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Our research group aims to develop a physics-based predictive simulation system for crustal activities in and around Japan.

The total system consists of a crust-mantle structure model, a quasi-static tectonic loading model, a dynamic rupture propaga-

tion model, and a data assimilation module. In 2004 we optimized a computer code of viscoelastic slip response for the 3D

standard plate interface model (developed in 2003) and a code of quasi-static tectonic loading, and completed a prototype of

the simulation system for crustal activities in and around Japan by combining the quasi-static tectonic loading code and the

dynamic rupture propagation code (developed in 2002). As a demonstration we carried out the predictive simulation of earth-

quake generation cycles at the source region of the 1968 Tokachi-oki earthquake, northeast Japan. Recently Takada and

Matsu'ura (2004) introduced the concept of partial collision to describe a boundary process between the Indian and the

Eurasian plates at Himalayas, and defined a collision rate as c = 1 - steady subduction rate / steady convergence rate. With the

tectonic loading model considering the effects of partial collision we succeeded in reproducing the observed East-West com-

pression in northeast Japan by taking the collision rate c to be 0.1 on average.
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1. Introduction
Figure 1 shows the global epicenter distribution of shal-

low earthquakes with M > 4.5 for 1968-1995. Good agree-

ment of the epicenter distribution with the geometry of plate

boundaries suggests that the essential cause of earthquake

generation is in mechanical interaction at plate interfaces.

The occurrence of large earthquakes can be regarded as

the process of releasing tectonically accumulated strain ener-

gy by sudden dynamic rupture of faults. Then, the process of

earthquake generation cycle consists of tectonic loading due

to relative plate motion, quasi-static rupture nucleation,

dynamic rupture propagation and stop, and fault strength

recovery. In the last decade there has been great progress in

the physics of earthquake generation; that is, the introduction

of laboratory-based fault constitutive laws as a basic equa-

tion governing earthquake rupture and the quantitative

description of tectonic loading driven by plate motion [2].

We can now quantitatively describe the entire process of

earthquake generation by a coupled nonlinear system, which

consists of a slip-response function that relates fault slip to

shear stress change and a fault constitutive law that pre-

scribes shear strength change with fault slip and contact time

(Figure 2). 

The driving force of this system is observed plate motion.

The system to describe the earthquake generation cycle is

Fig. 1  The epicenter distribution of shallow (< 100 km) earthquakes

with M > 4.5 for 1968-1995 [1]
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conceptually quite simple. The complexity in practical mod-

eling mainly comes from complex structure of the real Earth.

2. Completion of a prototype of crustal activity simu-
lation system
Our research group aims to develop a physics-based pre-

dictive simulation system for crustal activities in and around

Japan, where the four plates of Pacific, North American,

Philippine Sea, and Eurasian are interacting with each other

in a complicated way. The total system consists of a crust-

mantle structure model, a quasi-static tectonic loading

model, a dynamic rupture propagation model, and a data

assimilation module. In 2004 we optimized a computer code

of viscoelastic slip response for the 3D standard plate inter-

face model developed in 2003 [4] and a code of quasi-static

tectonic loading, and completed a prototype of crustal activi-

ty simulation system by combining the quasi-static tectonic

loading code and the dynamic rupture propagation code

developed in 2002 [5].

Output data of this simulation system are the crustal

deformation, internal stress change, and seismic wave radia-

tion associated with seismic and/or aseismic slip at plate

interfaces. Comparing the output data with observed data,

we can extract useful information to estimate the past slip

history and the present stress state at the plate interfaces by

using an inversion technique [6, 7]. Given the past slip histo-

ry and the present stress state, we can predict the next step

fault-slip motion through computer simulation.

3. Predictive simulation of earthquake generation
Figure 3 is an example of predictive simulation for the

occurrence of interplate earthquakes. On the left we show

the quasi-static process of stress accumulation at the source

region of the 1968 Tokachi-oki earthquake (M = 8.2). The

subsequent process of rupture initiation, propagation and

stop is shown on the right. In this simulation, although the

stress state at the source region had not yet reached a critical

level, we forced dynamic rupture to start by giving artificial

stress drop at t = 35 yr. Then, unstable rupture started, but it

was not accelerated. This means that the dynamic rupture is

not accelerated, if the stress state has not reached to a certain

critical level.

Fig. 2  Relationship between the basic equations that govern the earth-

quake generation cycle [3]

Basic Equations Governing
Earthquake Generation
Cycles Shear stress τ acting on a fault:

     Frictional resistance to steady slip &
          stress change due to slip perturbation

Fault slip at a plate boundary:
     Steady slip and its perturbation

Boundary conditions to be satisfied

Shear strength τs of fault:
     Weakening with fault slip &
          strengthening with contact time

τ(x, t) = τs(w, t;x) dw / dt > 0
τ(x, t) ≤ τs(w, t;x) dw / dt = 0

Fault Constitutive Law

Slip Response Function

Relative Plate Motion

Fig. 3  Predictive simulation of earthquake generation at the source region of the 1968 Tokachi-oki earthquake [8]. Left:

Quasi-static stress accumulation. Right: Changes in shear stress, slip velocity, and fault slip with time after the initia-

tion of dynamic rupture. In this case, the dynamic rupture is not accelerated, because the stress stae is not critical.
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4. Partial collision and intraplate tectonic loading
From Figure 1, although most earthquakes occur in plate

boundary zones, we can find several high-seismicity regions

in continental plates. To understand the tectonic loading

mechanism of continental plates, we investigated the case of

continental collision. At the collision boundary along

Himalayas, for example, the convergence rate between India

and Eurasia is about 50 mm/yr. About 40% of the total con-

vergence is accommodated by steady subduction of the Indian

plate. The rest of 60% is consumed by internal deformation of

the overriding Eurasian plate. Such a plate boundary process

(partial collision) can be quantitatively described by introduc-

ing a collision rate defined as c = 1 - steady subduction rate /

steady convergence rate. As shown in Figure 4, the long-term

stress accumulation pattern in and around Tibet can be well

explained by a plate convergence model with c = 0.6 [9]. 

In the case of northeast Japan where the Pacific plate is

descending beneath the North American plate, taking the

collision rate c at the plate interface to be 0.1 on average, we

can reproduce the observed EW-compressional stress field

as shown in Figure 5 [10]. This indicates that the concept of

partial collision is crucial to understand the mechanism of

intraplate tectonic loading.
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Fig. 4  Long-term tectonic loading in and around Tibet [9]. (a) Increase rates of deviatoric stress computed by a plate

convergence model with c = 0.6. (b) Spatial variation of steady subduction rates along the India-Eurasia collision

boundary. (c) Major active faults and their long-term averaged slip motion.

Intraplate Stress Accumulation in Northeast Japan
Collision rate = 1 – steady subduction rate / plate convergence rate

Collision Rates
(Cmax = 0.15)
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Fig. 5  The increase rates of internal stress produced by partial collision in northeast Japan [10]. Right: The

pattern of stress increase rates represented with the upper focal hemispheres (white: compression,

black: extension). (a) c = 0.0 (perfect subduction), (b) c = 0.1, and (c) c = 0.2. Left: The collision

rates used for computation. The maximum collision rate is taken to be 15%.
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