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Chapter 1  Earth Science

In this project, we aim to simulate generation processes of interplate and intraplate earthquakes in a complex system of inter-

active faults in northeast and southwest Japan, respectively, based on a laboratory derived rate- and state-dependent friction law.

In quasi-static earthquake cycle simulations which mainly deal with the long-term slow deformation process of earthquake

cycle including a quasi-dynamic treatment of dynamic rupture process, we simulate simply in a homogeneous elastic medium

before treating a viscoelastic one. For the Nankai trough earthquake cycle in southwest Japan, using a flat plate interface, we

succeeded in reproducing the rupture segmentation and their complicated interactions similar to the actual historical earth-

quake sequences, which was already reported. By assigning the same heterogeneous frictional parameters, however, we can

not reproduce the complicated earthquake cycle similar to the actual one, in the case for the realistic 3-D curved plate configu-

ration. Including a comparison of the crustal deformation calculated for the simulated earthquake cycle with the observed one,

we discuss the model parameters to be improved for reproducing the actual data. For a heterogeneous elastic FEM model in

northeast Japan, we compute slip response functions with GeoFEM to estimate the afterslip distribution for the 2003 Tokachi-

Oki earthquake. 

As a simulation based on a viscoelastic FEM model in southwest Japan, we estimate the temporal stress change (∆CFF:

Coulomb failure function) on the active inland faults in the Nankai trough earthquake cycles, which is produced by the sub-

duction of the Philippine Sea plate and the great earthquakes along the Nankai trough. Comparisons of the simulated temporal

variations of ∆CFF with the occurrence times of old inland earthquakes suggest a possibility that we estimate the period with

the high probability of earthquake occurrence on each fault within the Nankai trough earthquake cycle. Based on slip response

functions calculated in the 2.5-dimensional viscoelastic FEM model in northeast Japan, we evaluate the resolving power of

slip distribution along the Pacific plate. 

For dynamic rupture simulation, we improved our scheme in the FEM calculation of dynamic rupture, as reported last year.

Therefore, in a dip slip fault, we can obtain the same results of dynamic rupture as those in the previous studies by different tech-

niques, indicating our code is well working in a dip slip fault in addition to the strike slip one which was reported last year.

Keywords: quasi-static earthquake cycle simulation, 3-D curved interface, Philippine Sea plate, Nankai trough, 

crustal deformation, Tokachi-Oki earthquake, slip response function,, temporal stress change, inland earthquake,

stress dip slip fault
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1. Introduction 
A M 6.9 earthquake attacked the Noto peninsula in central

Japan in March, 2007. This earthquake is classified to the

inland or the intraplate earthquake occurring on an active

inland fault whose recurrence time is larger than 1,000 years.

In addition to this type of earthquakes, we have M8-class

interplate earthquakes which repeatedly occur in 100 years.

These earthquakes are caused by the subducting Pacific and

Philippine Sea plates. The former is subducting beneath the

northeast Japan along the Kuril and the Japan trenches, and

the latter descends beneath the southwest Japan along the

Nankai trough. The subduction of these plates produces the

considerably heterogeneous structure beneath Japan Islands

which causes complex interaction between interplate and

inland earthquakes.

The main purpose in our project is to simulate earthquake

generation cycles of both interplate and inland earthquakes

to understand the complex sequences of earthquake occur-

rence and also to provide us basic information on past and

future earthquakes. Constructing detailed regional heteroge-

neous FEM models in northeast and southwest Japan,

respectively, we try to simulate earthquake generation cycle

in a regional scale.

Our simulation of earthquake cycle consists of two

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

quasi-static earthquake cycle simulation, we simulate quasi-

static slow stress accumulation and quasi-dynamic slip evo-

lution on plate interfaces or inland faults due to relative plate

motions based on a laboratory-derived rate- and state-

dependent friction law. In this simulation, we employ the

boundary integral equation method, and the final approach

of simulation is the following. There, we divide the interface

into cells with the sizes of around 1 km x 1 km, and calcu-

late slip response functions for each cell in a 3-D viscoelas-

tic FEM model, where the plate interface is further divided,

using GeoFEM, a super-parallel FEM code (Iizuka et al.,

2002). Then, using these slip response functions, we inte-

grate a quasi-static equation of motion combined with a fric-

tion law with an adaptive time step Runge-Kutta algorithm.

In dynamic earthquake cycle simulation, we simulate earth-

quake rupture propagation based on slip-dependent friction

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 mod-

els, however, 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 homoge-

neous elastic medium and successfully reproduced compli-

cated earthquake cycle along the Nankai trough (Hori,

2006). Here, we extend this approach with heterogeneous

frictional distribution to include the actual curved 3-D inter-

faces of the subducting plates. Further, we compare the

crustal deformation calculated for the simulated earthquake

cycle with the observed one. For laterally heterogeneous

media, we evaluate slip response functions in a 3-D

Hokkaido elastic model, and estimate the afterslip distribu-

tion of the 2003 Tokachi-Oki earthquake. 

In earthquake cycle simulation, it is important to assign

frictional parameter distribution for reproducing the past

earthquake cycle and for predicting the occurrence of future

earthquake. For simple cell models in an elastic medium, we

examine the estimation of frictional parameters from data

assimilation, which is not described here because of still

simple trails. 

For viscoelastic simulation, we examine the temporal

stress changes on inland active faults in southwest Japan due

to the plate subduction and the earthquake slips, employing

slip response functions calculated for the 3-D viscoelastic

FEM model in southwest Japan. This simulation suggests

that we possibly estimate the period with high probability of

earthquake occurrence on inland faults. In northeast Japan,

we examine the resolution power of slip distribution along

the Pacific plate based on the data observed on land areas,

employing slip response functions for a 2.5 dimensional vis-

coelastic FEM model. The results are skipped, however, in

this report because of space limitation. 

For simulation of dynamic rupture propagation, we con-

tinue the performance test of contact analysis code imple-

mented in GeoFEM using simple plane models. Last year,

we introduced an effective damping scheme to prevent some

oscillations in slip velocity due to numerical dispersion. In

this year, we execute dynamic rupture simulation on a dip

slip fault and confirm that this damping scheme is well

working also in the case of a dip slip fault as well as in the

case of a strike slip fault which was reported last year. After

simulating more realistic cases, we will report the results of

dynamic rupture simulation in the near future. 

2. Quasi-static simulation of earthquake cycle with
actual curved 3-D interfaces of subducting Philippine
Sea plate in a homogeneous elastic medium along the
Nankai trough in southwest Japan, and the calculat-
ed crustal deformation

2.1 Simulated earthquake cycle

Last year, instead of the flat plane which we have so far

used, we modeled the 3-D curved interface of the subducting

Philippine Sea plate using triangles with sides of 1 km. 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 west-

wards and reaches 6 cm/yr around the west of Kii peninsula.

Assuming the frictional properties depend only on the depth,

we assign the distribution of frictional parameters, and we
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obtained the same result where the rupture always initiates

off the Kii peninsula as in the case of flat plate interface

(Hori et al., 2004).

In this year, we execute simulation by assigning the same

frictional heterogeneities on the 3-D curved plate interface

(Fig. 1) as in the case of flat plane where the actual historical

sequences of the earthquake cycle along the Nankai trough

have been well reproduced (Hori, 2006). Simulations do not,

however, reproduce the historical complex sequences of seg-

mented faulting in contrast to the case of flat plate interface.

Namely, the simulations do not produce the time-predictable

behaviors (Shimazaki and Nakata, 1980) in the rupture initia-

tion areas off Kii peninsula which were seen in the flat case. 

The high fracture energy area we put in the west of the

rupture initiation area prevents the rupture from propagating

westwards, and only the eastern segment, the Tonankai

and/or the Tokai segment, is broken. In this case, the whole

stress stored in the rupture initial area in the interseismic

period is not released, but some amount remains, leading to

the smaller earthquake. Then, in some time later, the rupture

occurs and the western segment, the Nankai segment, is bro-

ken. The rupture of the Nankai earthquake does not extend

to the eastern Tonankai area, because the strength is recov-

ered there before the Nankai earthquake. Accordingly, at the

rupture initiation area of the Tonankai earthquake, the unre-

leased stress remains, and causes the next earthquake to

occur earlier. This is why the time-predictable behavior

appears in the flat case. 

However, in the curved plate interface case, the Nankai

earthquake causes some amount of slip again in the

Tonankai initiation area and the time-predictable behavior

does not appear, because the time interval between the

Tonankai and the Nankai earthquake is too short to recover

the strength in the curved plate interface case. In the flat

case, the area with the large characteristic length L we put in

the deep portion makes effectively the time interval longer.

In contrast, this does not work in the curved interface case.

Accordingly, for reproducing the time-predictable behavior

as seen in the flat case, we need to consider the faster heal-

ing process on the plate interface in the curved case. In fact,

the time interval between the 1854 Tonankai and Nankai

earthquakes is 32 hours and the strength would be recovered

in this short time scale.

2.2 Comparison of crustal deformation calculated for the

simulated slip evolution on the curved plate interface

with the observed one 

During an interseismic period, slip on the plate interface

evolves from the deeper and the shallower stable sliding

regions to the locked one, and the locked portion becomes

narrower as approaching the occurrence of the earthquake as

shown in Fig. 2. Such temporal changes of slip distribution

on the plate interface in the interseismic period produce the

corresponding crustal deformation at the surface. We com-

pare the simulated and the observed crustal deformations to

examine whether our model explain the observations or not.

Fig. 1  Heterogeneous frictional parameter distribution on the 3-D curved plate boundary for (a-b)s (left) and L (right)

values. Contour lines indicate the depth with 10 km interval.

Fig. 2  Distribution of simulated slip rate (left: 60 years and right: 15 years before the occurrence of the Tonankai earth-

quake). The locked (blue) portion becomes narrower before the occurrence of the Tonankai and Nankai earthquakes.
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quake, respectively, are located landwards compared with those

in the observed ones. The separate examinations of the simulat-

ed deformations before and after the occurrence of the earth-

quake indicate that our model produces the subsidence region

in landwards compared with the observed one. And the promi-

nent afterslip in the deep portion occurs soon after the earth-

quake, which shifts the subsidence region further northwards. 

Fig. 3  Leveling route in the Shikoku.

Fig. 4  Calculated vertical displacements along the leveling route in

Fig.3. Black, red and blue lines represent the vertical displace-

ments for the times of 60-45, 45-30 and 30-15 years before the

occurrence of the Nankai earthquake, respectively.

Fig. 5  Simulated vertical displacements for two different periods: (left) before the Tonankai type earthquake,

(right) before and after the earthquake. Note the different vertical scale.

The leveling observations have been repeatedly executed by

Geographical Survey Institute along a route in the Shikoku

as indicated in Fig. 3. Figure 4 shows the vertical crustal dis-

placements for three different interseismic periods. As seen

in Fig. 4, the zero displacement portions in the calculated

vertical displacement move seawards as the locked portion

on the plate interface becomes narrower. 

Figures 5 and 6 compare the calculated and the observed

vertical displacements for different periods. The peak and bot-

tom portion in the simulated vertical displacements for the peri-

ods before and between the occurrence of the Nankai earth-

Fig. 6  Observed vertical displacements along the leveling route for two periods of 1897–1939 (left) and of 1939–1947

(right). The dotted points represent the observations, which are compared with the points in Fig. 5. These figures

are taken from Sato and Matsu'ura (1992). Note the different vertical scales.
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In summary, we need to improve our simulation model in

the followings. First, the healing or the strength recovery

should occur in a considerably short time for reproducing a

variety of earthquake sizes and intervals which appear in the

actual historical Nankai trough earthquake cycles. Second,

comparisons of the simulated and the observed crustal defor-

mations show that the coseismic slip region seems to be

deeper than the observed one, and the afterslip has different

time constants from the observed one. These should be

improved together with the model extension from the elastic

to the viscoelastic medium. 

3. Effect of elastic heterogeneity on the estimation of
afterslip distribution of the 2003 Tokachi-Oki
earthquake in north Japan 
We calculated the crustal deformation at the surface for the

3-D heterogeneous elastic FEM model in north Japan to exam-

ine the effect of elastic heterogeneity on the estimation of after-

slip distribution of the 2003 Tokachi-Oki earthquake in north

Japan. Figure 7 shows the observed horizontal and vertical

postseismic displacements. Figure 8 compares the estimated

afterslip distribution for homogeneous and heterogeneous elas-

tic models. The estimated moment is 30 % larger in the hetero-

geneous elastic model than that in the homogeneous one. 

Fig. 7  The observed horizontal and vertical postseismic displacements for the 2003 Tokachi-Oki earthquake.

Fig. 8  Estimated afterslip distributions together with the errors for (a) the homogeneous (upper) and (b) heterogeneous

(lower) elastic models, respectively.
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4. Temporal stress changes on inland faults in south-
west Japan in a viscoelastic medium during the
Nankai trough earthquake cycles 
In our project, we are now simulating earthquake cycles

along the Nankai trough or along the Japan trench. Final

simulation of our project should include also the inland

earthquake cycles in a viscoelastic medium. To investigate

the effect of viscoelastic stress interaction between the inter-

plate and the intraplate earthquakes, we simulate the tempo-

ral stress changes on inland faults due to the subducting

Philippine Sea plate and the earthquake slips. The inland

earthquakes in southwest Japan are caused by east-west

compressive stress, but stress perturbation due to the subduc-

tion of the Philippine Sea plate and the earthquakes along

the Nankai trough might control the occurrence time of

inland earthquakes (Hori and Oike, 1999). 

First, we calculate stress changes on inland faults due to a

unit dislocation with a direction of N55˚ W on five segments

A-E along the Nankai trough as shown in Fig. 9, employing

GeoFEM based on the 3-D viscoelastic FEM model with

3,563,520 elements which was constructed by CHIKAKU

software last year. The shear stress on the inland fault which

promotes earthquake occurrence τ (t) due to the subduction

of the plate and the earthquake slips on segments A–E is cal-

culated by 

(1)

where suffixes j and k mean five segments A-E and k-th

earthquake in the earthquake cycle. Vpj, ujk and Tj(t) are the

plate convergence rate (Heki and Miyazaki, 2002), slip of

the k-th earthquake, and slip response function for j-th fault

segment, respectively. The normal stress σ is calculated also

in the same way. Then, the Coulomb stress function ∆CFF is

defined as 

(2)

where ∆τ and ∆σ represent the changes of the shear stress

and the normal stress, and µ' is effective frictional coeffi-

cient. Here, the tensional stress on the fault is taken to be

positive, and we set µ' = 0.3 in this study. The positive ∆CFF

means that the earthquake tends to occur, and the negative

one indicates that the occurrence of the earthquake does not

become likely. 

We know the occurrence times of the historical Nankai

trough earthquakes, but not the slip amounts. Therefore, we

assume that the amount of earthquake slip ujk is determined

according to the time-predictable or the slip-predictable

model (Shimazaki and Nakata, 1980). 

Figure 10 shows the temporal stress changes for the Nobi

and Kita-Tango earthquake faults. Earthquake slips accord-

ing to the slip-predictable model explain the occurrence of

the Nobi earthquake better than those according to the time-

predictable model. Therefore we show only the results based

on the slip-predictable model. The calculated earthquake

cycle includes the 1707 Hoei, the 1854 Ansei and the 1944

and 1946 Showa Nankai trough earthquakes. The Nobi

earthquake fault has positive ∆CFF coseismically, After

that, ∆CFF is further increased by the viscoelastic effect in

some time and then decreases due to the plate subduction.

Therefore, ∆CFF has its maximum in each Nankai earth-

quake cycle, and the Nobi earthquake occurred in 1891

when ∆CFF is in the maximum in the Nankai earthquake

cycle for the case of the slip-predictable model (black line).

In contrast, ∆ CFF for the Kita-Tango earthquake fault

decreases due to the respective Nankai earthquakes, and

hence we call this type of fault as the stress shadow fault.

The viscoelastic effect creates the minimum of ∆CFF in

each Nankai earthquake cycle. The Kita-Tango earthquake

occurred in 1927 when the deceased ∆CFF recovers to the

stress level before the 1854 Ansei earthquake. 

The above preliminary simulations of ∆CFF also in other

inland faults suggest that the inland earthquake on the fault

with positive ∆CFF tends to occur during a period from the

coseismic time to the time when ∆CFF has its maximum.

And the stress shadow inland fault with negative ∆CFF has

high-possibility of the earthquake occurrence after the recov-

ery of ∆CFF. Now we assume the slip amount of the Nankai

trough earthquakes. By adjusting the ∆CFF curve to the

occurrence times of old inland earthquakes, however, we pos-

sibly know the slip amounts of the respective Nankai trough

earthquakes. Or the Nankai trough earthquake cycle simula-

tion needs to produce the earthquake slips which explain the

Fig. 9  Locations of the five fault segments A–E on the Philippine Sea

plate interface, and of the inland faults. White and bold rectan-

gles indicate the inland faults with ∆CFF>0 and ∆CFF<0 due to

an earthquake slip along the Nankai trough, respectively.
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occurrence of the old inland earthquakes. Thus, the occur-

rence times of the historical earthquakes are another con-

straints for the Nankai trough earthquake cycle simulation.
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