lead to an increased possibility of huge earthquakes, which is consistent with previous
views (Mazzotti & Adams, 2004). Therefore, the careful and precise monitoring of SSEs is necessary and may
allow for improved earthquake hazard assessment.

4.4. Relationships Between the Rupture Length of SSEs and the Occurrence of REs

Although we elucidate the connections between the peak slip rate of SSEs and the occurrence of REs in the above
section, the peak velocity of natural SSEs is rather difficult to determine, partially because of the limited resolu-
tion of observation and the complicated temporal and spatial evolution of SSEs. For SSEs, the spatial extent may
be a source parameter that can be constrained more reliably than V... Here, we discuss the relationships between
the rupture length of SSEs and the occurrence of REs.

Figure 11 presents the rupture length of SSEs (Lssg) in seismic cycles. One can see that Lggg almost increases
with the order of SSEs in the interseismic stage, which is in contrast to previous results (Luo & Liu, 2019). One
possible explanation is that as the tectonic loading is ongoing, stress is building up on more parts of the fault,
facilitating the rupture propagation of SSEs. Almost all Lgsg exceed the critical rupture length of nucleation, L.
This suggests that the initiation of dynamic ruptures cannot be simply deduced from the growth of stable rupture,
if the conventional earthquake nucleation cannot be distinguished from SSEs. Moreover, some general trends in
the rupture length of SSEs may provide useful insights into earthquake hazard assessment. The compilation of
Lssk indicates that SSEs immediately followed by earthquakes are usually associated with Lgsg > 0.44 L, while
the SSEs developing as separate events are characterized with Lgsg < 0.76 L. Therefore, if Lssg > 0.76 L, it is
likely that an earthquake is approaching. By contrast, if Lssg < 0.44 L, we may speculate that no earthquakes
would happen. When 0.44 L < Lgssg < 0.76 L, it is difficult to determine whether an earthquake will occur. In
general, the rupture length of SSEs, to some extent, is correlated with the occurrence of earthquakes.

For natural faults, field observations show that the rupture length of SSEs varies with time, from tens of kilome-
ters to several hundreds of kilometers (Michel et al., 2018). However, to our knowledge, this is no solid evidence
to show that SSEs with larger spatial extent have the propensity to promote the initiation of earthquakes. Recently,
it is proposed that the coalescence of SSEs may bring the fault closer to failure, leading to the initiation of earth-
quakes (Bletery & Nocquet, 2020). The coalescence of SSEs represents the pronounced increase in the spatial
extent of SSEs. Thus, this scenario may be consistent with our results.

5. Conclusion

In this study, we performed a systematic study to explore the fault slip behaviors during the whole seismic cycle,
especially the interactions between SSEs and earthquake initiation. The fault is governed by the RSF law, and
SSEs are generated by including locally increased fluid pressure. We identify four types of fault slip behaviors
distinguished by SSE and earthquake initiation mode, which are dependent on the localized fluid patch. To
summarize, (type I) no SSEs emerge and REs are nucleated spontaneously, (type II) SSEs occur as separate
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Figure 11. Relationships between the rupture length of slow slip events (SSEs; Lssg) and final earthquakes. The rupture
length of SSEs is normalized by L.. The left, middle, and right panels display the cases where one, two, and three SSEs occur
during the interseismic stage. SSEs immediately followed by regular earthquakes (REs) are represented as filled cycles,
squares, and triangles. SSEs evolving as separate events are shown as open symbols. Cycles, squares, and triangles represent
the fault slip behaviors of types II, III, and IV, respectively. The symbols connected by lines belong to one seismic cycle.

events and REs are nucleated spontaneously, (type III) SSEs trigger the nucleation of REs, and (type IV) SSEs
directly grow into REs. The various fault slip behaviors are reminiscences of reported natural earthquakes. The
mechanism of the earthquake initiation has been discussed, based on the analysis of the stress evolution process.
Our results suggest that heterogeneity in stress plays a crucial role in determining fault slip behaviors, even in
such a simple numerical fault model.

Our results reveal that SSEs may lead to a temporary acceleration in fault decoupling. The locked zone always
shrinks faster during the period of SSEs. On the other hand, the locked zone behaves as a barrier to traveling
SSEs. Therefore, monitoring SSEs can help map the extent of the locked zone and infer the stage within the
seismic cycle. In addition, the peak slip velocity of SSEs might be related to the occurrence of huge earthquakes.
The possibility of huge earthquakes may increase during the SSEs because SSEs with extremely high peak slip
velocity may directly transform into huge earthquakes. However, there is no clear threshold in the peak slip veloc-
ity for SSEs to trigger REs. Therefore, solely based on the peak slip velocity, it is difficult to determine whether
an SSE could trigger a huge earthquake or not. The rupture extent of SSEs is correlated with the occurrence of
earthquakes to some extent. The findings in this study may further our understanding of the earthquake cycles
and earthquake initiation process.
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