
Simulation of Earthquake Generation Process in 
a Complex System of Faults

Project Representative

Kazuro Hirahara Graduate School of Science, Kyoto University

Authors

Kazuro Hirahara Graduate School of Science, Kyoto University

Naoyuki Kato Earthquake Research Institute, University of Tokyo

Takashi Miyatake Earthquake Research Institute, University of Tokyo

Takane Hori Institute for Research on Earth Evolution, Japan Agency for Marine-Earth Science and Technology

Mamoru Hyodo The Earth Simulator Center, Japan Agency for Marine-Earth Science and Technology

Kachishige Sato Natural Science Division, Tokyo Gakugei University

Jun Inn Advanced Simulation Technology of Mechanics

Noa Mitsui Graduate School of Environmental Studies, Nagoya University

Tomoshi Miyamura College of Engineering, Nihon University

Yutaka Nakama Fuji Research Institute Cooperation

Takashi Kanai Faculty of Environmental Information, Keio University

125

Chapter 2  Solid Earth Simulation

Constructing regional 3-D heterogeneous models in northeast and southwest Japan, respectively, we aim to simulate gener-

ation processes of interplate and intraplate earthquakes in a complex system of interactive faults. This simulation consists of

two processes; one is quasi-static earthquake cycle simulation, and the other is simulation of dynamic rupture propagation. 

In quasi-static earthquake cycle simulations based on a rate- and state-dependent friction law in semi-infinite elastic media, we

have so far used flat plane interfaces of subducting plates. In this year, we introduce 3-D curved interfaces of subducting plates

and execute the following three simulations. 1) In the eastern Hokkaido, north Japan, we simulate great interplate earthquake

cycles along the southern Kuril trench off the Tokachi to Nemuro regions, where the Pacific plate is subducting. Here, though the

M8-class Tokachi-Oki earthquake occurred in 1952 and 2003, and the Nemuro-Oki in 1894 and 1973, every events have different

rupture modes. In this region, the giant earthquake, which ruptured the whole region off Tokachi to Nemuro regions, is estimated

to occur in the 17-th century. To understand these complex sequence of earthquake occurrence, we put three asperities with a-b <0

in the Tokachi-Oki, the Akkeshi-Oki and the Nemuro-Oki rupture regions within the stable sliding plate interface with a-b>0, and

simulate earthquake cycle. Our simulation shows that the possible existence of asperities with a larger value of characteristic slip

distance L in the Akkeshi-Oki source region, modulates the mode of rupture off the Tokachi and Nemuro regions, producing com-

plex rupture patterns like the historical ones. 2) In southwest Japan, we simulate great earthquake cycles along the Nankai trough.

So far, using a flat plane interface of the subducting Philippine Sea plate but changing the width of locked zone along the trough

corresponding to the configuration of the plate, we have simulated earthquake cycles and found a possibility that the great earth-

quakes along the Nankai trough always start to rupture off Kii Peninsula. Assuming the frictional properties depend only on the

depth, simulations with the actual 3-D curved interface of the Philippine Sea plate also confirm this conclusion. 3) One of factors

for the occurrence of slow slip events has been proposed to be the slab dip change. To assure this, we use a model of slab with lat-

erally changing dip to simulate earthquake cycle. In a transition zone from the unstable to the stable ones, we confirm the occur-

rence of slow slip event in the lower dip portion in the latter period of the great earthquake cycle.

Next, we evaluate the slip response function in heterogeneous media. Constructing a 3-D heterogeneous elastic FEM model

in the region from the Tohoku to the Hokkaido, we compare the slip response functions with those from homogeneous models

and find the 3-D heterogeneous structure affect the deformation pattern.

For dynamic rupture simulation, we improve our scheme in the FEM calculation of dynamic rupture. Therefore, in a strike

slip faulting model, we can obtain the same results of dynamic rupture as those in the previous studies by different techniques,

indicating our code is well working in a strike slip faulting. 

Toward realistic simulation, a large-scale viscoelastic FEM model of southwest Japan is reconstructed by using CHIKAKU

software. 
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1. Introduction 
The Japan Islands is located at the subduction zone, where

are converging four plates, the Pacific, the Philippine Sea, the

North American and the Eurasian (Amurian) plates. The

Pacific plate is subducting beneath the northeast Japan along

the Kuril and the Japan trenches, and the Philippine Sea plate

descends beneath the southwest Japan along the Nankai

trough. These subducting plates produce great interplate

earthquakes along the Japan trench and the Nankai trough

with recurrence times of 100 years. Further we have another

type of earthquakes with recurrence times of longer than 1000

years, which are inland earthquakes occurring in active faults. 

The main purpose in our project is to simulate earthquake

generation cycles of both interplate and inland earthquakes for

providing us basic information on past and future earthquakes.

Since there exist strong variations in the structure beneath the

Japan Islands, which are produced by the subducting plates,

we construct detailed regional heterogeneous FEM models in

northeast and southwest Japan, respectively, and try to simu-

late earthquake generation cycle in a regional scale.

Our simulation of earthquake cycle consists of two

processes; quasi-static and dynamic rupture ones. In the first

part of earthquake cycle simulations, we simulate quasi-static

slow stress accumulation and quasi-dynamic slip evolution

on plate interfaces or inland faults due to relative plate

motions based on a friction law. In this simulation, we take

the following approach of boundary integral equation

method. First, we divide the interface into cells with the sizes

of around 1 km × 1 km, and calculate slip response functions

for each cell in a 3-D viscoelastic FEM model, where the

plate interface is further divided, using GeoFEM, a super-

parallel FEM code (Iizuka et al., 2002), which we have tuned

up for the Earth Simulator. Then, using these slip response

functions, we integrate a quasi-static equation of motion

combined with a laboratory derived rate-and state-dependent

friction law with an adaptive time step Runge-Kutta algo-

rithm. In dynamic earthquake cycle simulation, we simulate

earthquake rupture propagation based on slip-dependent fric-

tion law as a contact problem and directly use the master-

slave method for treating contact interfaces in GeoFEM.

Before simulation in complicated 3-D viscoelastic models,

we first investigated the effect of frictional property reflecting

the plate configuration on the earthquake cycle using a simple

plane fault in a semi-infinite homogeneous elastic medium

(Hori et al., 2004; Hori, 2006). Here, we extend this approach

to include the actual curved 3-D interfaces of the subducting

plates in the quasi-static simulation of earthquake cycles

along the southern Kuril trench, north Japan and along the

Nankai trough, southwest Japan, respectively. For application

of curved interface, we give another example of slow slip

events (SSEs), which have recently observed by GPS obser-

vations (e.g., Hirose et al., 1999; Ozawa et al., 2002). Mitsui

and Hirahara (2006) have recently proposed that the change in

the slab dip is one of factors for generation of SSEs. We simu-

late earthquake cycles due to the subducting slab with lateral-

ly changing dip along a trench to show the effect of the dip on

the occurrence of SSEs. For laterally heterogeneous media,

we evaluate slip response functions in a 3-D Hokkaido elastic

model. These simulations show that the lateral heterogeneity

in elastic structure greatly affect the displacement fields.

For calculation of slip response function, we need to con-

struct 3-D viscoelastic FEM models. We reconstruct the

FEM model of southwest Japan by CHIKAKU software,

though we do not describe here. For simulation of dynamic

rupture propagation, we test the performance of contact

analysis code implemented in GeoFEM using simple plane

models. We introduce an effective damping scheme to pre-

vent some oscillations in slip velocity due to numerical dis-

persion. This introduction of damping scheme improves our

simulation of dynamic rupture propagation and gives almost

the same results as those obtained by previous studies with

different methods in strike slip fault models. Because of still

simple problems, we skip the report here.

2. Quasi-static simulation of earthquake cycle with
actual curved 3-D interfaces of subducting plates 

2.1 Simulation of earthquake cycle along the southern Kuril

trench in eastern Hokkaido, north Japan

In eastern Hokkaido, north Japan, great earthquakes have

repeatedly occurred off the Tokachi and the Nemuro regions

along the Kuril trench where the Pacific plate is subducting.

Earthquakes occurred in 1952 and 2003 off the Tokachi

region and in 1894 and 1973 off the Nemuro region, respec-

tively. The tidal records observed at a station have shown

different tsunami waveforms due to each earthquake since

19th century, which implies the earthquake cycle in this

region is complex (Satake and Yamaki, 2005). Further, geo-

logical evidences of tsunami deposits have shown that the

giant earthquake far larger than such great earthquakes,

which ruptured the whole region off Tokachi to Nemuro

occurred in the 17th century (Nanayama et al., 2003).

The source region of the 2003 Tokachi-Oki earthquake is

overlapping with the western one of the 1952 earthquake

(Yamanaka and Kikuchi, 2003). The 1952 earthquake has the

tsunami source region close to the trench off the Akkeshi

region (Hirata et al., 2003). The afterslip following the 2003

Keywords: quasi-static earthquake cycle, 3-D curved interface, Tokachi-Oki earthquake, slip response function, 

Philippine Sea plate, Nankai trough, slow slip event, slab dip, heterogeneity
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Tokachi-Oki earthquake extended eastwards, keeping away

from the 1952 tsunami source region (Baba et al, 2006).

These suggest the existence of three asperities in the Tokachi-

Oki, the Akkeshi-Oki and the Nemuro-Oki source regions.

2.1.1 Model setting 

For simulation, we construct the 3-D curved interface of

the subducting Pacific plate down to 120 km depth estimated

from the seismic explosion studies and the micro-earthquake

distribution (Fig. 1), and divide the interface into 85,488 

triangles with their sides of 1 km. Assuming a semi-infinite

homogeneous elastic medium, we calculate slip response

functions for each triangle fault. We assign the subduction

rate of 8.25 cm/yr with a direction of N46.6°W, and simulate

based on a rate- and state-dependent friction law using 312

PE (39 nodes).

As described before, we assume three asperities in the 2003

Tokachi-Oki, the 1952 Tokachi-Oki and the 1973 Nemuro-Oki

earthquake source regions with velocity weakening of 

a–b<0. Other regions of the plate interface, where the afterslip

has been observed, has frictional property of velocity strength-

ening of a–b>0 (Miyazaki et al., 2004). For the 1952 Tokachi-

Oki source region off Akkeshi, we assign larger characteristic

distance L of 0.5 m so that this asperity is not easily ruptured

by afterslip intrusion. Figures 2a and 2b show the distribution

of (a–b) σ (σ : normal stress) and L, respectively. 

2.1.2 Simulation results

Figure 3 displays spatio-temporal distributions of slip

velocity derived from one of simulation results. As can be

seen from this figure, the asperity in the Akkeshi-Oki source

region, which has larger L and hence larger fracture energy

than other two asperities, modulates respective earthquake

cycles, and produces a variety of rupture patters which can

be seen in the historical earthquake cycles in this region; the

Fig. 1  Curved 3-D interface of the subducting Pacific plate beneath the

Hokkaido region.

Fig. 2  (a) Distribution of (a–b) σ (upper). (b) Distribution of L (lower).

Fig. 3  Spatio-temporal distributions of slip velocity derived from one of simulations of earthquake cycle along

the southern Kuril trench. Red and blue colors indicate the seismic slip and the locked state, respectively.
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Tokachi-Oki and the Nemuro-Oki asperities sometimes

break solely, the Akkeshi-Oki and the Nemuro-Oki earth-

quakes sometimes occur simultaneously, and the Akkeshi-

Oki earthquake sometimes follows immediately the

Tokachi-Oki one. Simulation results including those, which

are not shown here, indicate that the recurrence times of the

Tokachi-Oki and the Nemuro-Oki earthquakes are fluctuat-

ing and are about 40–70 and 65–75 years, respectively.

2.2 Simulation of earthquake cycle along the Nankai trough,

southwest Japan

Instead of the flat plane which we have so far used, we

model the 3-D curved interface of the subducting Philippine

Sea plate with triangles with sides of 1 km. Assuming the fric-

tional properties depend only on the depth, we assign the dis-

tribution of frictional parameters as shown in Fig. 4. As in our

previous simulations, the convergence rate of the Philippine

Sea plate varies along the Nankai trough, which is taken from

Heki and Miyazaki (2001). The convergence rate is around 

2 cm/yr in the Tokai region, and increases westwards and

reaches 6.5 cm/yr around the west of Kii peninsula.

Figure 5 shows the slip velocity distribution when the rup-

ture of earthquake initiates off Kii peninsula. Simulation results

with the 3-D curved interface show that the earthquake always

initiates off Kii peninsula and the rupture bilaterally extends to

the whole focal region, which is the same conclusion in case of

the flat plane interface with the changing width of the locked

zone along the Nankai trough corresponding to the 3-D config-

uration of the plate (Hori et al., 2004). Thus, we confirm that

the plate interface off Kii peninsula has higher stressing rate

and the hypocenter is always located there, because the locked

zone there is narrower because of its steeper dip.

2.3 Occurrence of slow slip events on the curved plate inter-

face with laterally changing dip along a trench

To examine the hypothesis that the change of slab dip is

one of factors for causing slow slip events (SSEs) based on

cell model simulations proposed by Mitsui and Hirahara

(2006), we model the curved plate interface, whose dip later-

ally changes along a trench, to simulate earthquake cycles.

The plate interface has a uniform dip of 10° at depths of

5–25 km. The dip is, however, laterally changing from 10 to

25° along the trench at depths 25–40 km as shown in Fig. 6.

The locked zone with a–b<0 is set to be at depths of 10-30 km

as shown in Fig. 7. The characteristic distance L is taken to be
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Fig. 5  Slip velocity distribution when the rupture initiates off Kii peninsula.
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0.1 m everywhere. Plate convergence rate (Vp) is 4 cm/yr

everywhere in the model.

Figure 8 shows the temporal changes of slip velocity at

locations indicated in Fig. 7. And the histories of slip are

shown in the enlarged figure of Fig. 9. The red line in Fig. 8

shows the earthquakes occur in the locked zone. The light

green and pink lines show the slip velocities and slips at the

points in the transition zone on the gentle and the steep side

of the plate interface, and the blue one on the plate where the

dip is changing. Only in the area with a gentle dip (light

green point), SSEs occur during the earthquake cycle, where

the plate coupling becomes weaker and locked zone becomes

narrower, hence the slip velocity increases and accelerates.

To the contrary, in the area with a steeper dip (pink point),

the locked zone becomes narrower and slip velocity increases

faster than in the area with a gentle dip, but slips at a constant

rate. It is noted that, after the occurrence of SSEs, the rupture

of the earthquake in the locked zone starts at a point different

from that where SSEs occur. Thus, the SSEs do not trigger

the rapid rupture, but the occurrence of SSEs is indicative of

the temporal stage in the earthquake cycle.

3. Surface deformation in 3-D heterogeneous elastic
media in the Tohoku to the Hokkaido regions, north
Japan
To examine the effect of the heterogeneous elastic structure

on the surface deformation, we construct a 3-D FEM model in

the regions from Tohoku to Hokkaido as shown in Fig.10. The

numbers of nodes and of meshes are 151,040 and 142,506,

respectively. Figure 11 shows the slips assigned on the plate

interface to calculate the deformation at the surface. Figure 12

displays the cross section along Y = 600 in Fig.11 where are

given the material region names of the upper and the lower

crust, the upper mantle and the subducting Pacific plate.

In Fig.13, we compare the horizontal displacements due

to a slip on the sub-fault 074 in the homogeneous model and

the heterogeneous model with lower rigidity in the crust and

larger rigidity in the plate. As shown in Fig.13, the results of

simulation indicate that the deformation at the surface differs

by 20% between the homogeneous and the heterogeneous

elastic models. Though usual estimates of back slip distribu-

tion from the inversion of the surface deformation observed

with GPS have assumed the homogeneous elastic medium, it

would be necessary to assume the inhomogeneous model

derived from seismic data. And we need to calculate the

deformation associated with earthquake cycle.
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Fig.10  Elastic FEM model in the regions from Tohoku to Hokkaido.
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