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 Chapter 1 Earth Science

1. Introduction
The occurrence of earthquakes can be regarded as the 

releases of tectonically accumulated elastic strain energy 
through dynamic fault ruptures. Given this, the entire earthquake 
generation process generally consists of tectonic loading, quasi-
static rupture nucleation, dynamic rupture propagation, and 
fault strength recovery. We can now quantitatively describe the 
entire earthquake generation process with coupled nonlinear 
equations, consisting of a slip-response function, a fault 
constitutive law, and relative plate motion. The slip-response 
function, which relates fault slip to shear stress change, is a 
solution of the equation of motion in continuum mechanics. The 

fault constitutive law, which prescribes shear strength change 
with fault slip and contact time, is an energy balance equation 
in fracture zones. The relative plate motion is a driving force of 
the coupled nonlinear system. Thus, the essence of earthquake 
generation modeling is quite simple, but it is not easy to develop 
a predictive simulation model, because the actual world is 
complex in structure and also in material properties.

 In the first phase (2003-2005) of the project, we constructed 
a realistic 3-D model of plate interface geometry in and around 
Japan, represented by the superposition of about 30,000 bi-cubic 
splines [1]. On this structure model we developed a quasi-static 
stress accumulation model and a dynamic rupture propagation 
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model. Then, given the past fault-slip history, we performed 
the combined simulation of quasi-static stress accumulation 
and dynamic rupture propagation for the 1968 Tokachi-oki 
earthquake (Mw=8.2), and demonstrated that when the stress 
state is close to a critical level, dynamic rupture is rapidly 
accelerated and develops into a large earthquake, but when the 
stress state is much lower than the critical level, started rupture 
is not accelerated [2]. So, the problem is how to know the past 
fault-slip history and how to monitor the present stress state. 
In the case of Japan, fortunately, we have nation-wide dense 
geodetic and seismic observation networks such as GEONET 
operated by GIS (Geographical Survey Institute of Japan) and 
F-net operated by NIED (National Research Institute for Earth 
Science and Disaster Prevention). 

In the second phase (2006-2008), we developed the 
associated data assimilation software; that is, a GPS data 
inversion method to estimate interplate coupling rates [3], a 
CMT data inversion method to estimate crustal stress fields [4], 
and a GPS data inversion method to estimate 3-D elastic/inelastic 
strain fields [5]. Applying the GPS data inversion method [3] 
to GEONET data (GSI) in the Hokkaido-Tohoku region for the 
interseismic calm period of 1996-2000, we estimated the slip-
deficit rate distribution on the North American-Pacific plate 
interface, and revealed that the inverted five slip-deficit peaks 
almost completely coincide with the source regions of 10 large 
interplate earthquakes (M>7.5) occurred along the Kuril-Japan 
trench in the last century [6]. Based on the inversion results, 
we performed the combined simulation of quasi-static stress 
accumulation, dynamic rupture propagation and seismic wave 
propagation for the 2003 Tokachi-oki earthquake (Mw=8.1), 
and demonstrated that the physics-based computer simulation is 
useful for the quantitative evaluation of strong ground motions 

that will be produced by potential interplate earthquakes [7]. In 
2009, applying the GPS data inversion method to interseismic 
GPS data in the southwestern part of Japan, we estimated the 
slip-deficit rate distribution on the Eurasian-Philippine Sea plate 
interface along the Nankai trough-Ryukyu trench, and revealed 
that a high slip-deficit rate belt extends from the Suruga Bay to 
the Bungo Channel. On the basis of the inversion results, we 
computed stress accumulation rates in the seismogenic region, 
and performed a numerical simulation for the dynamic rupture 
of a potential Nankai-trough earthquake by using the boundary 
integral equation method.

2. Interplate slip-deficit rate distribution in and 
around Japan inverted from GPS data 
In 2010, applying the GPS data inversion method [3] to 

horizontal velocity data at GEONET stations in the central 
part of Japan for the interseismic calm period of 1996-2000, 
we estimated precise slip-deficit rate distribution on the 
North American-Philippine Sea and Philippine Sea-Pacific 
plate interfaces along the Sagami and Suruga troughs. In the 
analysis, to remove rigid body translation and block rotation 
from the observed GPS data, we transform the velocity data 
into the average strain rates of triangular elements composed 
of adjacent GPS stations [9]. By this transformation, original 
information about intrinsic deformation is preserved. Thus, we 
completed the estimate of interplate coupling rates on the whole 
plate interfaces in and around Japan. From the slip-deficit rate 
distribution inverted from GPS data shown in Fig. 1, we can find 
the high slip-deficit zones along the trench/troughs in the Japan 
region, corresponding to the past and potential source region of 
large interplate earthquakes.

Fig. 1 The slip-deficit rate distribution inverted from GPS data ([6,9], Hashimoto, Sagiya & Matsu'ura, SSJ 
2009 Fall Meeting). The blue contours indicate the slip-deficit rate.
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3. Combined simulation for quasi-static stress 
accumulation and dynamic rupture propagation
In 2010, we also developed a method to take into account 

the effects of the free surface on dynamic rupture propagation 
by introducing a hypothetical horizontal interface that satisfies 
stress-free conditions into the homogeneous unbounded elastic 
medium [10]. Applying this method to computation of the 
dynamic rupture process of the 2008 Iwate-Miyagi earthquake 
(Mw=6.9), we demonstrated that the effects of the free surface on 
dynamic rupture propagation is significant in the shallower part 
of the seismogenic fault.

Now, focusing on the temporal changes in slip-velocity 
patterns in the early stages of the second earthquake cycle 
after the first event, we performed combined simulation 
for quasi-static stress accumulation and dynamic rupture 
propagation in the 1968 Tokachi-oki seismogenic region [11]. 
For this computation, we gave the fault slip history in the first 
earthquake cycle, and then start the quasi-static simulation of 
tectonic loading for the second earthquake cycle. The panels (a), 
(b), (c), and (d) in Fig. 2 show the slip-velocity patterns at 1, 
2, 3, and 8 yr after the first event, respectively. We can find the 
slip-velocity deficit zone extending over the source region of the 
first event at every stage. This indicates the very fast strength 
recovery in the source region. At the very early stage (a), we 
can find a remarkable slip-velocity excess (afterslip) zone in the 
deepest part of the seismogenic region, which corresponds to the 
brittle-ductile transition zone characterized by low peak strength 
and large slip-weakening distance. The stress transfer due to 
viscoelastic relaxation in the asthenosphere may accelerate the 
afterslip at the depths.  
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本研究プロジェクトは、複雑なテクトニック環境の下にある日本列島及びその周辺域を一つのシステムとしてモデル
化し、プレート運動に伴う長期的な地殻変形から大地震の発生まで、時間・空間スケールの著しく異なる地殻活動現象
を統一的且つ定量的に予測する並列シミュレーション・システムを開発し、モデル計算と観測データを併合した日本列
島域の地殻活動予測シミュレーションを行うことを目的としている。
地殻活動予測シミュレーション・システムは、日本列島域の 3次元標準構造モデル（CAMP Standard Model; Hashimoto, 

Fukui & Matsu'ura, PAGEOPH, 2004）上に構築された、準静的応力蓄積モデル、動的破壊伝播モデル、及び地震／地殻変
動データの解析・同化ソフトウェアから成る。平成 20年度には、モデル計算と観測データの融合に向け、直接的及び間
接的先験情報を考慮した GPSデータの逆解析手法（Matsu'ura, Noda & Fukahata, GJI, 2007）を北海道－東北地域の地震間
（1996-2000）の GPS速度データに適用して北米－太平洋プレート境界の詳細なすべり遅れ分布を求め（Hashimoto, Noda, 
Sagiya & Matsu'ura, Nature Geoscience, 2009）、その結果に基づいて 2003年十勝沖地震の準静的応力蓄積―動的破壊伝播―
地震波動伝播の連成シミュレーションを行ない、将来的に発生が予想されるプレート境界地震による地震動を定量的に
予測することが可能なことを示した（Fukuyama et al., BSSA, 2009）。平成 21年度は、上記の GPSデータ逆解析手法を西
南日本域に適用してユーラシア－フィリピン海プレート境界の詳細なすべり遅れ分布を明らかにした（Hashimoto, Sagiya 
& Matsu'ura, SSJ 2009 Fall Meeting）。平成 22年度は、上記の GPSデータ逆解析手法を関東地域に適用して北米－フィリ
ピン海、及びフィリピン海－太平洋プレート境界の固着－すべり状態を推定し（Noda, Hashimoto, Fukahata & Matsu'ura, 
2011, GJI, submitted）、昨年度までの結果と合わせて、日本列島全域の震源域のすべり遅れレートの詳細な分布を明らか
にした。また、日本列島域の地殻活動予測シミュレーション・システムについては、動的破壊伝播モデルに自由表面の
効果を導入する手法を開発し、その効果を評価した（Hok & Fukuyama, GJI, 2011）。更に、1968年十勝沖地震の震源域に
於ける，過去の地震による影響を取り込んだ地震発生サイクルシミュレーションにより、地震発生直後に応力蓄積レー
トが顕著に増大し、やがて時間と共に一定値まで減少すること、また、深部の脆性－延性遷移領域では余効すべりが地
震後数年間に亘り継続することが明らかにした（Fukuyama, Hashimoto & Matsu'ura, GJI, submitted）。
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