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Our research group aims to develop a physics-based predictive simulation system for crustal activities in and around Japan, which
consists of a combined simulation model for quasi-static stress accumulation and dynamic rupture propagation and the associated
data assimilation software. In the first phase (2003-2005), we constructed a prototype of the combined simulation model on a realistic
3-D structure model. In the second phase (2006-2008), we tested the validity and applicability of the combined simulation model,
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. We also developed the associated data assimilation software; that is, a GPS
data inversion method to estimate interplate coupling rates, a CMT data inversion method to estimate crustal stress fields, and a GPS
inversion method to estimate 3-D elastic/inelastic strain fields. Applying the GPS data inversion method to interseismic GPS data
(1996-2000) in Japan, in 2008, we have estimated the slip-deficit rate distribution on the North American-Pacific plate interface along
the Kuril-Japan trench, and, in 2009, on the Eurasian-Philippine Sea plate interface along the Nankai trough-Ryukyu trench. In 2010,
applying the same GPS data inversion method to interseismic GPS data in the central part of Japan (the Kanto region), we estimated
the slip-deficit rate distribution on the North American-Philippine Sea and Philippine Sea-Pacific plate interfaces along the Sagami
and Suruga troughs. 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. 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. At the
very early stage, 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.
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1. Introduction fault constitutive law, which prescribes shear strength change
The occurrence of earthquakes can be regarded as the with fault slip and contact time, is an energy balance equation
releases of tectonically accumulated elastic strain energy in fracture zones. The relative plate motion is a driving force of
through dynamic fault ruptures. Given this, the entire earthquake the coupled nonlinear system. Thus, the essence of earthquake
generation process generally consists of tectonic loading, quasi- generation modeling is quite simple, but it is not easy to develop
static rupture nucleation, dynamic rupture propagation, and a predictive simulation model, because the actual world is
fault strength recovery. We can now quantitatively describe the complex in structure and also in material properties.
entire earthquake generation process with coupled nonlinear In the first phase (2003-2005) of the project, we constructed
equations, consisting of a slip-response function, a fault a realistic 3-D model of plate interface geometry in and around
constitutive law, and relative plate motion. The slip-response Japan, represented by the superposition of about 30,000 bi-cubic
function, which relates fault slip to shear stress change, is a splines [1]. On this structure model we developed a quasi-static

solution of the equation of motion in continuum mechanics. The 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 (M,=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 (M,=8.1),
and demonstrated that the physics-based computer simulation is

useful for the quantitative evaluation of strong ground motions
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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.
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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
(M,=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), (¢), 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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Fig. 2 Temporal changes in slip velocity patterns in the early stages of the second earthquake cycle. The panels (a), (b), (c), and (d) show the slip-

velocity patterns at 1, 2, 3, and 8 yr after the first event, respectively. The red and blue contours represent the slip-velocity excess and deficit to

steady relative plate motion, respectively. The contour intervals are taken to be 20% of steady relative plate velocities.
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AKFge7a Y7 ME, HMiRT 7 b=y VBREOTICH A HAVBROZORBEE 2D Y AT L LTETIV
fEL. 7L — MBI BRI 2 R0 & KMEOFsA T ¢ BEl - ZBRA 7 — Vo3 L R 2 Wit ai3 s
ZH—HOERMITHTA2EH L I 2L —Yay s YATFAZBIL, EFNVESEEENT— 7 204 L2 HAT
BIEOWBEE TS I 2L —3a v &2 L2 HMWE LTV A,

WRHGEIPH Y I 2L —Ya v Y AT A, HAVIBEO 3 RTiE#ERE £ 7 )V (CAMP Standard Model; Hashimoto,
Fukui & Matsu'ura, PAGEOPH, 2004) FIZHESE S N7z, #EFHWIC BT TV, BIEBHEAREE T V. ROHEE /M A
7 — & QN - FALY 7 b7 2 705K 5 R 20 SEEEICIE. ETOVEME LB T — & @A IS, B R ONHE
PR EBRTE M2 £ 8 L 72 GPS 7 — & O N T35 (Matsu'ura, Noda & Fukahata, GII, 2007) % b — HUAL Hbidi o> 5 K]
(1996-2000) @ GPS &7 — # IZ#H LTIk — KPEEET L — FEROFM 2 30 BN 55A6 % 3K (Hashimoto, Noda,
Sagiya & Matsu'ura, Nature Geoscience, 2009) . Z DRI T 2003 4F1 i HEE 0 #EFH YIS ) SR —Bh R A% —
WERBMEIGEOMM Y I 2 L= a V&RV, FRICEENTFHENS 7L — MERMIEIC L 2 EE 2 28I
FT 5 L% Z & 2R L7z (Fukuyama et al., BSSA, 2009) o “FiE 21 4EFEIX. LiEo GPS 7 — & Wiff# T2 1
MHAICEN L CL—5 37 - 74V E VT L — MEROFEM 30 N5 2 W 5 2012 L7z (Hashimoto, Sagiya
& Matsu'ura, SSJ 2009 Fall Meeting) o “F-i% 22 4EJE1d. LFEO GPS 7 — & Wiff A Fik & B Ic @ L bk — 740
i, RUO7 4 ) VilE-RKFEET L — MEROER -3 XDRELIEE L (Noda, Hashimoto, Fukahata & Matsu'ura,
2011, GJI, submitted) . WEAEEEF COMERE GHLE T, HAFBEEHOBFIHO TR EN L — b OFHM %5040 2 W & 20
L7z 720 HASIEBBOWBEH TN I 2L —3 3> - YAFAIZOWTIEL, BINBEEBEFSVICHBERO
WMEEEATLTEZHEL. TOREL M L7 (Hok & Fukuyama, GIT, 2011) . FIZ, 1968 4P HuE o 22Uk 2
WTA, BEOHMBIZEAHEZMVAALHBEREFA 7 VY I 2L —Ya ild ), BREERIISIERL —
FASHEEICHR L, RATHB E IC—EHT TR T 528, T2, EHROMYE - EMEER R TR T XY 251
BHEBAERICE Y #5352 L2 5 A2 L7z (Fukuyama, Hashimoto & Matsu'ura, GJI, submitted) o

F—TJ—FR:GPST—F A o nN=Tary, L= NH vy 7Y 7 R HER, BIRHE, s I 21— a v
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