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Abstract Accelerating aseismic slip events have been commonly observed during the rupture nucleation
processes of the earthquake. While that accelerating aseismic slip is usually considered strong evidence for
precursory activity, it remains unclear whether all accelerating aseismic slip events are precursory to an
incoming earthquake. Two contrasting nucleation models have been introduced to explain the observations
associated with the nucleation of unstable slip: the pre-slip and cascade nucleation models. Each of these
two-end members, however, has its own limitations. In this study, we employ Discrete Element Method
simulations of a 2-D strike-slip fault to simulate various rupture nucleation and triggering processes.

Our simulation results manifest that the final seismic event is a product contributed by multiple pre-slip
nucleation sites, which may interact, causing clock advance or cascade nucleation rupture processes. We also
introduce a strengthening perturbation zone to investigate the role of a single nucleation site in an imminent
seismic event. The simulation results reveal a new type of non-precursory aseismic slip, representing the region
favoring the generation of the precursory slip process but not correlating to the incoming main event, which
differs from the previous interpretation of precursory slip. Furthermore, we include weakening perturbation
zones in some simulations to demonstrate how small earthquakes may or may not trigger a nucleation site
depending on spatial and temporal conditions. Our simulation results imply that such non-precursory but
accelerating aseismic slip events may suggest a fault segment that appears weakly coupled but possesses the
potential to be triggered seismically.

Plain Language Summary It is essential to understand the nucleation of unstable slip to predict

an impending earthquake. Slow slip fault activities and their accelerations have been observed before large
earthquakes. The accelerating aseismic slip events are usually considered an early warning sign of an incoming
earthquake. However, it remains unclear whether all such accelerating aseismic slip events are precursory to the
incoming earthquake, and if not, how to distinguish between precursory and non-precursory aseismic slip. This
study employs the DEM to simulate earthquake nucleation along a 2-D geometrically irregular fault plane. Our
simplified DEM models can produce complex slip behavior. Our results manifest that the final seismic event

is a product of multiple rupture nucleation sites, which may interact and then jointly influence the onset and
propagation of the main dynamic rupture. Moreover, this work reveals a new type of non-precursory aseismic
slip, representing the region that favors the generation of the precursory slip process but does not correlate to
the incoming earthquake. Such non-precursory accelerating aseismic slip events may indicate a region that
appears weakly coupled but possesses the potential to be triggered seismically, which is a potential mechanism
for unexpected earthquake origins.

1. Introduction

The nucleation processes of earthquake ruptures are complex and essentially related to many important open
questions in earthquake science, including how an earthquake initiates and how to predict an incoming one (Kato
& Ben-Zion, 2021; McLaskey, 2019). For example, tectonic faults display a rich slip spectrum during earthquake
nucleation and interseismic periods (Beroza & Ide, 2011; Leeman et al., 2016; Obara & Kato, 2016), includ-
ing widespread creep, localized aseismic slip events, and intensifying microseismicity prior to the mainshock
(Dragert et al., 2001; Hawthorne & Bartlow, 2018; Ozawa et al., 2002). A seismic rupture also may start progres-
sively with a slow unlocking of a heterogeneous fault interface, causing foreshocks and precursory aseismic slip
(Cattania & Segall, 2021; Noda et al., 2013; Yabe & Ide, 2018). Such a rupture process starts from an unobserva-
ble tiny nucleus and dynamically grows into a large rupture (Ide & Aochi, 2005; Noda et al., 2013). Furthermore,
one or more foreshocks are found before main events, and accelerating aseismic slip clusters during intensifying
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Figure 1. Schematics of two-end member nucleation models: pre-slip nucleation model (left) and cascade nucleation model (right).

foreshock sequences have been observed (Kato et al., 2012; Miyazaki et al., 2011; Trugman & Ross, 2019).
Those observations suggest that a range of precursory processes are involved in earthquake rupture nucleation.
However, we still lack a clear understanding of the physical mechanisms driving these precursory phases during
the rupture nucleation.

One prominent model, the pre-slip nucleation model, was proposed to explain the onset of a dynamic rupture,
based on lab observations (McLaskey & Lockner, 2014; Ohnaka & Kuwahara, 1990; Yamashita et al., 2021)
and theoretical modeling (Ampuero & Rubin, 2008; Dieterich, 1992; Lapusta & Rice, 2003). In this model, the
nucleation begins from a quasi-static phase, where a reduced shear stress (z) region represents growing aseismic
slip clusters (Figure 1a). The spatial expansion of the preseismic slip clusters accelerates and approaches a critical
nucleation length (4*), eventually leading to seismic rupture over the active fault (Figure 1a). Conceptually, there
is a temporal and spatial transition from aseismic slip transients to large seismic events, making it plausible to
assess the incoming seismic events. The hastened aseismic slip phase prior to large earthquakes has been revealed
by geodetic and seismic monitoring of active tectonic fault systems (Ruiz et al., 2014; Socquet et al., 2017; Tape
et al., 2018). Nevertheless, most reported seismic events in nature displayed no apparent transitions between
aseismic slip and seismic slip (Guérin-Marthe et al., 2019; McLaskey, 2019). Therefore, the pre-slip model
may be oversimplified and inappropriate for characterizing all rupture nucleation processes along heterogeneous
interfaces.

Alternatively, a cascade nucleation model was introduced (Ellsworth & Beroza, 1995; Ide & Aochi, 2005), which
suggests that small earthquakes (foreshocks) initiating at small brittle patches kick the surrounding strong asper-
ities randomly (Figure 1b). Eventually, one or a few of them trigger a large seismic event, which makes assessing
an upcoming main shock particularly challenging (Noda et al., 2013). The cascade nucleation model can help
explain observations that small and large earthquakes share almost the same initial phase (Ide, 2019; Meier
et al., 2016), which the pre-slip nucleation model cannot explain. Moreover, the model may be used to charac-
terize a stochastic correlation of a small nucleation phase to an unexpectedly large dynamic slip phase. However,
the cascade model fails to characterize the preseismic slow slip transients as observed in some laboratory experi-
ments and theoretical studies of fault slip on a frictional surface (Dieterich, 1992; McLaskey, 2019). Furthermore,
it fails to explain well the interactions among multiple nucleation sites and the interplay between slow-slip tran-
sients and seismic slip. In fact, a rupture initiation may present behavior that lies between the pre-slip and cascade
models (Cattania & Segall, 2021). Therefore, a model that reconciles the two nucleation models to describe better
the rupture process is needed.

Interestingly, the pre-slip nucleation model implies that the presence of precursory aseismic slip is directly
responsible for the incoming dynamic rupture. Such a hypothesis is evident from a few observations of aseismic
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slip sequences and their corresponding foreshock intensifications before large earthquakes (Dalaison et al., 2021;
Kato etal., 2012; Socquet et al., 2017). In contrast to the precursory slip processes, many preseismic slip processes
are non-precursory, having a limited effect on the upcoming seismic event. A typical non-precursory aseismic slip
event experiences both slip rate acceleration and deceleration, yet it never turns into a large earthquake (Barker
et al., 2018; Caniven et al., 2021; Dragert et al., 2001; Hirose et al., 1999; Okutani & Ide, 2011). Besides the
typical non-precursory aseismic slip, some preseismic slip sequences may behave as precursory slip events while
having a limited effect on the incoming seismic ruptures. For example, multiple clusters of accelerating aseismic
slip sequences have been observed before the main events along natural faults (Dalaison et al., 2021; Hasegawa
& Yoshida, 2015; Socquet et al., 2017), as well as in numerical simulations (Albertini et al., 2021; Caniven
et al., 2021; Cattania & Segall, 2021). However, it remains unclear whether all of those accelerating aseismic slip
events are directly related to the incoming main shock and also how each may influence the following seismicity.
Therefore, careful studies on precursory slip processes are still needed to improve our ability to assess incoming
seismic events.

In summary, accelerating aseismic events are prevalent during the nucleation processes and are usually consid-
ered evidence for precursory activities. However, the direct influence of each event on the incoming dynamic
rupture is debatable due to limited near-fault observations and in-situ measurements. Currently, two contrasting
nucleation models have been used to explain these observations, yet each of these two-end members has its limi-
tations, and a consolidating approach remains missing. Therefore, this study employs Discrete Element Method
(DEM) simulations of a strike-slip fault in a two-dimensional (2D) domain to simulate rupture nucleation. Our
models simulate aseismic (slow) and dynamic (fast) slip, on dilatant particle-based fault interfaces. This study
aims to (a) propose a rupture nucleation process that reconciles both pre-slip and cascade nucleation models, (b)
demonstrate the interactions and triggering among nucleation sites by tracking the stress evolution and displace-
ment through the rupture preparation process, (c) differentiate precursory aseismic (slow) slip from accelerating
aseismic slip sequences, and (d) investigate the types of preseismic slow slip sequences, their relations to the
two-end member nucleation modes, and their implication for incoming seismic events.

2. Approach and Methodology
2.1. Numerical Method

To complement the limited geophysical observations and to link laboratory experiments to natural systems,
state-of-the-art numerical simulations of fault slip have simulated cycles of dynamic and aseismic slip resulting
from tectonic loading. For instance, continuum-based models have explicitly implemented a rate and state friction
law (RSF), yet typically allow for limited fault motion along a single, infinite, and thin planar fault embedded
in an elastic half-space (Barbot, 2019; Cattania & Segall, 2021; Dal Zilio et al., 2022; Dal Zilio & Gerya, 2022;
Lapusta & Rice, 2003; Rice et al., 2001). Alternatively, discontinuum approaches have been developed to simu-
late a range of slip modes (Ferdowsi & Rubin, 2020; Romanet et al., 2018; Van den Ende et al., 2018) while
also accounting for effects of the fault roughness on the slip behavior. The DEM, a particle-based discontinuous
numerical modeling approach, is one of these methods and has been used to explore how the topographic rough-
ness and corresponding dilatant deformation influence the aseismic and dynamic slip (Blank et al., 2021; Caniven
etal., 2021).

Here, we use DEM to simulate unlimited fault motions, including aseismic (slow) and dynamic (fast) slip on a
rough fault interface (Figure 2). We use RICEBAL, which is the program initially developed and described by
Morgan (2015). In a DEM assemblage, discrete particles are modeled as compressible elastic spheres interact-
ing with each other, governed by the Hertz-Mindlin contact theory (Johnson, 1987; Morgan, 2015). Once the
particles come into contact, shear (f,) and normal (f,) forces on the interparticle contacts are calculated. The f, is
limited by the predefined interparticle friction coefficient (u,,,,). At each time step (TS), the normalized compo-
nents of all contact forces acting on each particle are summed to derive the net force. The model then solves the
linear vector equation of Newton's second law of motion for each particle, along with its angular counterpart,
updating the new position and orientation of the particle over each TS.

Additionally, cohesion can be introduced by adding numerical bonds to simulate unbreakable elastic domains
(Caniven et al., 2021; Morgan, 2015). Each numerical bond connects the centers of two particles in contact,
acting as two elastic springs and an elastic beam that transmits normal and shear forces and moments
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Figure 2. (a) Discrete Element Method Model setup. Particles in cyan and in red represent the upper and lower surfaces, respectively, to define the fault plane.
Particles in black and in yellow represent the upper and lower surfaces, respectively, to introduce the strengthening/weakening perturbation zone. The particles in dark
gray represent the top and bottom rigid plate boundaries applying constant normal stresses and shearing rates, respectively, to the system. The yellow beams between
particles in the color legend represent numerical bonds. (b) Schematics of numerical bonds. Beam bond model for tension (left) and for shearing (right). The yellow box
represents a bond connecting the centers of particles in contact. E, represents the bond Young's modulus. G, represents the bond shear modulus. A, represents the bond
area. 6, and J, represent the shear and normal displacements, respectively.

(Figure 2b). The overall behavior of a particle assemblage is determined by the pre-assigned interparticle
contact parameters and the mechanical properties of the particles themselves. Each bond between particles
has four key mechanical properties, including Young's modulus, shear modulus, tensile strength, and shear
strength, as listed in Table S1 in Supporting Information S1. Bonds are formed between the centers of particles
in contact and do not exert any force until the particles are displaced relative to each other. When particles are
displaced under tension, the bonds provide support through tensile and shear forces, which are limited by the
predefined tensile strength and cohesion multiplied by the bond area. The relevant equations are included in
Supporting Information S1 (Text S1 in Supporting Information S1). A numerical bond will not break plasti-
cally until the maximum tensile stress or shear stress acting on the bond exceeds the predefined bond strength
or shear bond strength. In this study, high shear and tensile interparticle strengths bond has been introduced to
each contact between particles within the hanging wall and footwall blocks, preventing any plastic deforma-
tion. Consequently, the hanging wall and footwall blocks exhibit elastic behavior without cracking or plastic
deformation throughout the simulation.

A full description of the DEM methodology can be found in Supporting Information S1 (Text S1 in Supporting
Information S1) and also in Morgan (2015).
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2.2. Model Setups

This study deploys DEM to simulate a rough fault interface with strong asperities. We construct a 50-km vertical
strike-slip fault to simulate complete rupture nucleation processes and their interactions in a tectonic system
(Figure 2). Every model system consists of two domains: a fault domain and the outer domain. The outer domain
comprises relatively coarse particles with radii of 250, 350, and 500 m, and the near-fault region is made of
particles with radii of 75 and 100 m (Figure 2a). The top and bottom boundaries are servo walls that apply
constant compressive normal stress and shearing rate to the model. The lateral boundaries are periodic to mini-
mize any boundary effects. The complete simulation workflow is conducted through consolidation and shearing
test phases, which are explained below.

The model is built from the middle of a 50 X 40 km 2D domain (Table S2 in Supporting Information S1), a fault
interface is first defined by two rows of uniform size particles with a radius of 100 m, creating a series of geometric
asperities to yield fault slips (Caniven et al., 2021; Sainoki & Mitri, 2016). The particles defined in the two rows
are initially fixed to inhibit any motion or rotation to maintain a relatively straight line for each row, simulating a
simplified high-dilatancy rough interface. The meter-scale geometric asperities in the kilometer-scale model are
analogs for geologic morphology, such as seafloor roughness in subduction zones (Bilek et al., 2003). The inter-
particle friction coefficient (u,,,,) for the domain is 0.7 during the consolidation phase (Vora & Morgan, 2019).
In the consolidation phase, a constant normal stress of 100 MPa is applied to the top and bottom servo walls to
simulate the overburden pressure as the volume consolidates. The particles are tightly packed by the end of the
consolidation. Once there is no further motion and rotation, strong numerical bonds are added to the upper (hang-
ing wall) and lower (footwall) blocks, whereas there is no bond along the fault interface (Figure 2a). As there is no
bond along the prescribed lines of particles, the slip behavior and displacement along the interface are controlled
by the pre-defined interparticle friction coefficient and the interface's geometric asperities. Therefore, inelastic
deformation is only allowed along the predefined horizontal fault of 50 km. No plastic deformation will develop
elsewhere within the lower or upper blocks. Generally, each block behaves as an elastic medium, transmitting
far-field stresses from the servo walls to the fault domain.

After adding the strong bonds, the lines of particles that define the fault interface are unfixed and run through multi-
ple simulation cycles before the shearing test phase to ensure the system is subjected to a stabilized normal stress
of 100 MPa. Concurrently, the interparticle friction coefficient (u,,,,) along the fault interface is set to 0.2, which
combined with particle-particle interlocking, yields a maximum effective bulk friction coefficient (¢, ) of ~0.6
for the sliding interface (Figure 3a), comparable to the frictional strength for regular fault zones (Byerlee, 1978).
The effective bulk friction coefficient (u’y ) here is the effective bulk strength of the sliding surface at the onset
of the shearing slide. Differently, the interparticle friction coefficient (4, is a DEM parameter pre-assigned to
each particle before each run. The mechanical properties of the particles are based on previous DEM modeling for
granite (Vora & Morgan, 2019), and the mechanical properties of the numerical bonds are based on the published
numerical shearing experiments (Caniven et al., 2021). Details about those key modeling parameters can be found
in Supporting Information S1 (Table S1 in Supporting Information S1). A constant velocity of 0.5 mm/s is imposed
at the servo walls, producing intermittent locking and unlocking along the fault. Such shearing rate is able to gener-
ate geologically reasonable values for slow and fast slip events on the sliding interface (Ferdowsi & Rubin, 2020).

To maintain DEM system stability, the simulation's TS must be a fraction of the lowest collision time of the
particle (Shifer et al., 1996). The collision time for the particle governed by the Hertzian contact law in an elastic
medium can be derived by using the equation below:

2/5
t,,=3.21(ﬂ> o' (1)
44/ Rest Eett

Here, v, is the impact particle velocity, my = (mm)/(m;, + m,), R, = (RR)/(R, + R,), and
Eer = 1/[(1=03)/Ei + (1 = 02)/E,|, where m, and m, are masses, R, and R, are radii, E, and E, are the
Young's Moduli, and v, and v, are Poisson's ratios of two particles in contact. Therefore, a stable TS of 0.01 s per
iteration cycle is determined based on the estimation that the maximum impact particle velocity (v,) is ~10 m/s
in the system.

The information of each particle, including the force components and motions, is stored at 5,000 iteration cycles
per increment in the early aseismic stage of the rupture nucleation and every 100 iteration cycles per increment
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of incremental change in shear stress near failure. The blue color represents a decrease in shear stress, and the red color represents an increase in shear stress. (c)

Time-space map of slip rate near failure.

when the sliding interface is close to the dynamic slip, providing us details ranging from the quasistatic rupture
preparation to seismic wave propagation. The elapsed time (Time) in the plots is derived as follows:

Time = TS/cycle X cycles/Increment X Increments 2

2.3. Perturbation Zone

In addition to our reference simulations, we perform numerical experiments in which we impose either a weaker
or stronger fault patch (particles in black and yellow in the fault zone in Figure 2a) to trigger a small earthquake
or minimize the effect of specific nucleation sites on subsequent seismic events.

The simulated fault roughness is created by a combination of the interlocked structure between identical size
particles along the prescribed horizontal fault of 50 km and a large-wavelength undulating topography resulting
from a naturally emergent bend of the interface during the consolidation phase (Figure 2a). Therefore, both
the geometric asperity along the fault and the pre-assigned interparticle friction coefficient will influence the
frictional strengthening of the sliding interface and future slip behaviors. In this study, the geometric asperity
remains unchanged after the consolidation phase. Thus, we change the pre-assigned interparticle friction coeffi-
cient before each run to create a frictional strengthening zone or a frictional weakening zone.

A weakening perturbation zone (WPZ) can be introduced to induce the onset of a small seismic event at a
specific temporal and spatial point. The approach has been employed to simulate dynamic weakening in the
previous work (Wang et al., 2021), where the value of y, assigned to the contacts within a certain fault length
is decreased directly. The rapid reduction in friction along the fault simulates a change from static to dynamic
friction during an earthquake (Rabinowicz, 1951). Similarly, we can introduce a strengthening perturbation zone

WANG ET AL.

6 of 16

8518017 SUOLULLIOD 3AIIER.D dedldde U Aq peusenob e Sapiie VO ‘85N JO 3Nl 1oy A%eiq18UlUO A8 ]I LD (SUORIPUOD-PUE-SWIBIALI00 A8 | IM Afe.d 1 jBu JUO//S1Y) SUORIPUOD Pue SWLB | 38U 89S *[£202/90/2Z] Uo ArigiTauliuo A|IM Seyiolialg-uia uounz yia Aq 9909209r2202/620T OT/I0p/w0d e M ARiq1uljuo'sgndnBe//:sdny Wwoy pepeojumoq ‘9 ‘€202 ‘9SE669TZ



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2022JB026066

(SPZ) by increasing y,, within a certain fault domain to impede the growth of the unwanted nucleation sites and
their corresponding preseismic slow slip. Using this approach, we can focus on a particular nucleation process,
examining the causal relationship between one cluster of aseismic slip events and the incoming seismic event.

3. Simulation Results

The position and force components of each particle are documented over simulation time. The corresponding
stress components, then, are resolved to calculate the displacement rate, the mean (o,,), shear (7), and normal
(o,) stresses of each particle in the fault zone. Details about their calculations can be found in prior work
(Morgan, 2015; Wang et al., 2021).

Following previous work (McLaskey, 2019), we define the particle displacement rate as dynamic when the corre-
sponding rupture front velocity (V) is over 10% of the shear wave velocity. This corresponds to approximately
0.1 m/s in our numerical simulations as V, = ~300 m/s. Hence, the rate of aseismic (slow) slip is given by
<0.1 m/s in our simulation results. The rupture front velocity (V,), which indicates the growth rate of the area
with reduced 7, can be derived from the time-space map of incremental 7 (pre-slip nucleation model in Figure 1a)
based on the equation:

V, = 1/]ot,(x)/0ox| 3)

Here, ¢, is the temporal increment (time), and x is the distance along the fault.

What is more, a log-log plot of incremental stress drops along the fault distance against the slip rates along the
fault distance over time is provided in Supporting Information S1 (Figure S4 in Supporting Information S1) to
manifest the range of the stress drop associated with the seismic and aseismic slip events during a full stick-slip
cycle.

3.1. Reference Model With Constant Pre-Assigned p,, , Along Fault Plane

We first build a 50-km vertical strike-slip fault without any perturbation as a reference model (Movies S1 and S2).
The evolution of the ratio of shear to normal stress (z/c,) and maximum slip rate are plotted respectively in
Figure 3a. As the two lines of particles alternate between an interlocking to a loose state during the asperity shear-
ing, the model yields multiple regular stick-slip behaviors, including main seismic events and interseismic peri-
ods. We define the elapsed time as the time since the last main seismic event (Figure 3a). As the fault approaches
the instability (from ~2,100 min, in Figure 3a), the curve of 7/, starts to depart from a linear trend, indicating
a slow stress drop (Figure 3a). Concurrently, the slip rate accelerates gradually, and a jump in maximum slip
rate occurs at ~2,600 min, which is shortly before a macroscopic failure occurs (red curves in Figure 3a). Previ-
ous numerical studies and laboratory experiments also observed a similar departure of 7/, from the linearity
(Caniven et al., 2021; McLaskey & Lockner, 2014), indicating the occurrence of precursory aseismic slip.

The time-space maps of incremental 7 and slip rate along the fault plane are plotted in Figures 3b and 3c, respec-
tively. Moreover, we plot the incremental changes in o, near the fault to demonstrate stress transfer, as well as
localized compressional and extensional states through the rupture nucleation process (Figure 4). An apparent
strike-slip focal mechanism initiates at ~12 km (Figures 4a and 4b), indicating a distinct nucleation event (Nucle-
ation A). Simultaneously, two additional small nucleation events (Nucleation B and C) initiate at about 35 and
42 km, respectively (Figures 3b and 4c). Nucleation A first approaches a critical state (at ~2,823 min), where
the rupture front propagation rate reaches (V) over 300 m/s (Figure 3b). It grows rapidly and propagates laterally
through the acceleration of the preseismic slow slip sequences (Figures 3¢ and 4d). Moreover, the blue regions
associated with Nucleation B and C turn red during dynamic rupture in Figure 3c. It is likely that the rupture
first initiates with Nucleation A, interrupting the growth of Nucleation B and C. During the seismic event (after
2,824 min), the V is over 1 km/s, and the maximum slip rate is over 1 m/s (Figure 3c). Eventually, the seismic
rupture broke the entire fault zone and restored the system.

Interestingly, previous numerical studies also observed similar phenomena, where multiple nucleation sites
grow concurrently prior to a final dynamic rupture (Albertini et al., 2021; Caniven et al., 2021; Cattania &
Segall, 2021). However, the preseismic slow slip clusters and the subsequent seismicities in the nucleation
regions were not defined well. All preseismic slip processes were often interpreted as precursory slip events for
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Figure 4. Plots of incremental change in mean stress demonstrates stress transfer through rupture initiation in reference model without perturbation. The blue color
represents a decrease in the mean stress (local extension), and the red color represents an increase in the mean stress (local compression).

the upcoming seismic event. In our model, however, Nucleation A appears to have reached its critical nucleation
state (V, > 300 m/s) much earlier than Nucleation B and C (Figures 3b and 3c).

3.2. Differentiating Precursory Slow Slip Sequences

To determine whether all the preseismic slow slip events are directly correlated to the incoming dynamic slip
event, we define a SPZ, where Hoart is increased from 0.20 to 0.40 ~350 s before the seismic event (at 2,816.7 min
in Figure 5), impeding the development of nucleation if there is any. Concurrently, the frictional strength is main-

tained elsewhere along the fault interface.

First, we place a 10-km wide SPZ at 35 km to test whether the preseismic slow slip events in Nucleation B
and C play a key role in generating the incoming dynamic slip. As shown in Figure 5a, their nucleation growth
diminishes while dynamic slip still occurs at about the same time (Figure 5a), consistent with the reference model
(Figure 3c). Moreover, the slip pattern and its amplitude remain almost unchanged, indicating that the dynamic
slip event without the contribution of Nucleation B and C (Figure 5a) is identical to the one observed in the
reference model (Figure 3c). In general, the dynamic slip initiates from Nucleation A and is essentially controlled
by it. Therefore, Nucleation B and C have a limited effect on the nucleation of the upcoming dynamic slip event,
implying that the preseismic slow slip events within Nucleation B and C are not precursory for the incoming
seismic event.

In another case, we place the 10-km wide SPZ at 10 km to minimize the influence of Nucleation A to better
define the preseismic slow slip sequences in Nucleation B and C (Figure 5b). Nucleation B and C continue their
evolution as the early interruption originating from Nucleation A no longer exists. The aseismic slip events in
Nucleation B and C eventually turn into a large dynamic rupture, propagating across the entire stretch of the fault
seismically at ~3,473.2 min, approximately 650 min later than the reference rupture (Figure 5b). The seismic
slip pattern differs from the reference model, indicating further that the aseismic slip events in Nucleation B
and C lead up to a new seismic event, governed by pre-slip nucleation mode (Figure 5b). In the reference model
(Figures 3b and 4d), the growths of Nucleation B and C are interrupted by the seismic rupture propagating from
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Figure 5. (a) Time-space map of slip rate after isolating Nucleation B and C (refer to the reference model in Figure 3) by placing a 10-km-wide strengthening
perturbation zone (SPZ) at 35 km in early phase of earthquake preparation. (b) Time-space map of slip rate after isolating Nucleation A (refer to the reference model in
Figure 3) by placing a 10-km-wide SPZ at 10 km in early phase of earthquake preparation.

Nucleation A. They will never turn into the seismic slip event, as shown in Figure 5b, due to the energy restoration
of the fault system.

3.3. Accelerating Slow Slip Sequences Triggered by Early Seismic Events

To explore the interaction between preseismic slow slip events during nucleation and a fast slip event, we intro-
duce a WPZ to trigger a small seismic event during nucleation. In the WPZ, 4, . is set initially to 0.20, which is
the same as the rest of the fault interface. At a certain time prior to the onset of the instability, we decrease 1,
within the WPZ to 0, simulating a small foreshock. Shortly after 100 s (100 increments with 100 cycles/incre-
ment), 4, in the WPZ is changed back to 0.20. Here, we define the time difference between the triggered seismic
event and the reference event as the advanced time, and the corresponding occurrence of the time-advanced slip
is the clock advance. In the following experiments, we vary the location and sizes of the WPZ at different times.

We first vary the location of a 5-km wide WPZ to create different scenarios, whereas the timing when we place
the WPZ is the same for each case (2,500.1 min). The time-space map of the slip rate for each case is plotted
to show the triggering process (Figure 6). When the WPZ is placed at 10 km at 2,500.1 min, which is close to
Nucleation A (Case 1 in Figure 6a), the small earthquake initiates the large dynamic rupture instantaneously, an
end-member of clock advance, consistent with the process described by the cascade nucleation model. Moreo-
ver, the slip pattern and amplitude (Figure 6a) differ from those produced by the reference model (Figure 3c).
However, as the WPZ is placed at 25 or 45 km, both far away from any nucleation zone (Case 2 in Figure 6b
and Case 4 in Figure 6d), only the small triggered earthquake takes place at 2,500.1 min in each case, breaking
the fault partially due to the dynamic weakening that we have imposed. Although Nucleation A at 12 km leads
to a small clock advance, its slip pattern and magnitude are similar to those in the reference model (Figures 6b
and 6d). Interestingly, Nucleation B and C are much smaller than Nucleation A, yet the small earthquake intro-
duced at 35 km can still induce a large seismic event instantaneously, following the cascade nucleation mode
(Case 3 in Figure 6¢). Moreover, the slip pattern of the final seismic event in Case 3 differs from the reference
case in Figure 3c.

Next, we also vary the width of the WPZ to explore how the distance between the foreshock and the preseismic
slip events of Nucleation A, as well as the foreshock size affect the occurrence of cascade nucleation. The differ-
ent advanced time durations (time differences between the triggered event and the reference event) produced
are plotted in Figure 7a. As the distance between the preseismic slip events and the small earthquake increases,
the advanced time decreases. Furthermore, as the size of the small earthquake increases, represented by the
increase in WPZ width, the advanced time increases. Additionally, the possibility that the small earthquake
instantaneously triggers a large seismic event, that is, governed by cascade nucleation, decreases drastically as
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Figure 6. Time-space map of slip rate after a 5-km-wide weakening perturbation zone (WPZ) is placed to trigger a foreshock at 10 km (a), 25 km (b), 35 km (c), and
45 km (d) along a fault.

the foreshock occurrence is over 5 km away from the nucleation (white circles in Figure 7a). In addition, as the
size of the foreshock is sufficiently small, the foreshock at the nucleation site does not instantaneously trigger a
large seismic event. Instead, it causes a relatively large clock advance (orange circle at the bottom left corner in

Figure 7a).
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Figure 7. (a) Different sizes of small seismic events trigger clock advance from different distances to aseismic slip events in Nucleation A. The width of the weakening
perturbation zone (WPZ) represents the size of the small seismic event. Different colors in circles represent the advanced time after the onset of the small seismic

event, which is the time difference between the triggered seismic event and the reference event. A white circle represents the case where the seismic event is triggered
instantaneously after the onset of the small seismic event. (b) A same-size small seismic event occurs at different timings from different distances to aseismic slip events
in Nucleation A. Different colors represent the distance between the 5-km wide WPZ and the aseismic slip events in Nucleation A. The peak point in the blue curve
indicates the instantaneously triggered seismic event (cascade rupture nucleation).
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Finally, to showcase how the timing of the small earthquake influences the occurrence of cascade nucleation
at Nucleation A, we also introduce the same width of the WPZ (5 km) at different times. In the early stage of
the stick-slip cycle (~1,200 min prior to reference failure in Figure 7b), the introduction of the WPZ always
triggers a small clock advance of a seismic event, yet the timing of the small earthquake does not change the
clock advance significantly. In contrast, if the foreshock occurs within ~1,200 min prior to the reference seis-
mic event, the advanced time increases dramatically (Figure 7b). As the system approaches the instability (after
~1,200 min), the later the foreshock occurs, the larger the advanced time is, implying a higher possibility for the
occurrence of cascade nucleation (Figure 7b). If the small foreshock occurs next to Nucleation A (blue curve in
Figure 7b) ~200 min prior to the reference seismic event, the foreshock triggers the seismic event instantaneously.
The relationship between the timing of the foreshock and the advanced time during the late stage of nucleation is
nonlinearly inverse, in agreement with the discussion of the delayed triggering mechanism (Blank et al., 2021),
which is caused by the acceleration of aseismic slip and stress change after ~1,800 min in our numerical simula-
tion (Figure 3c and Figure S1 in Supporting Information S1).

In summary, the foreshock caused by the introduction of WPZ can trigger a large cascade rupture nucleation as it
is close to a nucleation zone that can potentially turn into a large dynamic rupture (Figures 6a and 6¢). Further-
more, our simulation results show that the size and timing of the small earthquake, as well as the distance between
the preseismic slow slip events of the nucleation site and the small earthquake, jointly determine whether the
cascade nucleation can take place (Figure 7).

4. Discussion
4.1. Rupture Nucleation Process Reconciling Pre-Slip and Cascade Models

Our reference model exhibits that multiple dynamic slip preparation sites may occur concurrently, governed by
the pre-slip nucleation mode, and subjected to a heterogeneous stress state along the irregular geometric fault
interface (Figure 3b). The accelerating preseismic slow slip sequences are a byproduct of a large nucleation
process, consistent with previous observations of pre-slip rupture initiation processes (Cattania & Segall, 2021;
McLaskey & Lockner, 2014; Yamashita et al., 2021).

In addition to the pre-slip nucleation mode processes, our model provides insights into interplays among differ-
ent processes. The dynamic rupture produced from one nucleation site may propagate to neighboring segments,
overprinting the growth of the aseismic slip events in other nucleation sites (Figures 3b and 4). Moreover, if a
sufficiently large foreshock occurs close enough to one cluster of precursory slow slip sequences, the foreshock
may trigger a clock advance of the seismic event, substantially shortening the temporal earthquake initiation
process (Figures 6 and 7).

To reconcile the pre-slip and cascade nucleation models, we propose rupture nucleation processes along a geomet-
rically heterogeneous fault based on our numerical simulation results (Figures 8a and 8b). Multiple preseismic
slow slip sequences represent different nucleation processes in the early stage of a rupture cycle (Figure 8a).
As the variation in normal stress results from the fault's heterogeneity, a few preseismic slow slip sequences
accelerate. The rest may be sparse aseismic slip events or slow earthquakes over the fault, which do not continue
accelerating (Caniven et al., 2021). From geodetic and seismic records, we occasionally observe multiple aseis-
mic slip events prior to the main shock. Each of them may be a candidate for precursory slow slip (black, red,
blue, green, and brown nucleation sites in Figure 8a). A few of them may turn into small earthquakes (EQ 1 and
EQ 2 in green and red, respectively, in Figure 8a), threatening to initiate nearby nucleation sites. If either EQ 1
or EQ 2 is sufficient to trigger a notable clock advance of the seismic event, the fault system will behave as the
cascade nucleation model (Figure 8a). Therefore, a temporal and spatial gap appears between the expansion of
the accelerating aseismic slip events and EQ 4 (blue nucleation site in Figure 8a), similar to the simulation results
shown in Figures 6a and 6¢. However, if EQ 1 and EQ 2 are not sufficiently large or close enough to trigger other
nucleation sites instantaneously, as demonstrated by Figures 6b and 6d, the aseismic slip clusters in black will
lead to the seismic event (EQ 3 in Figure 8b), generally following the pre-slip nucleation mode. However, there
are likely a few preseismic slow slip events (clusters in blue and brown in Figure 8b) that may also have been
experiencing acceleration and expansion prior to EQ 3, giving rise to difficulties in quantifying the growth of the
slip patch and estimating the timing of EQ 3. Moreover, a large amount of elastic strain energy is released after
EQ 3, resulting in a reset of the fault system. Hence, the blue and brown nucleation sites will never turn into other
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Figure 8. Schematic interpretation of earthquake initiation processes, reconciling two-end members of nucleation modes. The fault is presumably controlled by
geometric topography only. Only the accelerating preseismic slow slip sequences are presented. (a) Earthquake preparation includes both nucleation modes but is
mainly governed by cascade nucleation mode. (b) Earthquake preparation includes both nucleation modes but is primarily governed by pre-slip nucleation mode. (c)
Interpretation of an unexpected large seismic event in a “pseudo-couple” region triggered by a preceding seismic event across from a neighboring rupture zone.

seismic events before entering the next seismic cycle (EQ 4 and EQ 5 in Figure 8b). An analog case is shown in
Figure 3b, where Nucleation B and C have the potential to lead up to a large seismic event but will never do due
to the preceding energy release triggered by Nucleation A.

To conclude, the final seismic event is the result of contributions from multiple nucleation sites. Depending
on the in-situ heterogeneity of the fault interface, the rupture process can ultimately appear to be comparable
to either pre-slip, cascade up, or in between. Moreover, our simulation results reveal that preseismic slow slip
sequences, experiencing acceleration and possessing features prone to turning into a dynamic slip event, are not
necessarily the precursory slip processes (e.g., slow slip events in blue and brown nucleation sites, Figure 8b).
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4.2. Characteristics of Non-Precursory and Precursory Slow Slip and Their Implications for Seismic
Hazard Assessment

4.2.1. Generation of Precursory Slow Slip

In our DEM models, fault roughness is created by a combination of the interlocked structure between identical size
particles and a large-wavelength undulating topography resulting from a naturally emergent bend of the interface
during the consolidation phase (Figure 2a). The geometric roughness controls the stress distributions (Figure 3b
and Figure S1 in Supporting Information S1), resulting in variations in the apparent friction (z/c,) along the fault.
The location of the strongest geometric asperity usually implies a maximum apparent frictional strength, which
correlates to the source of the seismic event (Caniven et al., 2017). Moreover, the geometric asperity of the fault
interface and the random distribution of the particles between the prescribed fault line and the servo wall result in
variations in normal stress along the sliding surface (Figure S3 in Supporting Information S1 and Movie S3). The
localized normal stresses near Nucleation A are relatively small compared to the ones near Nucleation B and C,
making the fault around Nucleation A dilate easier than the one initiating Nucleation B and C.

As the strongest geometric asperity starts to shear, the corresponding particles from the upper block climb up the
ones of the lower block from the interlocked state (Figures S2a and S2b in Supporting Information S1). Overcom-
ing the geometric asperity resistance, void spaces between the lower and upper blocks gradually dilate, reducing
the area of contact areas along the sliding interface. Consequently, the fault dilation promotes a drop in frictional
strength, leading to precursory slow slip sequences and their accelerations (Caniven et al., 2021). Once the
asperity apex is reached (Figure S2c in Supporting Information S1), resistance to the particle slippage vanishes,
enabling fast seismic slip, accompanied by a rapid shear-induced closure of the void spaces (Figures S2d and S2e
in Supporting Information S1), implying localized contraction states (Blank et al., 2021; Caniven et al., 2021).
Eventually, the fault enters another interlocking state, indicating the end of one stick-slip cycle. The preseismic
slow slip sequences that can evolve into fast seismic events are likely found at a highly dilatant sliding surface,
potentially storing large elastic strain energy during the interseismic period (Caniven et al., 2021). Differing
from the high dilatancy fault system constructed for this study, a fault interface defined by two lines of particles
with contrasting sizes can lead to low dilatancy, generating slow slip events with the absence of dynamic events
(Caniven et al., 2021). It has been manifested that the simulated fault zone works against the applied normal stress
through the upper-block particles climbing up the lower-block particles, giving rise to the accumulation of elastic
strain energy (Caniven et al., 2021). This energy will be released during fault slip and contraction. Therefore,
the surface roughness was found to be a factor controlling the amount of elastic strain energy accumulated, with
rougher surfaces potentially resulting in future faster slip.

4.2.2. Two Types of Non-Precursory Slow Slip, One of Which Can Still Be Dangerous

Not every preseismic slow slip sequence will lead up to a large dynamic slip event. One apparent feature possessed
by the most typical non-precursory slow slip is its limited acceleration and maybe noticeable deceleration,
controlled by a few additional factors, including thermal pressurization (Bizzarri & Cocco, 2006), shear-induced
dilatancy (Dal Zilio et al., 2020; Segall et al., 2010), and fault topography (Caniven et al., 2021). In particular,
Caniven et al. (2021) have inferred that a preseismic slow slip nucleation point, which restrains the fault dilation
and the subsequent contraction, opposes the transition from aseismic slip events to a large dynamic.

In contrast, our simulation results reveal another type of non-precursory slow slip, which initiates from the fault
roughness favoring dynamic rupture and causes acceleration in the aseismic phase prior to the seismic event
(slow slip events in Nucleation B and C in Figure 3c). Previous observations show multiple slow slip activities
during a progressive increase in seismicities before the large megathrust earthquakes in the northeast Japan Arc
and the south-central Chile Margin (Hasegawa & Yoshida, 2015; Socquet et al., 2017). Based on our simulation
results, we suspect that many of these events may lead to different earthquakes, similar to the scenarios captured
in Figures 8a and 8b. As a nearby seismic event occurs early, the stress state resets over the region, preventing the
preseismic slow slip events from leading up to any dynamic rupture (Figures 8a and 8b). Therefore, they should
not be defined as precursory slip processes for the incoming earthquake.

Interestingly, the accelerating preseismic slow slip events that are not directly related to the incoming pre-slip
mode rupture nucleation, may be indicative of a local seismic hazard, and potentially triggered by small seismic
events governed by the cascade nucleation mode (Figure 6c¢). It is reasonable to infer that the presence of regional
accelerating aseismic slip events and aseismic bursts may imply that the corresponding region possesses the
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physical features, such as relatively strong relief asperities (as discussed in Section 4.2.1), that favor the produc-
tion of large seismic events (e.g., Nucleation B and C in Figure 3). The growth of those accelerating aseismic slip
clusters may be slower than those in the neighboring segment. However, the region still maintains the potential
to be triggered, producing a large seismic rupture (e.g., Nucleation B and C in Figure 6¢). This mechanism is
manifested in Figure 8c and may help explain the unexpected occurrence of the October 2020 Mw 7.6 earth-
quake in the Shumagin Gap (Crowell & Melgar, 2020; Herman & Furlong, 2021). The October 2020 Mw 7.6
rupture zone appeared weakly coupled, compared to the adjacent 1946 and 1938 earthquake rupture segments.
However, it is probable that the July 2020 Mw 7.8 earthquake took place nearby first, and its subsequent after-
shock ruptured across the coupled region into a “pseudo-coupled” zone, triggering the October 2020 Mw 7.6
earthquake (Herman & Furlong, 2021). This scenario is comparable to our case shown in Figure 6¢, where
Nucleation B and C initiate in the “pseudo-coupled” zone. The zone favors the generation of pre-slip nucleation
mode rupture less than Nucleation A, yet still possesses a relatively high potential to be triggered seismically by
a small seismic event (Figures 6¢ and 8c).

5. Conclusions

This study uses 2-D DEM models to simulate the rupture nucleation process, including slow (aseismic) and
fast (dynamic) slip, on simplified, controlled, highly dilatant, and rough fault surfaces. Our models yield
multiple nucleation sites prior to a seismic event, of which preseismic slow slip sequences were usually
defined as precursory slip processes. In contrast to previous interpretations of precursory slow slip, the aseis-
mic slip clusters in one nucleation site prove to be directly responsible for the incoming seismic events, while
the preseismic slow slip events in the other nucleation sites may have a minimal effect on the impending
seismic rupture.

Moreover, our simulation results demonstrate that the size and timing of the small earthquakes, as well as the
distance between the preseismic slow slip events in the nucleation site and such small earthquakes, jointly control
the clock advance of the seismic event and the occurrence of the cascade rupture nucleation. Furthermore, the
simulation results suggest that the final seismic event likely results from multiple nucleation sites. We propose a
mixed nucleation rupture process based on the numerical results, including two-end member nucleation models.
Depending on the in-situ heterogeneity of the fault interface, the rupture process ultimately appears to be compa-
rable to either a pre-slip, cascade-up, or in-between mode.

Lastly, our numerical simulations highlight the significance of characterizing preseismic accelerating aseismic
slip sequences, which may indicate incoming seismic hazards. The numerical models yield two types of accel-
erating preseismic slow slip before the main event: (a) precursory slow slip clusters, which are accelerating and
mainly governed by pre-slip nucleation mode, directly leading up to the next seismic event, and (b) accelerating
preseismic slow slip events, which are a new type of non-precursory slow slip, representing the region favoring a
seismic event, governed by pre-slip nucleation mode but non-correlated to the incoming main event. We infer that
many accelerating preseismic slow slip sequences found prior to large historical earthquakes may be mislabeled
as precursory slip processes. Moreover, these non-precursory accelerating aseismic slip events in nature could
imply a potential seismic hazard that can be triggered by a dynamic rupture propagating from a neighboring
segment.

Data Availability Statement

The data from all simulations of this research can be found in the published dataset on the ETH research
collection: doi.org/10.3929/ethz-b-000577745. Software Availability Statement: The scripts for processing
and visualizing the raw data from the numerical simulations are available on the ETH research collection:
doi.org/10.3929/ethz-b-000577745. Moreover, the original DEM script is open to researchers with appropriate
credentials and can be found in the past work by Morgan (2015). Interesting parties are encouraged to contact
the authors directly.
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