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Constructing regional 3-D heterogeneous viscoelastic FEM models in northeast and southwest Japan, respectively, we aim to sim-
ulate generation processes of interplate and intraplate earthquakes in a complex system of interactive faults. This simulation consists
of two processes; oneis quasi-static earthquake cycle simulation, and the other is simulation of dynamic rupture propagation.

This year, we mainly develop quasi-static simulation. To investigate some basic features of frictional propertiesin arate- and
state-dependent friction law, assuming a simple plane fault in a semi-infinite elastic medium, we simulate quasi-static earth-
quake cycles due to the subduction of the Philippine Sea plate (PHS) along the Nankai trough in southwest Japan. In addition to
the lateral variations in convergence rate and in the frictional property reflecting its depth-dependency and the plate configura-
tion, we assign small lateral heterogeneities in frictional property off Kii Peninsula and off the Tokai region corresponding to
heterogeneous structures revealed by recent seismic surveys. This model with heterogeneities in frictional property produces
segmentation of earthquake fault and complicated rupture interaction of the segments, which successfully mimic the historical-
ly recurring great earthquakes along the Nankai trough. Toward realistic simulation, a large-scale viscoelastic FEM model of
southwest Japan is constructed by using CHIKAKU software.

Keywor ds. quasi-static earthquake cycle, asperity, segmentation, Philippine Sea plate, Nankai trough
1. Introduction earthquakes which cause great disaster in Japan: one is the

The 26 December 2004 Sumatra-Andaman Islands earth- ~ M8-class great interplate earthquake along trenches with a
quake, the second largest earthquake since 20th century, recurrence time of around 100 years, and the other is the

whose moment magnitude is 9.3, generated large Tsunami, M7-class inland earthquakes on a active inland fault with a
which caused devastating disaster including a heavy loss of recurrence time longer than 1000 years.
300,000 lives. The earthquake occurred in a subduction zone We aim to simulate earthquake generation cycles for both

where the Indian plate is subducting beneath the Burma  interplate and inland earthquakes. For this purpose, we need
plate. The Japan Islands is also located in a subduction zone,  to take into consideration the strong variation in the structure
where the Pacific plate is subducting beneath northeast  beneath the Japan Islands. As a variety of geophysical sur-
Japan along the Kuril and the Japan trenches, and the  veys such as seismic tomography have recently revealed,
Philippine Sea plate descends beneath southwest Japan along  there exist strong variations in the structure beneath the
the Nankai trough. In Japan, we have two types of large  Japan Islands, which are produced by the subducting plates.
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Therefore, we construct detailed regional FEM models in
northeast and southwest Japan, respectively, and try to simu-
late earthquake generation cyclein aregional scale.

The earthquake cycle simulation consists of two process-
es, quasi-static and dynamic ones. In quasi-static earthquake
cycle simulations, we simulate slow stress accumulation and
dip evolution on plate interfaces or inland faults due to rela-
tive plate motions based on a friction law. For this smula-
tion, we take the following approach of boundary integral
equation method. First, we divide the interface into cells
with the sizes of around 1 km x 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, an super-parallel FEM code (lizuka et a., 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 alaboratory derived rate-
and state-dependent friction law with an adaptive time step
Runge-Kutta algorithm. In dynamic earthquake cycle simu-
lation, we simulate earthquake rupture propagation based on
dlip-dependent friction law as a contact problem and directly
use the function treating contact interfacesin GeoFEM .

Before simulating realistic quasi-static earthquake cyclesin
complicated 3-D viscoelastic models, we investigated the
effect of frictiona property reflecting the plate configuration
on the earthquake cycle using a simple plane fault in a semi-
infinite homogeneous elastic medium, last year (Hori et d.,
2004). Here, we extend this approach to the inclusion of
asperities in the earthquake cycle simulation along the Nankai
trough, southwest Japan. In the following, first, we show that
lateral heterogeneities in frictional property play an important
role in producing the segmentation of earthquake fault and the
complicated rupture patterns due to segment interaction.

For calculation of dlip response function, we need to con-
struct 3-D viscoelastic FEM models. We show the FEM
model of southwest Japan, which is newly produced by
CHIKAKU software.

For simulation of dynamic rupture propagation, we test
the performance of contact analysis code implemented in
GeoFEM using simple plane models. After tuning several
parts, we have successful results in comparison with the
ones obtained in previous studies. Because of still simple
problems, we skip the report here.

2. Quasi-static simulation of earthquake cycle along
the Nankai trough, southwest Japan: segmentation
of earthquake fault and complicated segment inter-
action in rupture

2.1. Last year's model with lateral variations in frictional

property due to the configuration of subducting
Philippine Sea plate
The Philippine Sea plate is subducting with a 3-D compli-

122

. Vpl [emiyear]

1525 3545 5565

Fig. 1 Convergence rate and direction of the Philippine Sea plate along
the Nankai trough assigned in the simulation

cated configuration beneath southwest Japan, which repeatedly
produces great interplate earthquakes along the Nankai trough
with a recurrence time of 90 — 150 years. The last events are
the 1944 Tonankai and the 1946 Nankai earthquakes, both of
which epicenters are located off Kii Peninsula.

Last year, we tried to simulate the earthquake cycle using
a simple plane interface in a semi-infinite homogeneous
elastic medium, taking into consideration the varying con-
vergence rate along the Nankai trough (Hori et al., 2004).
We set a691.2 km x 311.94 km plane interface and divided
the plane into 1.20 km x 1.22 km cells. According to Heki
and Miyazaki (2001) who estimated the convergence rate
based on GPS observation data, we set the westwardly
increasing rate along the Nankai trough from 1 cm/yr in the
Suruga Bay to 6.5 cm/yr off Kii Peninsula and around the
Shikoku region as shown in Fig. 1.

We considered also the effect of the complicated configu-
ration of the Philippine Sea plate. Assuming the frictional
parameters are dependent on the depth, they were mapped
on the flat model plane, which resulted in lateral variation in
frictional property corresponding to the changing dip angle
of the plate. In the simulation results, the earthquake repeat-
edly occurred with recurrence times of around 100 years and
the rupture always started off Kii Peninsula as in the case of
the 1944 Tonankai and the 1946 Nanka earthquakes. Both
the effects of a narrower locked area due to the larger dip
angle and a faster convergence rate caused the highest stress
accumulation rate in this area, promoting slip nucleation.
The rupture propagated both eastwards and westwards, and
broke the whole seismogenic zone every time in this model.

2.2. Model including small lateral heterogeneitiesin friction-
a property
Historical documents and seismo-archaeological data
indicate, however, that the whole source region was not
always ruptured and the rupture pattern was complicated



(e.g. Ishibashi and Satake, 2001). The plate interface is
divided into five segments A-E corresponding to geological
and geophysical structures, and the source region is further
grouped into three segments, the Nankai A-B, the Tonankai
C-D and the Toka E segments, respectively, as shown in
Fig. 2. The rupture of the Tonankai segment C-D and the
Tokai segment E usually preceded that of the Nanka one A-
B. The delay times were 2 years and 32 hours for the 1944
Tonankai and the 1946 Nankai events and for the 1854
Ansel event, respectively. As in the case of the 1707 Hoei
event, the rupture happened to expand to the whole source
region A-E. The rupture did not always reach the Tokal seg-
ment E asin the case of the 1944 Tonankai event.

For producing the fault segmentation, we introduce small
lateral heterogeneities in frictional property into our model.
Off Kii Peninsula, Baba and Cummins (2005) analyzed
Tsunami data to show the existence of the large coseismic
slip around the epicenter of the 1946 Nankai earthquake,
suggesting that fracture energy is locally high in this area
There we put larger B-A [on(b-8)] and L values than thosein
the surroundings. Seismic surveys revealed that the low
velocity region and reflective layers exist in the shallow
locked zone of the Philippine Sea slab (Kodaira et al.,2004b)
also off Kii Peninsula. This suggests the existence of stable
dliding region, and we put a positive A-B vaue there. Off
the Tokai region, Kodaira et al. (2004a) presented that a
series of the ridge subduction occur there. Corresponding to
the subducted ridge, we put larger B-A and L values than
those in the surroundings. In addition to the depth-dependent
frictional property which we used in the simulation last year,
we put small heterogeneities in frictional property corre-
sponding to the above mentioned so called asperities. The
resultant distributions of A-B and L are displayed in Fig. 3.

Based on this model with asperities, we simulate six
earthquake cycles in 667 years, where the computational
timeis 7.4 hours using 128 nodes. Fig. 4 shows examples of
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Fig. 3 Distribution of A-B [on(ab)] (upper) and L (lower) used in the
simulation

snapshot of coseismic slip distribution in simulated two
earthquake cycles. In the figure, the first event ruptures the
Tonankai C-D and the Nankai A-B segments, leaving the
Tokai one E unbroken. 110 years later, the second event
occurs and the rupture extends to the Tonankai and the
Tokal segments C-E, and then 6 days later the Nankai seg-
ments A-B is broken. The third event occurs 103 years after
the second event. This event ruptures only the Tonankal seg-
ment C-D, and then 91 days later the Nankai segment A-B is
broken. In Table 1, we summarize the interval times between
successive earthquakes cyles and the complicated rupture
patterns representing segment interaction in rupture.

Thus, the model with small heterogeneities in frictional
property successfully simulates the fault segmentation and
the complicated rupture patterns appearing in historical
earthquake cycles along the Nankai trough in Fig. 2. Our
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Fig. 2 Segmentation and complicated rupture pattern of great earthquakes along the Nankai trough
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Fig. 4 Snapshots of distribution of coseismic slips whose dlip velocities exceed 1 cm/s during two earthquake
cycles. Arrows indicate time advance and the numerals mean time intervals between successive snapshots.

simple simulation indicates that the asperities or barriers
which are small heterogeneities in frictional property make
an important role in controlling the fault segmentation and
the segment interaction in rupture.

Now, we discuss what roles the heterogeneities in fric-
tional property introduced into the model are playing in con-
trolling segmentation and rupture complexity in more
details. First, we introduced the lateral variation of conver-
gence rate along the Nankai trough and also the lateral varia-
tions in frictional property due to its depth dependency and
the configuration of the subducting slab, though they were
already introduced last year. Off Kii Peninsula, the locked
zone width becomes narrower due to a large dip of slab and
the rate is faster, both of which promote stress accumulation
there and cause the rupture nucleation there. Second, also off
Kii Peninsula, we introduced two regions with the larger B-
Table 1 Interval times between successive great earthquakes and com-

plicated rupture pattern during simulated six earthquake cycles
Circles mean that the earthquake ruptures the segment.

Lapse time (years) Interval Nankai | Tonankai | Tokai

24.0 - ©) ©) ©)
1354 111.4 years @]

135.5 26 days O

203.7 95.2 years O O
203.9 69 days @)

343.4 111.2 years O O

453.1 109.6 years O O
453.1 6 days O

556.1 103.0 years O

556.3 91 days O

667.1 110.8 years O O O
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A and L values at depth of 10-30 km and with the positive
A-B in the shallow locked zone. They are working as barri-
ers for westward rupture propagation and separate the fault
zone into the eastern and the western segments. Third, off
the Tokai region, we introduced the region with the larger B-
A and L values corresponding to the subducted ridge. Thisis
working as a barrier for eastward rupture propagation, and
the rupture does not reach the Tokal segment every second
time. Findly, it is noted that the larger L values assigned at
depths larger than 20 km make the larger change in the inter-
val of each earthquake cycle and in the rupture complexity
between segments. This suggests that aseismic dlip at depth
also controls the complexity in rupture and in segment inter-
action during successive earthquake cycles.

In this study, we tentatively assigned small lateral hetero-
geneitiesin frictional property referring to the heterogeneous
structures which are investigated by seismic surveys, and
found the heterogeneities in frictional property play an
important role in producing the complexity of earthquake
cycle. Further detailed studies on heterogeneities in friction-
a property would be needed to make realistic simulation of
earthquake cycle along the Nankai trough.

3. 3-D viscoelastic FEM model in southwest Japan

For realistic earthquake cycle simulation, we construct a
large scale 3-D viscoelastic FEM model in southwest Japan
by using CHIKAKU software, a mesh generation software,
developed by Riken and JAERI. Fig. 5 shows the FEM
meshes. The numbers of nodes and elements are 466,725
and 445,440, respectively. The mesh size on the plate inter-
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Fig. 5 Meshes of 3-D viscoelastic FEM model in southwest Japan

face is 10 km, which is too large to calculate slip response
functions. Cell size should be 1 km for assuring precise cal-
culation of dlip evolution based on a rate- and state-depend-
ent friction law. Therefore we need to subdivide the meshes
of this model into smaller ones with a size of several 100 m
and calculate slip responsesin Earth Simulator.
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