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Abstract
Three dimensional numerical simulations for the earthquake cycle at a sub-
duction zone are carried out in order to explore the earthquake generation
process and try to reproduce a wide variety of slip behaviors. Our quasi-
static simulation in an elastic medium includes a laboratory derived rate-
and state-dependent friction law. We examine the effect on the slip behav-
ior of model dimension in strike direction relative to the seismogenic zone
width. In cases with the strike dimension comparable to the seismogenic
zone width, an earthquake occurs periodically with a characteristic magni-
tude. The focus of the earthquake is centered in the strike direction. In
contrast, for cases with a much larger strike dimension, earthquakes initiate
at various locations on the fault. No characteristic earthquake magnitude is
observed. Our model provides one possible mechanism for arresting rupture
propagation and can generate a variety of earthquake slip behaviors.

Introduction

Slip behaviors on a plate interface at subduction zones have a wide variety of styles:
periodic large earthquakes, tsunami earthquakes [1], afterslip following ordinary
earthquakes [2], slow slip events [3, 4], and so on. It is important to understand
slip behavior during the whole earthquake cycle, in order to explore the mechanisms
that control earthquake generation processes in subduction zones.

Numerical simulation studies of the earthquake cycle at subduction zones has
been carried out by Stuart [5] and Kato and Hirasawa [6, 7]. Their models are
based on a laboratory derived rate- and state-dependent friction constitutive law
[8, 9]. Their models are two dimensional, leading to an implicit assumption of
infinite fault length in the strike direction. Recently, Kuroki et al. [10] constructed a
three dimensional model including a configuration of the subducted plate interface
to simulate the future Tokai earthquake along the Suruga trough, in central Japan.
However, they did not evaluate what features are intrinsic in three dimensional
simulation. We believe that it is important to understand the generic behavior of
this system for a simpler case.

We therefore develop a 3-D simulation code, where slip can propagate not only
in the dip direction but also in the strike direction, extending the 2-D model of
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Figure 1: (a) Simulation model geometry and coordinate system definition. ξ is a distance
from a trench in dip direction. (b) Distribution of friction parameter a, b, and a − b with
respect to depth. a− b of the outermost stable region (the line labeled ‘a− b (stable)’) is
also plotted.

Kato and Hirasawa [6]. We do not include the configuration of the plate interface,
i.e., we only model a planar fault. Then we determine the effect of model dimension
in a lateral direction on the slip behavior of a subducting plate.

Simulation method

We developed a 3-D model based on [6]. Our model consists of a planar thrust fault
in an elastic half-space (Fig. 1a). Our model has the same dip angle (20◦) and fault
width in dip direction (200 km) as the 2D model of [6], to allow for comparison. We
examine the effect of changing the fault length (H).

The fault plane is discretized into a large number of small square cells, with
dimensions 2 km × 2 km. We take only a dip-slip component into account in both
slip and stress. At each cell, the quasi-static shear stress balance can be written as

τi =
∑

j

Kij(Vpt− uj)− ηVi, (1)

where Vp is the driving velocity and is assumed to be 10 cm/yr. To calculate the
static Green’s function term (Kij), we use the analytical expression given by Okada
[11]. Frictional stress acting on these cells is assumed to obey a rate- and state-
dependent friction law [8, 9]. The frictional stress τ is written by

τ = µσeff , (2)

µ = µ0 + a ln(V/Vp) + b ln(θVp/L), (3)

dθ

dt
= 1− θV

L
. (4)

We also include the velocity cutoff in the steady state frictional strength, µss, where
µss becomes independent of V above 0.1 mm/s [12]. A distribution of the friction
parameters a and b with respect to depth is shown in Fig. 1b. L is taken as 5 cm.
These values are the same as those in case 1 of [6].
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Figure 2: Snapshots of slip velocity with H =1000 km.

Results

We performed numerical simulations for several cases with H values ranging from
200 km to 1200 km. General behaviors are as follows: (1) aseismic slip propagates
from stable sliding regions into the unstable slipping region with a − b < 0 (we
call this propagating aseismic slip ‘preslip’); (2) fast slip events, or earthquakes,
occur at the point where such preslips meet each other; (3) fast slip propagates to a
surrounding area with decreasing sliding velocity (‘afterslip’).

In cases with H ≤ 400 km, earthquakes with the same magnitude recurred pe-
riodically, centered in the strike direction. This regular periodic behavior is similar
to the result of 2-D model [6] except that the event time interval is shorter and the
magnitude is smaller. On the other hand, in cases with H ≥ 500 km, earthquakes
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occur not only in the center but also in the area near the edges, or other positions
(Fig. 2). These recurrence intervals are not at constant times in each seismic cycle
or locations on the fault surface. Moreover, magnitudes vary between each event.

This transition of the slip behavior from regular to complex with increasing H
is mainly due to the propagation of preslips in both strike and dip directions. The
propagating preslips are caused by a stress concentration at the border between the
unstable slipping region and the steady sliding region. When H is smaller than a
certain ‘critical’ size, Hc, the seismic cycles are dominated by the slip propagation in
the lateral direction because the lateral propagation velocity is faster than that in the
dip direction. On the other hand, when H is larger than Hc, lateral slip propagation
is no longer dominant, and some of the longitudinally propagating preslips meet
earlier than the laterally propagating ones. Note that Hc is expected to depend
on the friction parameter distribution, so that more simulations are required for
discussing the dependency of Hc on the friction parameters.

Discussion

Our results with larger H show that there are events which cannot break the whole
seismogenic zone. From another point of view, we can see that the propagating
rupture front arrests spontaneously. The slip events also occur at positions other
than the center so that the shear stress is heterogeneously distributed. In addition,
shear stress at the propagating rupture front decreases with increasing coseismic
rupture area. Both of these factors contribute to the arrest of rupture.

Although our model is a continuum one, as discussed by Rice [13], it has the
potential to produce a certain variety of earthquake slip behaviors. Indeed, we
observe several ‘slow slip events,’ meaning temporal events with slower maximum
sliding velocities. As we mentioned above, slip events which do not rupture the
whole seismogenic region also occur in our model. In the area that has slipped more
time is needed to accumulate stress than in the unslipped region. A subsequent slip
event occurs at this unslipped region. During the next event, it is difficult for the
rupture to propagate through the previously slipped area. Accordingly, the size of
the unbroken region at the previous event defines the dimension of the following slip
event. Dieterich [14] shows that a fault must have a critical fault dimension, lc, for
unstable slip to occur. Our results imply that the dimension of the unbroken region
relative to lc defines the stability of the next slip event.
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