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Variations in precursory slip behavior
resulting from frictional heterogeneity
Suguru Yabe1* and Satoshi Ide2

Abstract

Precursory seismicity is often observed before a large earthquake. Small foreshocks occur within the mainshock
rupture area, which cannot be explained by simple models that assume homogeneous friction on the entire fault.
In this study, we consider a frictionally heterogeneous fault model, motivated by recent observations of geologic
faults and slow earthquakes. This study investigates slip behavior on faults governed by a rate- and state-dependent
friction law. We consider a finite linear fault consisting of alternating velocity-weakening zones (VWZs) and velocity-
strengthening zones (VSZs). Our model generates precursory slip before the mainshock that ruptures the entire
fault, though the activity level of the precursory slip depends on the frictional parameters. We investigate variations
in precursory slip behavior, which we characterize quantitatively by the background slip acceleration and seismic
radiation, using parameter studies of the a value of the VWZs and VSZs. The results reveal that precursory slip is
very small when VWZs are strongly locked and when VSZs consume only a small amount of energy during seismic
slip. Precursory slip is significant around the stability boundary of the fault. Furthermore, the type of precursory slip
(seismic or aseismic) is controlled by the amplitude of the frictional heterogeneity. Active foreshocks obeying an
inverse Omori law associated with background aseismic slip can be interpreted as the nucleation of the mainshock,
though this is different from classical nucleation because the monotonic increase in slip velocity is significantly
perturbed by the occurrence of foreshocks. Frictional heterogeneity also affects interseismic slip behavior. Modeled
variations in precursory slip behavior and interseismic activity can qualitatively explain the along-dip and among-
subduction-zone variations in real seismicity patterns. Because even simple frictional heterogeneity produces
complex seismicity, it is necessary to further investigate the slip behavior of frictionally heterogeneous faults, which
could be utilized for modeling various real seismicity patterns.

Keywords: Rate- and state-dependent friction law, Frictional heterogeneity, Foreshock, Inverse Omori law,
Dynamic nucleation

Introduction
An increase in seismicity, or foreshock activity, has long
been recognized during the period before large earth-
quakes (e.g., Jones and Molnar 1979; Dodge et al. 1995;
Abercrombie and Mori 1996; Bouchon et al. 2011,
2013). Foreshocks were also reported in recent mega-
thrust earthquakes in subduction zones, such as the
2011 Tohoku-Oki earthquake in Japan and the 2014
Iquique earthquake in Chile, in association with slow
slip around the eventual hypocenter of the mainshock
(Ando and Imanishi 2011; Kato et al. 2012; Ito et al.

2013; Ruiz et al. 2014). Similar observations have been
reported in rock fracture experiments, where local seis-
mic sources are located within the aseismically slipping
(nucleation) zone before slip occurs on the rock surface
(McLaskey and Kilgore 2013). Foreshocks are considered
to be driven by the nucleation process of the mainshock
and therefore are expected to act as precursors to large
earthquakes (Dodge et al. 1996; McGuire et al. 2005).
On the other hand, the epidemic-type aftershock se-
quence (ETAS) model (Ogata 1988), which considers
only mainshock-aftershock triggering, explains many of
the statistical properties of foreshock activity, such as
the inverse Omori law and Båth’s law (Helmstetter and
Sornette 2003a, 2003b); this suggests that foreshocks are
generated by the usual mainshock-aftershock triggering
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mechanism (Helmstetter et al. 2003). However, the phys-
ical mechanism of foreshock generation remains poorly
understood.
Recent findings in the field of slow earthquake studies

emphasize the importance of fault heterogeneity. The
existence of high-frequency seismic signals (tectonic
tremors) suggests that a velocity-weakening (or
slip-weakening) friction law governs fault behavior,
whereas the sensitivity of tectonic tremors to small stress
perturbations implies that a velocity-strengthening friction
law controls the fault, assuming that the tremor rate is
proportional to the slip velocity on the fault (Miyazawa
and Brodsky 2008; Beeler et al. 2013; Ide and Tanaka
2014; Houston 2015; Yabe et al. 2015). Geologic observa-
tions also suggest that ancient plate boundary faults com-
prise a mixture of ductile matrix and brittle blocks
(Fagereng and Sibson 2010; Fagereng et al. 2014; Ujiie et
al. 2018). The hydraulic properties of geologic faults could
also be heterogeneous (Wibberley and Shimamoto 2003),
which would cause heterogeneous distributions of pore
fluid pressure and effective normal stress.
The slip behavior of frictionally heterogeneous faults has

been investigated in several studies. Dublanchet et al.
(2013) and Yabe and Ide (2017) investigated the slip be-
havior of infinite-length planar and linear faults with peri-
odic frictional parameter distributions, respectively. They
reported a variety of slip behaviors, from seismic slip that
ruptures only the velocity-weakening zone (VWZ) to seis-
mic slip that ruptures the entire fault, including both the
VWZ and velocity-strengthening zone (VSZ). Yabe and
Ide (2017) documented slower deformation at the transi-
tion between two behaviors, which may correspond to
slow earthquakes. In contrast, Skarbek et al. (2012) docu-
mented transitions from seismic to slow slip on a finite
frictionally heterogeneous fault. Luo and Ampuero (2017)
performed a thorough stability analysis of an infinite fric-
tionally heterogeneous fault. Yabe and Ide (2018; hereafter
YI18) reproduced aftershocks within the mainshock rup-
ture area (e.g., Beroza and Zoback 1993; Woessner et al.
2006) by considering the partial rupture of a frictionally
heterogeneous fault. Dublanchet et al. (2013) and YI18 re-
ported foreshocks before the mainshock, though no previ-
ous study has investigated the causes of variations in
foreshock activity.
Motivated by those observations, this study investigates

the precursory slip behavior of a frictionally heterogeneous
fault comprising VWZs and VSZs governed by a rate- and
state-dependent friction (RSF) law (Dieterich 1979). We
quantify the precursory slip behaviors from two perspec-
tives: background aseismic slip velocity and seismic wave
energy radiation. Parameter studies reveal that precursory
slip behavior is dependent on the frictional parameters of
the VWZs and VSZs, and intense precursory slip is ob-
served around the stability boundary of the fault.

Methods/Experimental
As in YI18, this study investigates slip behavior on a finite
linear fault governed by the RSF law (Dieterich 1979) in a
two-dimensional (2D) antiplane elastic space (Fig. 1). The
seismogenic zone on the fault consists of 70 cells, each of
which comprises a paired VWZ and VSZ with a large VSZ
at the edge. Outside of the modeled fault, it is assumed
that the fault slips stably at plate velocity Vpl. The lengths
of each VWZ-VSZ pair are 6 m and 2 m, which are discre-
tized into 60 and 20 subfaults for numerical simulations,
respectively. The system is bilaterally symmetric. The
shear stress on the ith subfault,τi, is given by:

τi ¼ τ0 þ
X

j
K ij u j−V plt

� �
−
μ
2β

V i; ð1Þ

where τ0 is the ambient shear stress, uj is the slip dis-
tance on the jth subfault, t is time, μ is the shear modu-
lus, β is the shear wave velocity, and Vi is the slip
velocity on the ith subfault. The last term is a radiation
damping term (Rice 1993), and we consider only static
stress interactions for kernel Kij (Dieterich 1992). Interac-
tions between seismic patches with a dynamic-stress kernel
should show qualitatively similar behaviors to interactions
with a static-stress kernel (Thomas et al. 2014).
Based on the RSF law, the shear stress on the ith

subfault is also given:

τi ¼ τ0 þ aiσ log
V i

V pl
þ biσ log

θi
θpl

; ð2Þ

where σ is the normal stress on the fault, θi is the state
variable of the ith subfault, and θpl is the reference state
variable at the plate velocity. We use the aging law of
Dieterich (1979) in this study:

dθ
dt

¼ 1−
Vθ
Dc

; ð3Þ

where Dc is the characteristic slip distance. Taking the
time derivatives of Eqs. (1) and (2), and equating them,
yields:

Fig. 1 Model space of the numerical simulations. Only the left half of
the model space is shown here because the system is bilaterally
symmetric. Red and blue lines denote velocity-weakening zones (VWZs)
and velocity-strengthening zones (VSZs), respectively. Cells (pairs of VWZ
and VSZ) are numbered from #1 at the edge to #35 at the center of the
fault. A wide VSZ is set at the edge of the model space. The region
outside the model space is assumed to slip stably at the plate velocity
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Because τ0 does not appear in Eq. (4), its value does
not affect the slip behavior of the fault. The time evolu-
tions of Eqs. (3) and (4) are solved by a time-adaptive
Runge-Kutta-Fehlberg method (Fehlberg 1969; YI18).
We now describe how the frictional parameters of the

RSF law are distributed. For the entire fault, the parame-
ters b and Dc are set to uniform values of 0.002 and
10 μm, respectively. At the edge of the model space, a
wide VSZ is imposed to avoid mathematical artifacts that
result from evaluating the convolution in (4) using an FFT
(Fig. 1). In this wide VSZ, a = 0.010. Constant a values are
assigned to other VSZs and VWZs, which consist of seis-
mogenic zones on the fault. We conducted a parameter
study by changing the a value in the VWZs and VSZs. In
the VWZs, a varies from 0.0002 to 0.0018 in increments
of 0.0002; in the VSZ, we tested a = 0.0021 and the range
a = 0.0025−0.0060 in increments of 0.0005.
In the remainder of this manuscript, we refer to the pos-

ition along strike using our cell numbering convention:
position #1 corresponds to the edge of the seismogenic
zone and position #35 corresponds to the center. Seismi-
city for 1000 days has been calculated in each simulation,
and the last 500 days are used for the following analysis to
reduce biases related to transient behavior at the beginning
of each set of calculations. We use the following values for
other parameters: rigidity μ = 30 GPa, shear wave velocity
β = 3 km/s, effective normal stress σ = 100 MPa, and plate
loading velocity Vpl = 10−9 m/s. These parameters yield a
minimum nucleation size Lb = μDc/bσ of 1.5 m (Rubin and
Ampuero 2005). The fault is discretized into subfaults,
each with a size of 0.1 m, much shorter than the minimum
length required for nucleation. The slip velocity discussed
and presented in the following manuscript and figures is
averaged within each cell (i.e., spatially averaged in 80 m
regions) because we discuss the frictional heterogeneity on
scales smaller than the sizes of large earthquakes. Because
the system is bilaterally symmetric, only the left half of
each fault is shown in the figures.

Results
Seismic cycle
Consistent with previous studies (e.g., Skarbek et al.
2012; Dublanchet et al. 2013; Luo and Ampuero 2017;
Yabe and Ide 2017), we observed several different types
of slip behavior in our parameter studies. The first is the
“total seismic” regime, in which a mainshock event rup-
tures the entire seismogenic zone on the fault (param-
eter sets A-C in Fig. 2). Here, the slip behavior between
mainshocks depends on the frictional parameter. In
most cases, smaller stick-slip events occur, comprising
seismic ruptures of one or more cells, but not all cells

(parameter sets A and B in Fig. 2). The frequency of
smaller events also varies with the frictional parameters.
In some cases, seismic events do not occur between
mainshocks except for slow slip events (parameter set C
in Fig. 2). The second regime is the “partial seismic” re-
gime, in which each cell shows stick-slip behavior but
simultaneous slip does not occur across the entire seis-
mogenic zone (parameter set D in Fig. 2). We also ob-
serve a “slow slip” regime where the entire seismogenic
zone shows stick-slip behavior, though peak slip velocity
does not reach seismic slip velocity, which is defined as
1 mm/s in this study (parameter set E in Fig. 2). The last
regime is the “stable slip” regime, where stick-slip events
are never initiated (parameter set F in Fig. 2).
We present the detailed slip behavior of frictionally

heterogeneous faults on shorter timescales in Fig. 3. In
the total seismic regime, slip velocity distributions on
the fault are shown in a 20 s window around the main-
shock (parameter sets A–C in Fig. 3). Slip velocity decel-
erates monotonically after the mainshock, whereas the
preseismic behavior is less uniform. Although part of the
fault is accelerated before the mainshock (i.e., the nucle-
ation), its width depends on the frictional parameters.
Furthermore, in Fig. 3 for parameter sets B and C, part
of the fault accelerates to seismic slip velocity for a short
period before the mainshock, which represents fore-
shocks. During the mainshock, the entire seismogenic
zone simultaneously accelerates to seismic slip velocity.
In the partial seismic regime (parameter set D in Fig. 3),
individual cells are accelerated to seismic slip velocity
but the accelerations themselves are not simultaneous;
rather, we observe a migrating cell rupture with variable
time delays between adjacent ruptures. In the slow slip
regime (parameter set E in Fig. 3), cells are never accel-
erated to seismic slip velocity; instead, the rupture of the
fault propagates slowly from the center of the seismo-
genic zone to the edge.
To assess the dependence of the four types of slip be-

havior on the frictional parameters, we measure the
peak value of slip velocity Vave averaged across the en-
tire seismogenic zone (Fig. 4). The total seismic regime
has a high peak slip velocity (~ 0.1 m/s) because the en-
tire seismogenic zone simultaneously reaches seismic
slip velocity. The total seismic regime is observed when
(b − a)σ in the VWZ (ξw) is large and (a − b)σ in the
VSZ (ψs) is small. On the other hand, when both ξw
and ψs are large, the partial seismic regime has a lower
peak average-slip velocity (~ 1 mm/s) because only a
small part of the seismogenic zone slips seismically at
one time. When ξw is small and ψs is large, stick-slip
events are never initiated (i.e., the fault is in a stable
slip regime). The slow slip regime is observed in a nar-
row parameter space between the total seismic regime
and the stable slip regime, with smaller ξw.
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The transition in slip behavior from the total seis-
mic regime to the partial seismic regime corresponds
to the slip behavior transitions documented by
Dublanchet et al. (2013) and Yabe and Ide (2017).
The transition from the total seismic regime to the
slow slip regime corresponds to the slip behavior
transitions documented by Skarbek et al. (2012).
This transition is controlled by the spatially averaged
values of frictional parameters on an infinite fault
subjected to constant external stress (Yabe and Ide
2017), though the conditions of the transition vary
in the finite fault system or with increasing external
stress (Skarbek et al. 2012; Dublanchet et al. 2013;
Luo and Ampuero 2017; Yabe and Ide 2017). In this
study, we conduct parameter studies only for the a
value. However, other parameters, such as cell size
and the ratio of VWZ size to VSZ size, also affect
the changes in the conditions of the transition. De-
tailed parameter studies of these changes were con-
ducted by Luo and Ampuero (2017). Hereafter, we
focus on precursory slip behavior in the total seismic
regime.

Precursory behavior
Comparing the precursory slips of three examples in the
total seismic regime (parameter sets A–C in Fig. 3), there
are wide varieties. In parameter set A, where ξw is large
and ψs is small, precursory slip is negligible and occurs
only in one cell (#1). On the other hand, in parameter sets
B and C, which are closer to the stability boundary be-
tween the total seismic regime and other regimes, intense
precursory aseismic and seismic slip occurs across a wide
area of the fault. To quantify these variations, we define
the precursory period and foreshocks below, then report
the relevant results for each precursory slip behavior.
During the interseismic period, the precursory period

(Fig. 5a) begins at the last time when the slip velocity av-
eraged over the seismogenic zone exceeds the plate vel-
ocity before the mainshock. The end of the precursory
period (or equivalently, the beginning of the mainshock)
is defined as the last time at which the average slip vel-
ocity exceeds 1 mm/s before the peak averaged slip vel-
ocity during the mainshock. Foreshock events are
defined as precursory seismic events, during which the
maximum average slip velocity exceeds 1 mm/s (Fig. 5b).

Fig. 2 Examples of simulation results. The slip velocity averaged in the seismogenic zone is shown for parameter sets A–F. Arrows in A–C
represent the times of mainshocks. Detailed slip behavior of mainshocks denoted by blue arrows is shown in Fig. 3
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The first measure of the activity level of the precursory
slip is the amount of aseismic slip during the nucleation
process. In the case of a frictionally homogeneous fault
governed by a rate- and state-dependent friction law,
fault slip velocity is expected to increase proportionally
to the inverse of time remaining before the mainshock

(Dieterich 1992). In the case of a heterogeneous fault,
the accelerated aseismic slip is expected to drive fore-
shocks, and the occurrence of foreshocks perturbs this
simple relationship. However, it still holds true that
aseismic slip velocity outside of the foreshock period ac-
celerates in proportion to the inverse of the time before
the rupture (Noda et al. 2013). Therefore, the back-
ground aseismic slip velocity Vb could be expressed as
Vb =D/tr, where D is a constant and tr is the time
remaining before the mainshock. The constant D (here-
after called the nucleation level) is a proxy for the
amount of aseismic slip during the nucleation process.
The average slip velocity is plotted against tr as in Fig. 6a.
To define the background aseismic slip velocity Vb, we
need to define the slip velocity, which is not perturbed
by the occurrence of foreshocks. For this purpose, we
stacked the slip velocity evolutions of several precursory
periods for mainshocks in Fig. 2 and measured the bot-
tom 10th percentile value of the average slip velocity in
each time bin, divided equally in log space, from 1 s be-
fore the mainshock to the beginning of the nucleation
phase. Picked values of Vb were then fitted using the

Fig. 3 Detailed slip behaviors of the fault. Five examples (parameter sets A–E in Fig. 2) are shown, one per panel. Horizontal axis shows the
location (referenced by cell number) along the fault (cf. Fig. 1). Time flows from bottom to top on the vertical axis. Color intensity corresponds to
slip velocity in each cell as a function of time

Fig. 4 Phase diagram for different types of slip behavior. Color
intensity represents slip velocity. Symbols (circles and squares)
denote the color scale used. The six parameter sets shown as
examples in Figs. 2 and 3 are indicated by text labels A–F

Yabe and Ide Progress in Earth and Planetary Science  (2018) 5:43 Page 5 of 11



function shape of D/tr. This procedure was repeated for
all parameter sets in the total seismic regime, and the re-
sults are summarized in Fig. 6b.
In Fig. 6a, the bottom envelopes of the slip velocity are

roughly consistent with a slope of − 1, which supports
our hypothesis that the background aseismic slip velocity
and time to rupture are inversely proportional, even in a
frictionally heterogeneous fault. The value of the nucle-
ation level is very small for parameter set A, which indi-
cates that the precursory slip behavior is negligible, as
suggested by Fig. 3. For parameter sets B and C, the nu-
cleation level is larger for C than for B, which indicates
that aseismic slip during the nucleation is larger for C.
This is also consistent with Fig. 3 because the width of
the aseismic slip before the mainshock is much larger in
parameter set C. The results for all parameter studies
show that the nucleation level is higher around the sta-
bility boundary, though parameter sets with smaller ξw
tend to have higher nucleation levels.
The other measurement of the activity of the precur-

sory slip behavior is the amount of seismic slip during
the precursory period. The seismic slip of foreshocks is

driven by the background aseismic slip, which is quanti-
fied in Fig. 6. Such dynamic behavior is quantified by
calculating the energy consumed by the radiation damp-
ing term, which mimics the energy lost by seismic wave
radiation (Rice 1993). We calculate the following values
using the slip velocity Vave and slip xave averaged across
the seismogenic zone:

Eave ¼
Z

μ
2β

V avedxave: ð5Þ

The cumulative energy during the precursory period is
plotted against the time remaining before the mainshock
in Fig. 7a. This represents the activity of seismic slip
during the precursory slip period because the energy
consumption due to the radiation damping term shows
a greater increase when the slip velocity is higher. The
cumulative energies at 1 s before the mainshock, aver-
aged over several precursory periods, are plotted for all
parameter sets in Fig. 7b.
Because foreshocks are driven by the background

aseismic slip of the nucleation process, their seismic slip

Fig. 5 Definitions of precursory periods and foreshocks. a Temporal evolution of average slip velocities of events for parameter sets A–C in Fig. 3.
Insets show close-ups of the time periods around the mainshock. Red hatched time periods are the defined precursory periods. b Slip velocity
distributions for parameter set B of Fig. 3 with average slip velocities. Foreshocks are defined when the average slip velocity exceeds 1 mm/s. The
right panel is a close-up of the time window around the mainshock
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should be active around the stability boundary of the
fault, where the background aseismic slip is most active
in Fig. 6b. The cumulative energy is actually negligible
for parameter set A, where the background aseismic slip
is very small, but larger around the stability boundary of
the fault where the background aseismic slip is also lar-
ger. Comparing parameter sets B and C, the former has
larger values of cumulative energy, which indicates that
seismic slip is more active during the precursory period
of parameter set B. However, the nucleation level is
higher in parameter set C (Fig. 6). This inconsistency be-
tween aseismic and seismic slip during the precursory
period around the stability boundary of the fault should
be related to the frictional parameters. The parameter
set B has larger values of both ξw and ψs. A large value
of ξw makes the nucleation size smaller and better facili-
tates seismic slip of individual VWZs. In contrast, par-
ameter set C has smaller values of both ξw and ψs, which
facilitates simultaneous slip across a larger region of the
fault. This difference is also reflected in the amount of
seismicity between mainshocks (Fig. 2), i.e., many
smaller events occur between mainshocks for parameter
set B, whereas no seismic events occur for parameter set

C. These same tendencies should also exist in precursory
slip.

Discussion
Inverse Omori law
Foreshock activity is sometimes observed before large
earthquakes. Although observed foreshock seismicity
varies among mainshocks, the stacked sequence of fore-
shocks shows power-law acceleration toward the main-
shock, a so-called inverse Omori law (Kagan and
Knopoff 1978; Jones and Molnar 1979). Foreshocks in
our simulations are also expected to follow an inverse
Omori law because foreshocks are driven by background
slip, which accelerates proportionally to the inverse of
the time remaining before a rupture (Fig. 6). As a de-
monstrative example, we measure the foreshock rate of
six stacked foreshock sequences for parameter set B,
where seismic slip dominates during the precursory
period. We count the number of events in each time
bin, which are equally distributed on a logarithmic scale.
These foreshock rates are then fitted with a power law
function from the beginning of the precursory slip be-
havior to 1 s before the mainshock, which is the same

Fig. 6 Estimation of the nucleation level. a Average slip velocity plotted against the time remaining before the mainshock for parameter sets
A–C. Black curves represent events indicated by blue arrows in Figs 2 and 3. Grey curves represent other mainshocks shown in Fig. 2. Red lines
are fitted power law functions. Red text gives the estimated values of the nucleation level. b Results of parameter studies. The colors indicate the
nucleation level D. Parameter sets A–C shown in a are denoted by squares
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time window to which a power law function was fitted for
background slip velocity in Fig. 6. Figure 8 shows the fore-
shock rates for the stacked sequence and the fitted power
law function. The foreshock rates are well-fitted by an ex-
ponent of − 1.1. Acceleration of foreshocks on timescales
of t−p (with p ~ 1) is observed for various parameter sets
with high levels of radiated seismic energy. The observa-
tion that simulated foreshocks follow an inverse Omori
law is not affected by changing the definition of a fore-
shock from a slip velocity of 1 to 0.1 mm/s.

Dynamic nucleation
The above quantification of precursory slip behavior re-
veals that precursory slip becomes intense when the fric-
tional heterogeneity is close to the stability conditions. In
addition, with parameter sets close to the stability bound-
ary, aseismic deformation dominates more when ξw is
smaller, whereas seismic deformation dominates more
when ξw is larger. In contrast to the classical “static” nu-
cleation process, where the slip velocity increases mono-
tonically toward the mainshock, this mixture of aseismic
and seismic slip during the precursory period could be
called “dynamic” nucleation (Ide and Aochi 2013). Figure 9

Fig. 7 Parameter studies of energy radiation. a Cumulative energy radiation plotted against the time remaining before the mainshock for
parameter sets A–C. Black curves represent events presented in Fig. 3. Grey curves are for other mainshocks shown in Fig. 2. b Results of
parameter studies. The color indicates the amount of cumulative energy at 1 s before the mainshock. Parameter sets A–C shown in a are
denoted by squares

Fig. 8 Foreshock rates following an inverse Omori law. Foreshock
rates measured for the stacked sequence in parameter set B are
shown against the time remaining before the mainshock. The red
line denotes the fitted power law function. Estimated parameters are
shown in the plot with red text
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shows four snapshots of slip velocity along the fault
for parameter sets B and C. In both cases, part of the
seismogenic zone is accelerated toward the main-
shock, which represents the nucleation zone of the
fault. However, this nucleation is a result of combina-
tions of the seismic slip of many foreshocks and
aseismic slip acceleration (Fig. 6a). When the seismic
slip of a foreshock is nucleated in a cell, it cannot
propagate through the entire seismogenic zone during
the precursory period because the accelerated zone
(or nucleation zone) is not large enough to facilitate
unstable slip throughout the seismogenic zone. In-
stead, it triggers afterslip in the cell and stress loading
on surrounding cells, through coseismic and postseis-
mic deformations. If adjacent cells were not ruptured
during the precursory period, then increasing stress
triggers the next foreshock. Because stress loading is
greatest in the nearest neighboring cells, the precur-
sory slip area gradually expands and the foreshocks
migrate (Fig. 3). Because the fault is weakened from
outside the locked area, the gradual migration of fore-
shocks at the front of the precursory slip area pro-
ceeds from left to right in Fig. 3. This gradual
migration of the precursory slip area can also be ob-
served in the slow-slip regime. On the other hand, if
adjacent cells were ruptured during the precursory
period, then the afterslip of foreshocks will be accel-
erated and/or another foreshock will be triggered. Be-
cause the fault is already weakened in the precursory
slip area, foreshock migration is faster there than the
speed at which the precursory slip area expands
(Fig. 3). The fault is dynamically nucleated by the re-
peated occurrence of this process. When the nucle-
ation zone grows sufficiently, after the accumulation
of seismic and aseismic slip, conditions become suit-
able for unstable slip across the entire seismogenic
zone (i.e., the mainshock).

Variations in frictional heterogeneity on the plate
boundary fault
Our results show that simple frictional heterogen-
eity on the fault can explain the variations in activ-
ity levels of precursory slip before large
earthquakes, in addition to transitions in slip behav-
ior (Skarbek et al. 2012; Dublanchet et al. 2013; Luo
and Ampuero 2017; Yabe and Ide 2017) and seismi-
city between mainshocks. Because frictional parame-
ters and effective normal stresses should vary both
along strike and along dip, complex seismicity in
subduction zones could be explained by variations in fric-
tional parameters. In the along-dip direction, the frictional
parameter changes with depth-dependent variations in
temperature and pressure (e.g., Blanpied et al. 1991).
Experimental investigations of the physical properties of
blueschist suggest that a − b is positive at colder tempera-
tures and lower pressures, which corresponds to the
trench. This quantity becomes negative in the seismogenic
zone and positive again at deeper levels (Sawai et al. 2016,
2017). Considering these tendencies, we can expect that
the along-dip trajectory of frictional heterogeneity varia-
tions in Fig. 10 becomes an ellipse that extends from
top-left to bottom-right in the figure.
The Nankai subduction zone hosts few interplate

earthquakes in the seismogenic zone during the inter-
seismic period, though huge earthquakes have been doc-
umented many times (Ando 1975). At the shallower and
deeper extensions of the seismogenic zone, active slow
earthquakes have been documented (Obara 2002; Araki
et al. 2017), and the deeper plate interface slips stably.
Such along-dip variations in seismicity can be explained
by a conceptual model like that in Fig. 10, with an ellipse
located at lower left. On the other hand, the Tohoku
subduction zone hosts large numbers of small to

Fig. 9 Snapshots of slip velocities on the fault for parameter sets
B and C. Green line shows the slip velocity at the beginning of the
mainshock, when the average slip velocity exceeds 1 mm/s,
corresponding to the insets in Fig. 5a. The blue and magenta lines
are snapshots when the averaged slip exceeds 1 cm/s and reaches
its maximum, respectively. The red line is a snapshot taken 1 s
before the beginning of the mainshock

Fig. 10 Schematic phase diagram of seismicity. The two curving
arrows represent along-dip variations in frictional heterogeneity in
the Nankai (red) and Tohoku (green) subduction zones
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moderate interplate earthquakes during the interseismic
period. The existence of slow earthquakes has been doc-
umented at the shallower plate interface (Kato et al.
2012; Ito et al. 2013). Repeating earthquakes occur in
deeper regions of the seismogenic zone, considered to
represent isolated seismic patches on the ductile plate
interface, as inferred from the observation that seismic
waveforms of repeating earthquakes are highly similar
(e.g., Matsuzawa et al. 2002; Igarashi et al. 2003). These
along-dip variations can be explained by the conceptual
model in Fig. 10 with an ellipse located in the middle.
The differences between the frictional heterogeneity
distributions of these two subduction zones can be
explained by differences in pore fluid pressure, be-
cause dehydration reactions would be promoted by
the higher temperature of the young Philippine Sea
Plate subducting in the Nankai subduction zone
(Peacock and Wang 1999).

Conclusions
We investigated precursory slip behavior in a frictionally
heterogeneous fault using numerical simulations in
which VWZs and VSZs are distributed sequentially on a
finite linear fault. The activity level of the precursory slip
behavior is quantified in two ways, each of which repre-
sents the activity levels of seismic and aseismic slip be-
havior during the precursory period. Parameter studies
show that precursory slip behavior is intense when the
frictional parameters are close to the fault stability
boundary. Among parameter sets close to the stability
boundary, aseismic slip dominates the precursory slip
when ξw is small, whereas seismic slip dominates when
ξw is large. Active precursory slip behavior before the
mainshock could be interpreted as a type of nucleation
process leading up to the mainshock, though this differs
from the classical concept of nucleation in that the ob-
served nucleation process is a mixture of the acceler-
ation of background slip velocity and the occurrence of
small seismic events. Complex seismicity modeled by a
simple frictional heterogeneity can explain the along-dip
and among-subduction-zone variations in observed seis-
micity in a qualitative way.
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