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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 quasi-static tectonic loading model, a dynamic rupture propagation model, and seismic/geodetic
data assimilation software, developed on a realistic 3-D structure model. In 2004 we completed a prototype simulation system
for crustal activities by combining the quasi-static tectonic loading model and the dynamic rupture propagation model on the
Earth Simulator. In 2005 we developed a method of geodetic data inversion to estimate the spatiotemporal variation of inter-
plate coupling. Applying this inversion method to various time-scale geodetic data, we revealed that the North American-
Philippine Sea plate interface beneath the Kanto region can be partitioned into four regions with different stress release
modes; steady slip without stress accumulation, intermittent stress release by slow slip events, sudden stress release by large
interplate earthquakes, and tectonic stress release by inelastic crustal deformation. We developed also an inversion method to
estimate seismogenic stress fields from CMT data of seismic events, and examined its validity through the analysis of
observed data in northeast Japan. Combining these inversion methods with the computer simulation of tectonic loading, we

can predict the spatiotemporal variation of stress states at plate interfaces.
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1. Introduction history and the present stress state at the plate interfaces by
Our research group aims to develop a physics-based pre- using an inversion technique [4]. Given the past slip history
dictive simulation system for crustal activities in and around and the present stress state, we can predict the next step fault-
Japan, where the four plates of Pacific, North American, slip motion through computer simulation. In 2005 we devel-
Philippine Sea and Eurasian are interacting with each other = oped two inversion methods using Akaike's Bayesian
in a complicated way (Fig. 1). The total system consists of a Information Criterion (ABIC), one of which is the method to
quasi-static tectonic loading model, a dynamic rupture prop- estimate the spatiotemporal variation of interplate coupling
agation model, and seismic/geodetic data assimilation soft- from geodetic data, and another is the method to estimate seis-
ware, developed on a realistic 3-D structure model [1]. In mogenic stress fields from CMT data of seismic events.
2004 we completed a prototype simulation system for crustal

activities by combining the quasi-static tectonic loading 2. Diversity of stress release modes at the NAM-PHS

model and the dynamic rupture propagation model on the plate interface inferred from geodetic data inversion
Earth Simulator [2, 3]. We constructed a Bayesian model for geodetic data inver-
Output data of this simulation system are the crustal defor- sion by combining both direct and indirect prior information

mation, internal stress change, and seismic wave radiation with observed data [5]. Such flexible Bayesian modeling
associated with seismic and/or aseismic slip at plate interfaces. enables us to unify the two different types of inversion meth-
Comparing the simulation output data with actual observed  ods by Jackson and Matsu'ura [6] and Yabuki and Matsu'ura
data, we can extract useful information to estimate the past slip [7] in a rational way. We examined the validity of the uni-
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Fig. 1 A standard 3-D model of plate interface geometry in and around Japan [1]. The vertical sections of the modeled

plate interfaces are compared with observed earthquake distributions along the three segments; northeast Japan
(A-B), Kyusyu Island (C-D), and southwest Japan (E-F).

fied inversion method by choosing the Kanto region, central
Japan, as a test field. The Kanto region is in a complex tec-
tonic setting, where the Pacific (PAC) plate is descending
beneath the North American (NAM) and Philippine Sea
(PHS) plates, and the PHS plate is descending beneath the
NAM plate and running on the PAC plate at its eastern mar-
gin. Furthermore, the PHS plate is colliding with the main-
land of Japan at the northern end of the Izu peninsula.
Because of such a complex tectonic setting, crustal move-
ments in the Kanto region are manifold from instantaneous
coseismic movements to long-term tectonic deformation.
The essential cause of these crustal movements is in
mechanical interaction at the interfaces between the NAM,
PAC and PHS plates.

The crustal movements in the Kanto region have been
precisely measured through leveling, triangulation, trilatera-
tion and/or GPS since the 1880s. We analyzed the coseismic,
interseismic and episodic movements with a realistic 3-D
plate interface model [1] to reveal diversity in stress release
mode at plate interfaces beneath the Kanto region. From the
analysis of coseismic vertical and horizontal displacement
data, we found that the coseismic slip of the 1923 Kanto
earthquake on the NAM-PHS plate interface is characterized
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by a bimodal distribution with the 5 km-deep western and 15
km-deep eastern peaks of about 8 m, extending to 30 km in
depth. The slip vectors are almost parallel to the direction of
plate convergence except for their clockwise rotation near
the Sagami trough. From the analysis of GPS velocity data
for the interseismic calm period of 19962000, we found a
broad and high slip-deficit rate zone, extending from the
area east off the Boso peninsula to the northern end of the
Izu peninsula along the Sagami trough on the NAM-PHS
plate interface. This result indicates strong interplate cou-
pling in the source region of the 1923 Kanto earthquake and
the Izu-Mainland collision zone. From the analysis of daily
GPS coordinate data associated with the 1996 and 2002 off-
Boso slow slip events, we found that these events have uni-
modal forward slip distributions with the peak of 40 mm and
80 mm, respectively, in almost the same area east off the
Boso peninsula on the NAM-PHS plate interface. These
slow slip events accompany earthquake swarms. The series
of slow slip events occurred east off the Boso peninsula at
the average interval of 2—4 years would have similar charac-
teristics to the 1996 and 2002 events.

Putting together the interseismic slip-deficit rate distribu-
tion, the coseismic slip distribution of the 1923 Kanto earth-
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Fig. 2 Partitioning the NAM-PHS plate interface based on difference in
stress release mode [5]. A) Steady slip without stress accumula-
tion; B) Intermittent stress release by slow slip events; C) Sudden
stress release by large interplate earthquakes; and D) Tectonic
stress release by inelastic crustal deformation. The blue color-
scale contours show the interseismic slip-deficit rates. The red
contours at 2 m intervals show the coseismic slip of the 1923
Kanto earthquake. The green contours at 5 mm/yr intervals show
the average slip rates estimated from the slip distribution and
recurrence interval of the off-Boso slow slip events. The stars
indicate the epicenters of the 1703 Genroku-Kanto earthquake
and the 1923 Taisho-Kanto earthquake.

quake, and the average slow-slip rate estimated from the slip
distribution and average recurrence interval of the 1996 and
2002 off-Boso events, we revealed that the NAM-PHS plate
interface beneath the Kanto region can be partitioned into
the following four regions with different stress release
modes: A) steady slip without stress accumulation in the
northern part of the Boso peninsula, B) intermittent stress
release by a series of slow slip events east off the Boso
peninsula, C) sudden stress release by large interplate earth-
quakes along the northern Sagami trough at the recurrence
interval of several hundreds years, and D) tectonic stress
release by inelastic crustal deformation around the collision
boundary at the northern end of Izu peninsula. Such differ-
ence in stress release mode between these regions can be

ascribed to difference in frictional properties there.

3. CMT data inversion using a Bayesian information
criterion to estimate seismogenic stress fields
Seismological data contain direct information about stress

states in the earth's crust, because earthquake occurrence can

be regarded as a stress release process. In the 1980s, to esti-
mate crustal stress fields from focal mechanism data, several
methods of stress inversion have been proposed. The com-
mon idea of these methods is to determine the pattern of
average deviatoric stress for each partitioned area by mini-

115

Chapter 2 Solid Earth Simulation

mizing the difference between the directions of observed
fault slip and those of the tangential component of traction
vectors acting on fault planes in the least-squares sense.
However, these methods have a serious problem that the
inverted stress pattern strongly depends on the way of area
partitioning. Another weakness of these methods is that
errors in determining focal mechanism solutions and ambi-
guity in choosing true fault planes would degrade the relia-
bility of inversion results.

In order to overcome these weaknesses of the previous
methods, we developed a new inversion method to estimate
the stress field related to earthquake generation (seismogenic
stress field) from the centroid moment tensor (CMT) solu-
tion of seismic events [8]. This method is based on the idea
that each seismic event releases a part of the seismogenic
stress field around its hypocenter. The CMT of a seismic
event can be represented by a weighted volume integral of
the true but unknown seismogenic stress field. As the
weighting function we take the 3-D Gaussian type distribu-
tion with its peak at the hypocenter and the variance propor-
tional to the two-thirds power of the seismic moment (the
square of the source dimension). In this method we need not
partition the study area in advance. Instead, we represent the
seismogenic stress field by the superposition of a finite num-
ber of known basis functions. Then, we obtain a set of linear
observation equations to be solved for the expansion coeffi-
cients (model parameters). Incorporating prior constraints on
the roughness of seismogenic stress fields with observed
data by Bayes' rule, we can construct a highly flexible model
(Bayesian model) with unknown hyper-parameters. The
optimum values of hyper-parameters are objectively deter-
mined by minimizing ABIC. Given the optimum values of

hyper-parameters, we can estimate the optimum values of
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Fig. 3 The inverted seismogenic stress field on a vertical section along the
direction of plate subduction in northeast Japan [8]. (a) The invert-
ed seismogenic stress field with the focal sphere representation. (b)
The directions of the maximum compressive principal stress axes
projected on the vertical section. The red lines represent the upper
and lower boundaries of the descending Pacific plate. The color
scales in both figures show the degree of uncertainty.
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model parameters by using a maximum likelihood method.

To test the validity of the new stress inversion method,
we applied it to a set of about 2500 seismic events (M3.5-5.0)
in northeast Japan (NIED Seismic Moment Tensor
Catalogue, 1997-2005), and estimated the spatial pattern of
the seismogenic stress field associated with the subduction of
the PAC plate (Fig. 3). From this inversion result we can
expect the occurrence of normal faulting with a strike parallel
to the Japan trench in the shallow part of the oceanic plate
beneath the outer rise and reverse faulting in the continental
crust. These inverted stress patterns are consistent with the
stress patterns expected from geophysical and geological
observations.

4. Summary

We developed a method of geodetic data inversion to esti-
mate the spatiotemporal variation of interplate coupling that is
represented by slip excess or deficit. Given the spatiotemporal
variation of slip excess or deficit, we can compute the internal
stress state of the lithosphere (Fig. 4). On the other hand, we
developed another inversion method to estimate seismogenic
stress fields from CMT data of seismic events. The inverted
stress fields can be compared with the computed stress fields

to estimate actual stress states at plate interfaces.
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Fig. 4 Tectonic stress accumulation due to plate subduction in and
around Japan [9]. The stress accumulation pattern is represented
by using the upper focal hemisphere. The yellow circle indicates
the the Izu-Mainland collision zone.
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