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Atmospheric pressure waves from the 2011 great off-Tohoku earthquake (Mw=9.0)

MIKUMO, Takeshi1∗, Milton Garces2, SHIBUTANI, Takuo3, Wataru Morii4, Takashi Okawa5, ISHIHARA, Yasushi6

1Kyoto University,2Infrasound Lab., University of Hawaii,3DPRI, Kyoto University,4DPRI, Kyoto University,5Seismological
Observatory, JMA,6IFREE, JAMSTEC

Atmospheric pressure waves were recorded within several hours after the great off-Tohoku earthquake by sensitive micro-
barographs not only at several stations on and around the Japanese Islands, but also at 9 International Monitoring System (IMS)
stations in the distance range between 1,000 and 6,500 km. Some of the near-field observations have been interpreted as non-
dispersive boundary waves propagated along the bottom boundary of the atmosphere (Arai, et al.,2011). In addition to these,
characteristic waveforms with two strong pulses can be identified at 3 other Japanese near-field stations, which are supposed to
come from two stages separated within several minutes in tectonic vertical deformation on the sea-floor. The far-field observa-
tions including those at stations in Alaska, Hawaii, Palau, Australia, Far East Russia, Mongolia, Central Asia, and Greenland,
indicate weak dispersive wave trains involving low frequencies between 1.5 and 3.3 mHz (or periods from 11 to 5 min ) with a
group velocity between 346 and 376 m/s and amplitudes ranging between 0.5 to 3 Pa, depending on their locations. For these
reasons, these low-frequency waves may be interpreted as acoustic-gravity waves excited by swelling and depression of the sea
surface due to vertical sea-floor deformation, and propagating through the lower to middle atmosphere, as in the cases of the
1964 Alaskan and 2004 Sumatra-Andaman earthquakes. Assuming various source parameters, we calculate synthetic waveforms
for several far-field stations by incorporating a realistic, standard thermal structure in the atmosphere up to an altitude of 220
km, and then compare them with the corresponding observations. The comparison provides estimates of possible ranges for the
effective source dimension generating these atmospheric pressure waves, average uplift and subsidence of the sea-floor and their
time constants.

We expect that the results may become further information independent from seismic, geodetic, and tsunami observations, to
the source characteristics of this great earthquake.
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The elastic rebound process of the 2011 great Tohoku-Oki earthquake

FUKAO, Yoshio1∗, Takane Hori1, Shuichi Kodaira1

1IFREE/JAMSTEC

The 2011 Tohoku-Oki earthquake was an anomalously large elastic rebound of the upper-plate wedge against basal drag by the
Pacific plate. The wedge consists of two parts, the seismically active inner (landward) segment and the inactive outer (oceanward)
segment. A unique feature of this earthquake is the unexpectedly large rebound of the usually inactive outer segment. Here, we
develop an elastic rebound model predicting a drastic change in stress state within the outer segment of the wedge characterized
by a relatively steep seafloor and a very gentle plate interface. The model predicts, as the basal friction is reduced, the stress
difference decreases in a horizontally compressional state, reaches a minimum (to which the stress state be referred) and then
increases in a horizontally tensional state. The observed low seismic activity and normal fault-dominated seismic structure imply
that the outer segment is in general marginally in a horizontally tensional state and decoupled from the compression-dominated
inner segment by a strongly locked segment-segment boundary. The 2011 event started with unlocking of this boundary which
shifted the area of stress concentration from the segment-segment boundary to the outer segment to place transiently the outer
segment in a horizontally compressional state. The consequent large stress drop, accompanied by a drastic change of stress state
within the outer segment, was transmitted to the inner segment through their already unlocked boundary. The unique role of the
outer segment is a key to understand the whole rebound process of the Tohoku-Oki earthquake.
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Tidal triggering of earthquakes preceding the 2011 off the Pacific coast of Tohoku earth-
quake

TANAKA, Sachiko1∗, ASANO, Youichi1

1NIED

We observed tidal triggering of earthquakes preceding the 2011 off the Pacific coast of Tohoku earthquake (Mw 9.1). We
measured the statistical correlation between the Earth tide and earthquake occurrence in and around the rupture area of the To-
hoku earthquake. The data we used are the centroid moment tensor (CMT) solutions of 2330 earthquakes with Mw 4.0 or larger
from June 2003 to October 2011, which is reported by Asano et al. (2011). For each earthquake, we theoretically calculated tidal
stresses on the fault plane (Tanaka et al., 2002); this calculation includes the direct solid Earth tide and the indirect term due to the
ocean tide loading. Assigning the tidal phase angle at the occurrence time of each earthquake, we tested whether they concentrate
near some particular angle or not by using the Schuster’s test. In this test, the result is evaluated by p-value, which represents the
significance level to reject the null hypothesis that the earthquakes occur randomly irrespective of the tidal phase angle.

Considering the shear stresses in the slip direction, we examined the spatial distribution of p-value before the Tohoku earth-
quake. As a result of analysis, we found no significant correlation. Changing the threshold magnitude of the data set, however,
we observed small p-values in the nortern part of the mainshock source region. The smallest p-value of 0.19% is obtained in the
200 km square region (hereafter this region is referred to as region A), which includes the epicenter of the Tohoku mainshock,
for the threshold magnitude of 4.8. The phase distribution in this case shows a peak near the angle 0, where the tidal shear
stress is at its maximum to accelerate the fault slip. The temporal variation of p-value in region A shows that the p-value had
been smaller than 5% over about a decade before the Tohoku earthquake. It gradually decreased with time, which lasted to the
mainshock occurrence. After the Tohoku earthquake, the p-value was large (50%), indicating absence of significant correlation
in this period.

We also observed similar space-time patterns of p-value when restricting our analysis to interplate earthquakes, which were
identified following the method of Asano et al. (2011). However, the resultant p-value in the pre-mainshock period tends to be
smaller than that observed for the data including all earthquakes. The p-value in region A is 0.08% for the threshold magnitude
of 4.8.

Focusing on interplate earthquakes, we also try to evaluate the effects of fault-normal and Coulomb failure stresses. The data
used for this analysis are the events with Mw 4.8 or larger that occurred in region A before the Tohoku earthquake. For these
events, we assumed the west-dipping nodal planes as the fault planes. The p-value for normal stresses is 1.1%, which is larger
than that for shear stresses, and a clear increase in the rate of events is found during times of compressional stresses inhibiting
fault slip. We also examined Coulomb failure stresses giving different values of friction coefficient. A smaller p-value is obtained
for a smaller friction coefficient, and the best correlation is for friction coefficient of 0 (shear stress only). This implies that shear
stresses could play a dominant role on earthquake triggering in this region.

Keywords: the 2011 off the Pacific coast of Tohoku earthquake, earth tide, earthquake triggering, precursor
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Seismic image of coseismic fault extending from the hypocenter to the trench axis by the
2011 Tohoku-oki earthquake

KODAIRA, Shuichi1∗, NO, Tetsuo1, NAKAMURA, Yasuyuki1, FUJIWARA, Toshiya1, KAIHO, Yuka1, TAKAHASHI, Narumi1,
KANEDA, Yoshiyuki1

1Japan Agency for Marine-Earth Science and Technology

The large tsunami followed the 2011 Tohoku-oki Earthquake is believed to be caused by a fault rupture extending from around
20 km deep at the plate boundary to a shallow part of the subduction zone at the Japan Trench, on the basis of seismic wave,
tsunami and geodetic data. Those observations may indicate a need to revise a conceptual model of a subduction seismogenic
zone which proposed a shallow part of subduction zone is aseismic slip zone. In order to examine a coseismic fault between the
hypocenter and the trench axis, we processed seismic and bathymetry data acquired during a rapid response geophysical cruise
soon after the earthquake, from 14th to 30th March in 2011, by using JAMSTEC R/V Kaire. From the seismic image, the plate
interface can be traced down to around 20 km deep where the fault rupture was initiated. The angle of the plate interface seems
to become low from the up-dip of the hypocenter at around 15 km deep. This variation of subduction angle is consistent with a
seismic velocity image previously obtained by wide-angle OBS data. The seismic image of the up-dip end is characterized by
a reflective zone slightly above the oceanic crust and a wedge-shaped structure which called a frontal prism. A weak reflector
slightly above oceanic crust at the base of the frontal prism can be traced to the trench axis. In addition, comparing the seismic
image of the trench-filled sediment obtained before and after the earthquake shows a seismological evidence of a co-seismic fault
rupture extending along the plate boundary to the seafloor at the trench; i.e., the seismic image of the trench-filled sediment after
the earthquake shows a compressional structure with several reverse faults branching from the master fault which reaches the
trench axis. This result shows that a shallow part of a plate interface can be a seismic slip zone and that slip to the trench along
the plate boundary is a cause of a large tsunami.

Keywords: Tohoku-oki eqrthquake, seismic image, fault, trench axis
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Hypocenter distribution around the 2011 Tohoku-Oki earthquake by using Ocean Bottom
Seismographic data

SUZUKI, Kensuke1∗, HINO Ryota1, ITO Yoshihiro1, YAMAMOTO Yojiro 2, SUZUKI Syuichi1, Fujimoto Hiromi1, SHINO-
HARA Masanao3, ABE Masao4, KAWAHARADA Yoshiharu4, HASEGAWA Yohei4, KANEDA Yoshiyuki2

1Tohoku University,2JAMSTEC,3ERI, University of Tokyo,4Japan Metrological Agency

A megathrust earthquake (M9.0), the 2011 off the Pacific coast of Tohoku earthquake (the 2011 Tohoku-Oki earthquake),
occurred on Mar. 11, 2011 along the Japan Trench subduction zone. Its hypocenter and the area of major moment release are lo-
cated in the Miyagi-Oki region, middle part of the Japan Trench area, where large interplate earthquake (˜M7.5) have repeatedly
occurred at about 40 years intervals. Since 2002, we have repeatedly deployed and retrieved pop-up type Ocean Bottom Seis-
mometers (OBSs) to monitor the seismicity in the region. By this OBS network, we could observe a sequence of the foreshocks,
the mainshock and aftershocks of the 2011 Tohoku-Oki earthquake in their close vicinity.

Suzuki et al. (2011) relocated these hypocenters by using OBSs data. Although OBSs deployed in the area observed the series
of earthquakes and their data provided with improved image of the hypocenter distribution, they relocated only aftershocks with
more than M-3.5 because vast number of earthquakes after the mainshock made it difficult to process the earthquakes with less
than M-3.5. To investigate more detailed seismicity pattern, we relocated hypocenters of aftershocks with M-2.0˜3.5 in addition
to the their data set. In the first step of hypocenter determination, we calculated hypocenter positions by using 1D seismic velocity
structure with applying station corrections for the OBS arrival time data and used those as the initial hypocenters in the second
step. In the second step, we calculated hypocenters by using 3D seismic velocity structure estimated by Yamamoto et al. (2011)
for a more detailed hypocenter determination.

The mainshock hypocenter was relocated slightly westward from that reported by JMA and near the intersection between the
plate boundary and the Moho of the overriding plate. The foreshock seismicity mainly occurred on the trenchward side of the
mainshock hypocenter, where the Pacific slab contacts the island arc crust. The foreshocks were initially activated at the up-dip
limit of the seismogenic zone ˜30 km trenchward of the largest foreshock (M 7.3, two days before the mainshock). After the
M-7.3 earthquake, intense interplate seismicity accompanied by epicenters migrating toward the mainshock hypocenter was ob-
served. The focal depth distribution changed drastically in response to the M-9 mainshock. Earthquakes along the plate boundary
were almost extinct in the area of huge coseismic slip, whereas earthquakes off the boundary increased in population in both the
upper and the lower plates.

Keywords: Tohoku-Oki earthquake, OBS, hypocenter distribution, foreshock, aftershock
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Finite element analysis for modeling the crustal deformation caused by the 2011 Tohoku-
Oki earthquake

ITO, Yoshihiro1∗, SHIBAZAKI, Bunichiro2, Kazuteru Garatani3, HINO, Ryota1, NAKAJIMA, Junichi1

1Graduate School of Science, Tohoku University,2Building Research Institute,3ITOCHU Techno-Solutions Corporation

We performed a finite element analysis for constructing a two-dimensional model of the deformation due to the 2011 Tohoku-
Oki earthquake, taking into account the realistic subsurface structure and topography. We used a finite element code developed
using GeoFEM. The two-dimensional cross section considered in the finite element analysis was perpendicular to the Japan
Trench. This profile also transects an area of huge coseismic slip with the slip magnitude exceeding 60 m. Two-dimensional
model of the crust, mantle wedge structures, and subducting slab geometry were developed on the basis of a offshore seismic
reflection survey (Ito et al., 2005) and high-precision seismic tomography profile of the crust, mantle wedge structures, and
subducting slab in this region (Nakajima et al., 2009). Rock density in each mesh is calculated from the P-wave velocity using
the laboratory measurements of P-wave velocity and density reported by Ludwing et al. (1970). Assuming Vp/Vs ratios of 2.20,
1.90, 1.73, and 1.76 in the frontal prism, oceanic crust, continental crust, and mantle, respectively, we calculated their Poisson
ratio and Young’s modulus. First, we calculate the crustal deformation assuming an uniform slip model, following Ito et al.
(2011). In this model, the updip of the fault reached the trench and the downdip was 80 km away from the trench; the slip
magnitude was 80 m uniformly. The numerical results show an uplift of 8 m and a displacement of 75 m at a point 20 km away
from the trench; however, the observed values of the uplift and displacement at this point were 5 m and 60 m, respectively. One of
reasons of this discrepancy was the difference between fault geometries; Ito et al. (2011) considered simple fault geometry with a
constant slope angle of 3o, while our model adopts realistic curved fault geometry, taking into consideration the upper surface of
the subducting plate. The other reason is the difference between the elasticity values of the frontal wedge and subducting plate;
the vertical displacement increases by 10 percents near the trench if we assume homogeneous elasticity within the whole region.
In future, we will develop a suitable model that can simulate crustal deformation consistent with the displacement as obtained by
ocean-bottom as well as on-shore observations.

Keywords: The 2011 Tohoku-Oki earthquake, Finite element analysis, Ocean-bottom observation, Coseismic slip
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Tsunami source model of the largest foreshock on March 9th of the 2011 Tohoku-Oki
earthquake

KUBOTA, Tatsuya1∗, INAZU, Daisuke1, ITO, Yoshihiro1, SUZUKI, Syuichi1, SAITO, Tatsuhiko2, SUZUKI, Kensuke1, HINO,
Ryota1

1Graduate School of Science, Tohoku University,2National Research Institute for Earth Science and Disaster Prevention

We calculated the fault model of the largest foreshock (Mjma 7.3) on March 9th of the 2011 Tohoku-Oki earthquake. When
the foreshock occurred, we installed eight ocean bottom pressure gauges (OBPs) around the epicenter, which mainly recorded
the tsunami and the seafloor deformation. The observed tsunami amplitudes and amounts of seafloor vertical movements were
up to 15 cm and 10 cm, respectively. Since the location of the foreshock was close to the hypocenter of the M-9 mainshock, an
estimation of the spatial extent of the foreshock rupture must be important to understand the generation process of the Tohoku
earthquake.

We assumed a planer rectangle fault with constant slip and sought the tsunami source model explaining the waveforms observed
by our OBPs. As a result of preliminary forward modeling, a pure reverse faulting in a rectangle of 30 x 50 km along the plate
boundary explained the observed waveforms reasonably well. The location of the fault almost coincides with the large coseismic
slip area estimated by seismic observations (Shao et al., 2011, GRL). The amount of slip of our source model is 1.4 m, and the
seismic moment of our tsunami source model is 8.3 x 1019 Nm, equivalent to Mw 7.2.

We will estimate the fault model from tsunami waveform inversion, and compare it with the rectangle fault plane.

Keywords: Tsunami, The 2011 off the Pacific coast of Tohoku earthquake, Fault model, Ocean bottom pressurre gauges, The
largest foreshock
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Tomography of the Northeast Japan arc and mechanism of the 2011 Tohoku-oki earth-
quake sequence

ZHAO, Dapeng1∗

1Department of Geophysics, Tohoku University

We have investigated the detailed 3-D seismic structure of the crust and upper mantle under the NE Japan arc and its im-
plications for the mechanism of the 2011 Tohoku-oki earthquake (Mw 9.0) sequence. Significant structural heterogeneities are
revealed in the interplate megathrust zone under the NE Japan forearc. Three low-velocity (low-V) anomalies exist off Sanriku,
off Fukushima and off Ibaraki. There is a correlation between the velocity variation and the distribution of large thrust-type
earthquakes (M ? 6.0) that occurred from 1900 to 2011, including the major foreshock, mainshock and aftershocks of the 2011
Tohoku-oki earthquake. The low-V patches in the megathrust zone may contain subducted sediments and fluids associated with
slab dehydration, thus the subducting Pacific plate and the overriding continental plate may become weakly coupled or even
decoupled in the low-V areas. In contrast, the high-velocity (high-V) patches in the megathrust zone may result from subducted
oceanic ridges, seamounts and other topographic highs on the Pacific seafloor that become asperities where the subducting Pacific
plate and the overriding continental plate are strongly coupled. Thus tectonic stress tends to accumulate in these high-V areas for
a relatively long time during subduction, leading to the nucleation of large and great earthquakes in those areas. The off-Miyagi
high-V zone, where the Tohoku-oki mainshock and its largest foreshock occurred, corresponds to the area with large coseismic
slip (> 25 m) during the Tohoku-oki mainshock. This indicates that the off-Miyagi high-V zone is a large asperity (or a cluster
of asperities) in the megathrust zone that ruptured during the Tohoku-oki mainshock.

High-resolution tomographic images of the crust and upper mantle in and around the area of the 2011 Iwaki earthquake (M
7.0) and the Fukushima nuclear power plant are determined by inverting a large number of high-quality arrival times with both
the finite-frequency and ray tomography methods. The Iwaki earthquake and its aftershocks mainly occurred in a boundary zone
with strong variations in seismic velocity and Poisson’s ratio. Prominent low-velocity and high Poisson’s ratio anomalies are
revealed under the Iwaki source area and the Futaba fault zone, which may reflect fluids released from the dehydration of the
subducting Pacific slab under NE Japan. The 2011 Tohoku-oki earthquake (Mw 9.0) caused static stress transfer in the over-
riding Okhotsk plate, resulting in the seismicity in the Iwaki source area that significantly increased immediately following the
Tohoku-oki mainshock. This result suggests that the Iwaki earthquake was triggered by the ascending fluids from the Pacific slab
dehydration and the stress variation induced by the Tohoku-oki mainshock. The similar structures under the Iwaki source area
and the Futaba fault zone that is close to the Fukushima nuclear power plant suggest that the security of the nuclear power plant
site should be strengthened to withstand potential large earthquakes in the future.

These results indicate that the rupture nucleations of the large events in the 2011 Tohoku-oki earthquake sequence, including
the mainshock and major foreshocks and aftershocks, were controlled by the structural heterogeneities in the interplate megath-
rust zone and the over-riding continental plate.

Keywords: Great earthquakes, slab, fluids, active faults, seismic tomography
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Initiation of the dynamic rupture of the 2011 Tohoku earthquake

UCHIDE, Takahiko1∗

1DPRI, Kyoto University

The 2011 Tohoku earthquake (M 9.0) is characterized by a shallow huge slip more than 40 m, which produced the devastating
tsunami. For modeling this earthquake, the stress accumulation and the kinematic rupture process should be understood. Here I
focus on the kinematics of this earthquake in the early stage. A couple of studies already came out. Chu et al. (2011) found that
the first 4 s of the rupture is equivalent to an Mw 4.9 thrust event. Uchide et al. (AGU, 2011) reported the source process in the
first 20 s in detail by the multiscale slip inversion analysis (Uchide and Ide, 2007). Their result implies that rupture propagated
eastward until 8 s, and after that the rupture propagated westward. The peak slip rate is around 1 m/s, which implies the dynamic
rupture.

Hi-net data in Tohoku area shows that the velocity amplitude increases stepwise. Hi-net data are eventually clipped but they
work at least in the first 20 s. The steps are found around 4 s and 16 s. In the first 1 s, the velocity amplitude of the M9 event is
comparable to that of nearby M4 events (Mw 4.3 - 4.9). A deconvolution analysis using an M4 event (Mw 4.6 on Dec. 19, 2004
at 10:16 (UTC)) indicates a small event in the first 0.5 s.

I will also report the result of the multiscale slip inversion and the comparison of it to the seismicity between the M7.3
foreshock on March 9, 2011 and the mainshock (Ando and Imanishi, 2011).

Keywords: The 2011 Tohoku earthquake, Initial Rupture Process, Seismic Data Analysis, Multiscale Slip Inversion Analysis
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Constraints on early stage rupture process of the 2011 Tohoku-oki earthquake from 1 Hz
GPS data

FUKAHATA, Yukitoshi1∗, YAGI, Yuji 2, MIYAZAKI, Shin’ichi 3

1Disaster Prevention Research Institute, Kyoto University,2Graduate School of Life and Environmental Sciences, University of
Tsukuba,3Graduate school of Science, Kyoto University

From the comparison of observed 1 Hz GPS data with simple forward computation that evaluates near and intermediate field
terms, we put constraints on the early stage rupture process of the 2011 Tohoku-oki earthquake. Mainly based on the time
difference in the onset of large eastward displacements at stations along the northern coast of the source region, we estimated
that the first significant moment release started around 35 km west of the hypocenter determined by JMA. The moment release
continues about from 20 s to 35 s after the initiation of the earthquake. Significant moment release around the hypocenter and
in the near-trench region starts from 25 s and 35 s at earliest, respectively. Clear opposite motion that follows large eastward
displacement observed at many stations is due to the intermediate S-wave term.

Keywords: 2011 Tohoku-oki earthquake, 1 Hz GPS, rupture process, near field term, intermediate term
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Seismic Source Process of the 2011 Tohoku-oki Earthquake retrieved from tele-seismic
body waveform

YAGI, Yuji 1∗, NAKAO, Atsushi1

1Univ. of Tsukuba

Many researchers have performed source inversion using seismic waveforms observed at near-source or/and global seismic
networks. As pointed out by some researchers, however, seismic source models for the 2011 Tohoku-oki earthquake are different
from one another. The discrepancy has prevented us to understand the nature of mega-thrust earthquake in Tohoku-oki region.
In this study, we compared seismic radiation area estimated by new back-projection method and fault slip distribution obtained
by the new waveform inversion (Yagi and Fukahata, 2011), and then discussed the rupture process of the 2011 Tohoku-oki
earthquake.

In general, back-projection images of shallow and thrust faulting earthquakes are contaminated by the reflected phase (e.g.
pP and sP phase). In this study, we developed the back-projection method so as to use information of the reflected phases, and
then applied it to tele-seismic body waveforms recorded on station of GSN and FDSN. Concretely, we project coross-correlating
function between theoretical Green’s function and observed waveform to seismic source region. The result obtained by the new
method revealed that the result with the conventional back-projection is contaminated by the depth phases (Nakao and Yagi,
2012).

The estimated back-projection image is consistent with the rupture pattern by Yagi and Fukahata (2011) especially early
episode, when projected wave sources slowly move both eastward and westward from the hypocenter. We also find high seismic
energy released narrow area near trench after 35 - 50 sec from origin time where maximum slip is obtained by Yagi and Fukahata
(2011). The high-energy event in huge slip area implied the continuous and large stress drop event occurred near trench, which
may be explained by significant weakening of frictional strength on the fault plane.

Keywords: the 2011 Tohoku-oki Earthquake, Seismic Source Process, back-projection
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Source model of the 2011 great Tohoku earthquake estimated from tsunami waveforms
and crustal deformation data

GUSMAN, Aditya1∗, Yuichiro Tanioka1, Shinichi Sakai2, Hiroaki Tsushima3

1Institute of Seismology and Volcanology, Hokkaido University,2Earthquake Research Institute, University of Tokyo,3Meteorological
Research Institute, Japan Meteorological Agency

The slip distribution of the 11 March 2011 Tohoku earthquake is inferred from tsunami waveforms, GPS data, and seafloor
crustal deformation data. The major slip region extends all the way to the trench, and the large slip area extends 250 km long and
160 km wide. The largest slip of 44 m is located up-dip of the hypocenter. The large slip amount, about 41 m, ruptured the plate
interface near the trench. The seismic moment calculated from the estimated slip distribution is 5.5 x 10ˆ22 N m (Mw 9.1). The
large tsunami due to the 2011 Tohoku earthquake is generated from those large slip areas near the trench. The additional uplift
at the sedimentary wedge as suggested for the 1896 Sanriku earthquake may have occurred during the 2011 Tohoku earthquake,
too.

Keywords: tsunami waveforms, GPS data, seafloor crustal deformation data, the 2011 Tohoku earthquake
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Rupture process analysis of the 2011 Tohoku-Oki earthquake using 2.5D finite-difference
Green’s functions

OKAMOTO, Taro1∗, TAKENAKA, Hiroshi2, HARA, Tatsuhiko3

1Tokyo Institute of Technology,2Kyushu University,3Building Research Institute

The March 11, 2011 Tohoku-Oki earthquake (GCMT Mw9.1) generated strong shaking reaching the maximum intensity
(seven) on the JMA’s scale and caused devastating tsunamis with run-up heights exceeding 30 m. Such ultra-large-sized earth-
quake of magnitude 9 was not expected to occur along the plate interface off the northeastern Japan. Thus it is very important
to infer the rupture process of this event for understanding the geophysical condition of the generation of magnitude-9-class
earthquake and the mechanism of the excitation of the large tsunamis.

We present the rupture process analysis of the 2011 Tohoku-Oki earthquake by using a non-linear teleseismic body waveform
inversion method [1]. We incorporate the effect of the near-source laterally heterogeneous structure (including the ocean layer
and sediments) on the waveforms by using a 2.5-dimensional finite difference method [2]. This is because the structural effect
can leads to improper solutions if the effect is not considered (e.g., a flat layered structure is used) in generating the synthetic
waveforms [1]. We use thirty one P-waveforms (vertical component of displacement) within the epicentral distance range from 30
degree to 90 degree. We remove the instrumental response from the raw-data and apply a bandpass-filter with corner frequencies
of 0.2 Hz and 0.004 Hz (5 s to 250 s). The final sampling rate is 2 s.

The preliminary analysis by using the finite-difference Green’s functions results in a heterogeneous rupture process with large
slips off Miyagi prefecture, near and around the JMA epicenter. The maximum slip is about 45 m, and the moment magnitude is
about 4.1e22 Nm (Mw 9.0). The results (large slips near the epicenter) is similar to that obtained by a joint inversion [3]. We will
further discuss the differences in the solutions for different Green’s functions: we will compare the results obtained by using the
finite-difference Green’s functions and those by using Green’s functions computed for flat-layered near source structure model.

[1] Okamoto and Takenaka, Earth Planets Space, 61, e17-e20, 2009.
[2] Takenaka and Okamoto, in Seismic Waves, Research and Analysis, ed. Kanao Masaki, 305-326, Intech, 2012. (http://www.

intechopen.com/books/show/title/seismic-waves-research-and-analysis)
[3] Koketsu et al., Earth Planet. Sci. Lett., 310, 480-487, 2011.

Keywords: 2011 Tohoku-oki earthquake, rupture process, waveform inversion, teleseismic wave, 2.5D finite-difference
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Shallow high-frequency seismic radiation during the 2011 Tohoku-Oki earthquake, Japan

KUMAGAI, Hiroyuki 1∗, PULIDO, Nelson1, FUKUYAMA, Eiichi 1, AOI, Shin1

1NIED

The megathrust earthquake that struck the Tohoku region, Japan, on 11 March 2011 was observed by dense seismic networks.
Strong-motion waveforms indicated that distinct sub-events occurred during the Tohoku-Oki earthquake. To investigate source
processes of the earthquake, we utilized a source location method using high-frequency (5-10 Hz) seismic amplitudes, which
enabled us to locate sources of continuous signals. We estimated source locations in successive time windows using strong-
motion waveforms from the KiK-net. We detected three main sub-events during a total source duration of 100 s. The sources of
these sub-events were at shallow depths near the Japan Trench, where few aftershocks occurred. Our estimated source area was
south of the large slip area estimated from low-frequency seismic data. The first two sub-events were determined at very similar
locations with an interval of 40 s. Repeated ruptures on the same fault are extremely unlikely, implying that an auxiliary fault
may have been involved during the Tohoku-Oki earthquake. Our results imply a possibility that the first sub-event ruptured an
auxiliary fault, perhaps the backstop interface, and triggered the second sub-event and the main rupture along the plate interface.
The third sub-event ruptured south of the main slip area near the trench. Our study indicates repetitive triggering of multiple
sub-events radiating high-frequency seismic waves at shallow depths during the Tohoku-Oki earthquake.
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Source process analysis of the 2011 Tohoku earthquake using the 3-D Green’s functions

YOKOTA, Yusuke1∗, KOKETSU, Kazuki1

1Earthquake Research Institute, University of Tokyo

The 2011 Tohoku earthquake occurred at 5:46 a.m. on March 11, 2011 (UTC). The Japan Meteorological Agency (JMA)
estimated its moment magnitude (Mw ) to be 9.0. This earthquake was observed by dense strong motion, teleseismic, geodetic,
and tsunami networks. Various source models were inferred using these datasets. In the previous study, we performed a quadru-
ple joint inversion using strong motion, teleseismic, geodetic, and tsunami datasets to determine a source model [Yokota et al.,
2011]. However, we calculated Green’s functions using the 1-D velocity structure. In this study, we performed the strong motion
inversion using Green’s functions calculated using the 3-D velocity structure which reflected the subduction zone.

The 3-D Green’s functions were calculated using the voxel finite element method (FEM) [Koketsu et al., 2004;Ikegami et al.,
2008]. We used the 3-D velocity structure of JIVSM model [Koketsu et al., 2008]. The obtained 3-D Green’s functions involved
the complex later phases compared to 1-D Green’s functions calculated by the method ofKohketsu[1985]. We believe that these
complex phases were caused by the surface waves generated in the plate boundary and ocean.

We then performed the strong motion inversion using the obtained 3-D Green’s functions by means of the method ofYoshida et al.
[1996] with the revisions ofHikima and Koketsu[2005]. There were some differences between the results obtained using the
1-D velocity structure and the 3-D velocity structure. We plan to carry out similar analyses for other datasets.

Acknowledgement:
Strong motion data were provided by K-NET and KiK-net strong motion network, we would like to thank them.

Keywords: 2011 Tohoku earthquake, source process, 3-D velocity structure, strong motion
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Dynamic overshoot near the trench caused by a large asperity breaking at depth

FUKUYAMA, Eiichi 1∗, HOK, Sebastien2

1Nat’l Res. Inst. Earth Sci. Disas. Prev.,2Ecole Normale Superieure de Paris

We investigated an earthquake generation model caused by subduction of a plate having a bumpy shaped interface geometry
by a realistic numerical modeling of earthquake dynamic rupture. Bumpy shaped plate interfaces might be formed by subduction
of old submarine volcanoes or seamounts. We assumed that during the inter-seismic period, slip only occurs outside the bump
area and the stress is further accumulated inside the bump. Since we assumed a constant rate subduction as a long-term average,
we could estimate roughly the amount of slip outside the bump during the inter-seismic period and then we could estimate
the accumulated stress inside the bump. We constructed the initial stress distribution based on the stress change caused by the
slip deficit distribution. We then constructed constitutive relations based on slip-weakening friction law. From the result of the
computations, we found that large slip can occur between the free surface and the bump where very low stress is accumulated
before the rupture. This is caused by the interaction between the free surface and the fault slip. At deeper side of the asperity,
since the fault is sustained by the un-slipped zone, such slip overshoot never occurs. But at shallower side, when the rupture
approaches the free surface, the fault becomes the un-sustained situation between the free surface and bump. In this region, such
a large slip can occur without releasing large amount of stress. This idea could be applied for the interpretation of the 2011
Tohoku-Oki earthquake where large amount of slip were observed at shallow depth near the trench.

Keywords: Dynamic rupture, Slip overshoot, Bumpy fault
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A mechanical scenario for the occurrence of the Tohoku earthquake: stress concentration
and thermal fluid pressurization

MITSUI, Yuta1∗, IIO, Yoshihisa2, FUKAHATA, Yukitoshi2

1Sci. Hokkaido Univ.,2DPRI, Kyoto Univ.

As a preliminary result, Mitsui and Iio (2011, EPS) proposed a scenario of the generation mechanism of the 2011 Tohoku
earthquake on March 11, referring to geophysical observation data; the M7-class earthquake, which had occurred on March 9
after the active period of M7-class earthquakes and afterslip, might trigger the M9 Tohoku Earthquake through its afterslip. Sim-
ilar scenarios had been also presented by several researches. Mitsui and Iio also implied that some mechanisms, such as thermal
pressurization of pore fluid (TP) on the fault plane, caused extremely large slip in the northern part of the M9 fault to propagate
the seismic rupture over the whole fault. On the basis of this way of thinking, Mitsui et al. (accepted, EPSL) modeled an M9
earthquake cycle, including M7-class earthquakes, with the TP mechanism near the trench. Although several different models for
the generation process of the Tohoku earthquake had been proposed, our concept provides a good explanation for the occurrence
of the Tohoku earthquake.

Moreover, here, we perform dynamic rupture simulations for better understanding the generation process of the 2011 Tohoku
earthquake. We construct a fault model to assimilate the moment release in the seismic slip inversions. It also reflects the esti-
mation of shear stress changes before the Tohoku earthquake, due to the four M7-class earthquakes during 2003-2011 (Iio and
Matsuzawa, submitted). We assume a dynamic weakening mechanism of TP to represent nonlinear weakening friction. The simu-
lation result implies the following things about the 2011 Tohoku earthquake. (1) The rupture around the hypocenter was enhanced
by the stress accumulation due to the preceding M7-class earthquakes. (2) The enhanced rupture triggered the TP mechanism
in the near-trench area to cause nearly total stress release, which promoted the rupture throughout a wide region including the
source areas of the M7-class earthquakes and a surrounding conditionally stable area. (3) Without sufficient stress accumulation,
the moment release of the Tohoku earthquake ended as an M8-class earthquake. (4) TP in the near-trench area should be effective
but moderate (depending on the size of the TP area).

Keywords: The 2011 Tohoku earthquake, thermal fluid pressurization, stress concentration, dynamic rupture simulation
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3D modeling of the cycle of a Tohoku-oki earthquake considering high-velocity friction:
preceding and postseismic slips

SHIBAZAKI, Bunichiro1∗, TSUTSUMI, Akito2, UJIIE, Kohtaro3, SHIMAMOTO, Toshihiko4, ITO, Yoshihiro5

1IISEE, Building Research Institute,2Kyoto University,3University of Tsukuba,4China Earthquake Administration,5Tohoku
University

The preceding, coseismic, and postseismic slips of the 2011 Tohoku-oki earthquake were investigated in detail by several
authors. Suito et al. (2011) reported that preceding aseismic slips began occurring in the off Miyagi to off Ibaraki region in 2004,
along with M7-class earthquakes. After the 2011 Tohoku-oki earthquake, postseismic slips occurred in an area where coseismic
slips were not significant (Ozawa et al., 2012). The occurrences of preceding, coseismic and postseismic slips are controlled by
friction properties. The present study investigates preceding and postseismic slips, by using the model developed by Shibazaki et
al. (2011). They performed 3D quasi-dynamic modeling of the cycle of a megathrust earthquake in the offshore Tohoku region,
Japan, using a rate- and state-dependent friction law with two state variables that exhibits strong velocity weakening at high
slip velocities. They set several asperities where velocity weakening occurred at low to intermediate slip velocities. Outside the
asperities, velocity strengthening occurred at low to intermediate slip velocities. At high slip velocities, strong velocity weakening
with large displacements occurred both within and outside the asperities.

The results of numerical simulations showed that, before the occurrence of M9 class events, M7.5 class earthquakes occurred in
the off Miyagi, Fukushima, and Ibaraki regions. Slip velocities increased significantly in the region surrounding strong asperities.
M9 class earthquakes initiated around the strong asperities. Following the main event, postseismic slips occurred at the deeper
part of the seismogenic zone. In the region that is located below the northern shallow rupture area of the simulated Tohoku-
oki earthquake, large postseismic slips occurred. In the off Miyagi region, postseismic slips occurred in the deep area where
coseismic slip was small. On the other hand, in the off Fukushima and off Ibaraki regions, small postseismic slips occurred in
the region between asperities. The distribution of postseismic slips obtained by our simulation is roughly consistent with the
observed actual distribution (Ozawa et al., 2012). In the present model, we set the velocity-strengthening region in the off Ibaraki
region close to the Japan Trench. Therefore, significant postseismic slips occurred in the off Ibaraki region close to the trench. If
the frictional property in this region is stable, large postseismic slips will be detected by the observation of ocean bottom crustal
deformation.

Keywords: the 2011 Tohoku-oki earthquake, 3D earthquake cycle model, high-velocity friction, preceding slip, postseismic slip
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Identification and simulation of seismic supercycles along the Japan Trench including the
2011 Tohoku earthquake

KOKETSU, Kazuki1∗, YOKOTA, Yusuke1, KATO, Naoyuki1, KATO, Teruyuki1

1Earthquake Research Institute, University of Tokyo

The devastating Tohoku earthquake of magnitude (M) 9.0 occurred on 11 March 2011 UTC along the Japan Trench, where
the Pacific plate is subducting beneath the Tohoku district. The national program of seismic hazard assessment, which was ini-
tiated by the Japanese government after the 1995 Kobe earthquake, failed to foresee this earthquake, because no supercycle of
megathrust events had been identified along the Japan Trench. For example, the program identified a normal cycle of six M7 to
8 earthquakes in the land side of the Miyagi-oki region, and only reported the high probability of having another M7 earthquake
there.

The Japanese government also built nation-wide dense arrays of seismometers and GPS receivers after the Kobe earthquake.
We have recovered annual rates of back slip, which is the drag of the overriding plate by interplate coupling, using GPS data
during a calm period before the Tohoku earthquake. We then recovered coseismic slips through a inversion of GPS data during
the earthquake. The distributions of recovered coseismic slips and back slip rates bear a close resemblance to each other. An
area of large back slip rate was previously thought to be related to a normal cycle of M7 to 8 earthquakes. However, our result
demonstrates that the area is related to a supercycle of megathrust earthquakes.

From the coseismic slips and back slip rates in the Miyagi-oki region, we calculated the coseismic moment release and mo-
ment accumulation rate of the Tohoku earthquake to 15 x 10∗∗21 Nm and 0.04 x 10∗∗21 Nm/year, respectively. Since normal
earthquakes occasionally release some part of accumulated seismic moment, those in the Miyagi-oki region were compiled. We
then calculated the moment releases by them to be 5 x 10∗∗21 Nm. These moment releases and accumulation rate lead to a
supercycle period of about 500 years. However, this period is too short, if the 869 Jogan earthquake is the only documented event
to have occurred with a possible magnitude and location similar to that of the Tohoku earthquake. Within the compilation,

the 1611 Keicho earthquake can be a hidden candidate between the 869 Jogan and 2011 Tohoku earthquakes. Extensive tsunami
damage caused by this earthquake was documented over the Tohoku district. The time series, which was drawn using the moment
releases and accumulation rate, is mostly controlled by the moment releases of megathrust earthquakes.

We next conducted a numerical simulation of the seismic supercycles and normal earthquake cycles identified above. A strong
patch (asperity) with higher effective normal stress and a large value of characteristic slip distance is assumed at a shallower part
of the plate interface. This strong patch controls the occurrence of megathrust earthquakes that broke the entire seismogenic plate
interface with recurrence intervals of several hundred years. The present model explains coseismic slips at a shallower part of the
Tohoku earthquake and back slip rates at deeper parts, where normal events repeatedly occurred before the earthquake.

Keywords: Tohoku earthquake, megathrust earthquake, supercycle, simulation, back slip
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An interpretation of the Tohoku Earthquake in terms of a damage zone/asperity model of
faults

YAMAMOTO, Kiyohiko 1∗

1none

1. Introduction: We proposed a damage zone/asperity model of faults to interpret the source parameters of an earthquake in
terms of the physical properties of a fault zone (Yamamoto & Yabe, 2003, 2006 in SSJ meeting). Here, we will apply this model
to the Tohoku earthquake to estimate the fault zone thickness and the recurrence time of the earthquake.

2. Model of Faults: In this model, a fault zone consists of the damage zone and the asperity zone. The damage zone is defined
to be the zone filled with rocks under the post-failure state. The zone is incompressible and non-rigid for quasi-static shear
deformation, but elastic for dynamic deformation. In the asperity zone, intact rocks support shearing force applied to the fault
zone boundaries between the fault zone and intact rocks outside of the fault zone. Thus, the shear stress imposed on the fault
zone boundaries is supported only by the asperity, while the normal stress is supported by whole the fault zone.

The rupture breaking from the asperity propagates into the damage zone to form a slip-plane. No shear stress is assumed on
the slip-plane after faulting as inferred from the stress measurements. The size of a fault plane is determined by equilibrating the
released energy from the asperity and the rocks outside of the fault zone with the apparent fracture energy and the seismic energy.
The apparent fracture energy is almost equal in magnitude to the work done by the vertical displacement due to the rotation of
a damage zone against the normal stress. The energy is proportional to the fault zone thickness. Denoting the areas of the fault
plane and the asperity by S and s, respectively, f = s/S is estimated at a few percent at most.

Consider a fault zone of a uniform thickness td, of which the length isl . The relationship between td andl is expressed by
td = 0.0016∗l .
The shear strength tauf of the asperity is approximated by
tauf = r∗ef ,
where r and ef respectively are the rigidity and the strength in terms of shear strain. The asperity is assumed to fracture at the

time that the strain reaches to its critical value of ef . The relative displacement uc for ef between the fault zone boundaries is
expressed by

uc = td∗ef

uc is called by the critical displacement. ef is assumed at 0.01 hereafter.
Here we assume a circular crack in a uniform host rock to evaluate the strain energy released from the rocks outside of the

fault zone and the displacement between the fault zone boundaries. The crack surface is identical in size to the slip plane. The
seismic energy is expressed by

E = h∗(8/7)∗r∗(l /2)3∗(f∗ef )2,
where h denotes the seismic efficiency and f is the function of h. The average displacement is given by
ubav = 8∗l ∗f∗ef /(7∗pi)
The displacement on the slip plane is written by
u = uc + ub

When the crack is buried, the magnitude of an earthquake is approximated by
Ms = log(S) + 4.0
for h around 0.7.
3. Application to the Tohoku Earthquake: The aftershock area of the Tohoku earthquake is about 500 km in length and 200

km in width (JMA, 2011). If we take this length as the fault length, the followings are determined; td = 0.8 km, uc = 8 m, ubav

= 20 m, and the largest of ub is about 28 m for h = 0.7. The largest of the displacement on the slip plane, that is about 1.4 times
of ubav, is estimated to be about 36 m. This suggests the recurrence time of M9 earthquakes more than 450 years for the average
slip rate of 8 cm/y. The area of the circular crack is about 2∗105 km2. M is determined at 9.0 by taking into consideration that
the energy has been released from the half area of the circular crack in the underground.

4. Conclusion: The above result suggests that the magnitude of an earthquake is determined by the thickness of the fault zone
where the fractured asperity has existed or the G-R rule depends on the thickness distribution. In order to estimate the magnitudes
of the potential earthquakes on the fault, it is important to clarify the distribution of fault zone thickness.

Keywords: fault model, damage zone, weak faults, critical distance, The Tohoku earthquake, recurrnce time
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Dynamic triggering of earthquakes in Kyushu during the passage of seismic waves from
the 2011 Tohoku earthquake

FUKUI, Miyo1∗, KOBAYASHI Reiji1, GOTO Kazuhiko2

1Department of Earth and Environmental Sciences, Faculty of Science, Kagoshima University,2Nansei-Toko Observatory for
Earthquakes and Volcanoes, Kagoshima University

During the passage of waves from the 2011 off the Pacific coast of Tohoku earthquake (Mw 9.0) (hereafter, the 2011 To-
hoku earthquake), early post-earthquakes were observed over the Japanese Islands (Miyazawa, 2011). In Kyushu, local events
were also observed at that time. Such events have already been detected and located (Enescu et al., 2011; Hirose et al., 2011;
Miyazawa, 2011; Obara and Matsuzawa, 2011). In this study, we detected triggered earthquakes more carefully. We then located
hypocenter and tried to determine the focal mechanism solutions by using the P-wave polarities.

We detected events from seismograms recorded at 142 stations of Kagoshima University, Kyushu University, the Japan Me-
teorological Agency, and Hi-net in Kyushu. The time window is between 14:52 and 14:59 (JST) when the body and surface
waves from the 2011 Tohoku earthquake run though Kyushu. The dominant periods of the body and surface waves from the
2011 Tohoku earthquake are much longer than those of the waves of local events because of higher attenuation of shorter-periods
components for long-distance propagation (˜1600 km). We tested several filters preliminarily, and we chose a band-pass filter of
16-32 Hz, which help us to pick arrival times of body waves easily. We used the HYPOMH program (Hirata and Matsu’ura, 1987)
for hypocenter location with a 1D velocity structure model which is used for the routine hypocenter determination in Kagoshima
University. We determined the focal mechanisms by using a program developed by Kobayashi and Nakanishi (1994).

We detected more than 30 earthquakes, and estimated 14 hypocenters and 4 focal mechanisms. These events distribute vol-
canic and high seismicity areas. This result is consistent with Miyazawa (2011). The focal depths

are shallow. The focal mechanisms differ from those of the background seismicity. We infer that the dynamic stress changes
due to the seismic waves may differ from the background stress field.
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Strain of the East Japan Super Earthquake M9.0 have been accumulated around marginal
swell of Pacific Plate

NIITSUMA, Nobuaki1∗

1Institute of Geosciences, Shizuoka University, Sendai

The third aftershock M7.5 just 40 minits after East Japan Super Earthquake occurred at outside of the Japan Trench. The
aftershock of outer trench earthquake with forcal mechanism of normal fault was a fracture caused by pulling force on the Pacific
Plate just after the removal of obstacle to subduct, and can be treated as the simplest example in the plate dynamics. The outer
trench earthquake occurs simply with reaching over the limit of fracture by the balance of pushing and pulling forces along the
trench. The normal fault type focal mechanism is caused by excess of pulling force of subducting slab over pushing force.

The analysis are carried on the hypocenter of initial shock and CMT (Centroid Moment Tensor) focal mechanism of 128
outer trench earthquakes in the last 17 years are available from Homepage of Meterorological Agency. Because the normal fault
type forcal mechanisms were counted 95, which overwhelm the reverse fault type of 26, we can suggest the driving force of the
motion of the Pacific Plate is slab pull along the trenchs.

Japan Trench had been on a condition of exess pushing force with reverse fault type outer trench earthquakes since December
2008 after the last normal fault type outer trench earthquake of Nobember 2005, however, exess pulling force conditions had
been along Kuril Trench since January 2009, Ogasawara Trench since August 2008 and Izu Trench since Septmber 2010. The
East Japan Super Earthquake can be understand as an event of the removal of obstacle to subduct by the pulling forces along the
Kuril Trench and Izu-Ogasawara Trench, both wings of Japan Trench.

The consisitensy between the distribution of 54 normal fault type outer trench earthquakes after the Super Earthquake and
the slip distribution drived from the inversion analysis on strong motion at the Super Earthquake, indicates that the strain of the
Super Earthquake have been accumulated not on East Japan side, but on outer trench side of Pacific Plate and the duration for
accumulation of the strain is shorter than 6 years since November 2005.

The strain release has not been observed after the Super Earthquake along the East Japan, as occurring of reverse fault type
earthquakes, subsidence of more than several tens cm along the Pacific coast on the trend of subsidence with the rate 1cm/ year
for the last 100 years. Tsunamite for Keicho-Sanriku Earthquake 16011 requires wide source area over Japan Trench and Kuril
Trench. Tsunami of the East Japan Super Earthquke also requires source area along Japan Trench.

The maximum slip at the Super Earthquake of 50m requires width of zone for accumulation of the strain of 500 km ˜ 5000km,
coreponding rate of ten thousandth and hundred thousandth for strain limit of fracture on the crust. The required zone is too
wide for the narrow inhomogenous East Japan side, but capable for the Pacific Plate side with the distance of 5000km to Hawaii.
Pacific Plate has Marginal Swell along the trench chain with positive gravity anormally. The gravity anormally represent that
the uplifting Swell is supported by the forces against isostasic balance. The pushing up force for the swell should be directely
related with flexure for the subduction of Pacific Plate along the trenches. The Swell gives flexibility to maintain constant rate
of plate motion against accidental obstacle to subduct along trenches, which means that the strain for the earthquake along the
trench can be accumulated in the flexure of Marginal Swell. Tsunami might be induced by reducing flexure on the swell just
after the earthquake.

The results supports that the strain for the East Japan Super Earthquake had been acculated in the flexure of Marginal Swell.
The wide tsunami source area represented by the Tsunamite for Hoei-Nankai Earthquake 1707 and Yaeyama Earthquke 1771 can
be also explained by the Marginal Swell along Nankai Trough and Ryukyu Trench.

Keywords: Marginal Swell, outer trench earthquake, plate dynamics, gravity anomaly, slab pull, East Japan Super Earthquake
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Sea surface gravity changes observed prior to March 11, 2011 Tohoku earthquake

TSUBOI, Seiji1∗, NAKAMURA, Takeshi1

1JAMSTEC

The 2011 Tohoku earthquake occurred at the subduction of oceanic tectonic plate, where we had no historical record of this
size of huge earthquake. We have examined ship board geophysical observations conducted above the source rupture area if
there are any indications of large slip before the earthquake. We have examined ship board geophysical observations conducted
above the source rupture area if there are any indications of large slip before this earthquake. We have found that there were two
cruises, which pass almost the same tracks above the source rupture area near the oceanic trench, where many researches indicate
that there were coseismic large slip, and compared sea surface gravimeter measurements along these tracks. Sea surface gravity
measurement conducted one month before the earthquake shows that there was an increase of sea surface gravity with about 10
mGal (1Gal=1cm/s2) compared to the sea surface gravity value measured three months before the earthquake. The measured
gravity changes can be interpreted as a density increase along the fault surface of which time scale of evolution is about three
months. This observation provides physical mechanism to explain how this large and slow slip can be generated along this fault

Keywords: The 2011 Tohoku, Japan Earthquake, Sea surface gravity mesurements, Earthquake rupture process
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Video image of seafloor near the epicenter of the 2011 Great Tohoku Earthquake

HINO, Ryota1∗, SUZUKI, Syuichi1, KUBOTA, Tatsuya1, ITO, Yoshihiro1, FUJIMOTO, Hiromi1

1Graduate Schoold of Science, Tohoku University

Video image of seafloor near the hypocenter of the 2011 Tohoku Great Earthquake will be presented. The image was obtained
during an operation for retrieval of ocean bottom monitoring instruments using an ROV, remote operating vehicle. At the oc-
currence of the Tohoku Earthquake, on Mar. 11 2011, almost 20 instruments were in place. Although we tried to retrieve these
instruments by ordinary acoustic releasing, some of them did not come up and it seemed that they were arrested at the seafloor. We
sent an ROV to recover four ocean bottom pressure recorders (OBPRs) deployed near the epicenter of the mainshock. Although
no remarkable deformation associated with strong seafloor motions could be observed, it was found that fine-grained sediments
covered the seabed. The sediments were not consolidated at all and the thickness was about 15 cm. The sediments covered the
bottom parts of the OBPRs. Judging from the pressure records, it appears unlikely that the OBPR sank into the sediments due to
hard shaking during the strong ground motion. It seems that flung up particles fell and piled up on the seabed after the earthquake.

Keywords: video image of seafloor, ocean bottom instruments
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High resolution seismic imaging in the trench axis area of the Japan trench off Miyagi

NAKAMURA, Yasuyuki1∗, MIURA, Seiichi1, YAMASHITA, Mikiya 1, NO, Tetsuo1, TAKAHASHI, Narumi1, KODAIRA,
Shuichi1

1JAMSTEC

Since the great Tohoku earthquake occurred, we have conducted multichannel seismic surveys using tuned air gun array with
large volume (7800 inch3) and long (˜6 km) streamer cable to image the ruptured area in the landward slope of the Japan trench.
Obtained seismic sections successfully delineated the structural characteristic. We also carried out a high resolution seismic
survey using a cluster gun with smaller volume (320 inch3) and shorter (˜1.3 km) streamer cable in the vicinity of the trench
axis area. The survey was a part of the site survey for IODP Japan Trench Fast Earthquake Drilling Project, thus a 2-D grid lines
with 500 m line spacing were planned to determine the best location of the drilling site. Due to the higher frequency contents
of the source and denser spacing of hydrophones, we could obtain finer scale of the structural image. In the trench axis area,
pelagic/hemiplegic sediments were folded and cut by reverse faults. A seaward dipping reflector, gently connecting the edge of
the horst and the top of the graben, is imaged in the migrated section. We could obtain high resolution seismic images in the
Japan trench area, despite the great depth of the seafloor, small volume of the source and short maximum offset of the streamer
cable. However, any continuous reflectors are not imaged inside of the the frontal prism, seaward of the ”backstop” interface.
This observation suggests that significant lithological boundary or well developed fault does not exist in the frontal prism of the
Japan Trench.

1/1



SSS39-P07 Room:Convention Hall Time:May 25 13:45-15:15

P-wave velocity structure in the southernmost source region of the 2011 Tohoku earth-
quakes, off the Boso Peninsula

NAKAHIGASHI, Kazuo1∗, SHINOHARA, Masanao1, MOCHIZUKI, Kimihiro1, YAMADA, Tomoaki1, HINO, Ryota2, SATO,
Toshinori3, UEHIRA, Kenji4, ITO, Yoshihiro2, MURAI, Yoshio5, KANAZAWA, Toshihiko1

1Earthquake Research Institute,2RCPEV, Graduate School of Science, Tohoku University,3Graduate School of Science, Chiba
University,4Institute of Seismology and Volcanology, Faculty of Sciences, Kyushu University,5Institute of Seismology and Vol-
canology, Faculty of Science, Hokkaido University

The Japan Trench (JT) is a plate convergent zone where the Pacific Plate (PAC) is subducting below the Japanese island. In
the southern end part of the JT, there is a trench-trench-trench type triple junction. The Philippine Sea plate (PHS) is subducting
northwestward from Sagami Trough and the PAC is subducting westward beneath the PHS from Japan and Izu-Bonin Trenches.
The deep seismic structural information is important to understand the evolution of the triple junction. In 2008, a seismic ex-
periment was conducted using ocean bottom seismometers and controlled sources comprising ariguns and explosions in the
off-Ibaraki and Boso Peninsula. This region is the southern edge of the rupture zone of the 2011 off the Pacific coast of Tohoku
Earthquake. We estimated the heterogeneous velocity structure beneath the landward slope of the southernmost JT by 2-D ray
tracing. The crustal structure in the southern part of the profile is more heterogeneous than that of the northern part beneath the
seismic survey profile. The subducting PHS is imaged beneath the southern part of profile. However, we could not obtain the
distinct image of contact zone of PHS and PAC. It is conceivable that the contact zone of PHS and PAC has large heterogeneity
resulting from strong deformation. We infer that the termination of the rupture of the 2011 Tohoku Earthquake and the large
afterslip in the collision region are caused by this strong heterogeneity.
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Structural discontinuities inside the Pacific plate offshore the Tohoku region, revealed by
seismic reflection imaging

PANAYOTOPOULOS, Yannis1∗, KASAHARA, Keiji 1, HIRATA, Naoshi1, ABE, Susumu2, KATOU, Masafumi2, NAKA-
GAWA, Shigeki1, KATO, Aitaro1, OBARA, Kazushige1, TAKEDA, Tetsuya3

1Earthquake Research Institute, the University of Tokyo,2JGI, Inc.,3National Research Institute for Earth Science and Disaster
Prevention

We have investigated the material properties and the tectonic processes that govern the Pacific plate just before it is subducted
in the Japan Trench Subduction zone. We reprocessed the 500 km long data retrieved by the summer 1991 seismic survey offshore
of the Boso peninsula and Tohoku regions and produced a high resolution image of the Pacific plate crust and Mantle lithosphere
beneath it. We have conducted a CMP gather analysis combining 18828 traces and applied a first arrival mute at almost every
4 shots. Consecutively we applied NMO corrections after determining stacking velocity values every 30 CMP gathers, which is
equivalent to every 800 m along the profile. The corrected traces enabled us to retrieve a high resolution image of the sediments
deposited on the Pacific plate. The upper part of the plate is characterized by a thick sequence of sediments offshore of the Boso
peninsula that becomes progressively thinner towards the north in the region offshore the Tohoku region. This could be due to
the geometry of the profile, since the southern part is further away from the trench than the north. Offshore Tohoku the sediments
are possibly eroded and redeposit inside the trench by down going currents. Our profile intersects with a seamount range that
is currently subducting under the Japan Trench. The sedimentary sequence on the Pacific plate around this range is disturbed
by a thick sequence of possibly volcanic origin sediments derived from the seamount range. The sedimentary units offshore
Boso peninsula display an uplift of several hundred meters. This could suggest that the area of the Pacific plate behind the triple
junction point with the Japanese Arc and Philippine Sea plate is under a compressive regime.

Keywords: Tohoku, Reflection, Pacific plate
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Precise aftershock distribution of the 2011 off the Pacific coast of Tohoku earthquake re-
vealed by ocean bottom seismogr

SHINOHARA, Masanao1∗, MACHIDA, Yuya1, YAMADA, Tomoaki1, NAKAHIGASHI, Kazuo1, SHINBO, Takashi1, MOCHIZUKI,
Kimihiro1, MURAI, Yoshio2, HINO, Ryota3, ITO, Yoshihiro3, SATO, Toshinori4, SHIOBARA, Hajime1, UEHIRA, Kenji5,
YAKIWARA, Hiroshi 6, OBANA, Koichiro7, TAKAHASHI, Narumi7, KODAIRA, Shuichi7, HIRATA, Kenji8, TSUSHIMA,
Hiroaki8, IWASAKI, Takaya1

1Earthquake Research Institute, University of Tokyo,2Graduate School of Science, Hokkaido University,3Graduate School of
Science, Tohoku University,4Graduate School of Science, Chiba University,5Graduate School of Sciences, Kyushu University,
6Faculty of Science, Kagoshima University,7Japan Agency for Marine-Earth Science and Technology,8Meteorological research
Institute, Japan Meteorological Agency

The 2011 off the Pacific coast of Tohoku earthquake occurred at the plate boundary between the Pacific plate and the landward
plate on March 11, 2011, and has a magnitude of 9. Many aftershocks occurred following the mainshock. To obtain a precise af-
tershock distribution is important for understanding of mechanism of the earthquake generation. In order to study the aftershock
activity of this event, we carried out extensive sea floor aftershock observation using more than 100 ocean bottom seismometers
just after the mainshock. Deployment and recovery of the OBS were repeated four times, and we use the data from more than
70 OBSs just after the mainshock to the middle of June, 2011. We selected 1908 events whose epicenter is located below the
OBS network form the JMA earthquake catalog, and P and S-wave arrival times were picked from the OBS data. Hypocenters
were estimated by a maximum-likelihood estimation technique and one dimensional velocity structures was modeled using the
results of previous refraction study in the study region. Thickness of sedimentary layers changes at each OBS site was evaluated
and the estimated travel times by the location program was corrected. A precise aftershock distribution for approximately three
months in the whole source area, with an emphasis on depths of events, using the OBS data was obtained. The OBS networks
located 1005 earthquakes with a high spatial resolution. The epicenter distribution is not uniform. In the epicenter distribution,
the aftershocks may be divided into a number of clusters from a geometrical view point. The aftershocks form a plane dipping
landward in the whole area. Comparing our results to velocity structures by marine seismic surveys, there is no aftershock along
the plate boundary in the region off Miyagi, where a large slip during the mainshock is estimated. A plate coupling in this region
may change due to occurrence of the mainshock. Activity of aftershocks within the landward plate above the source region is
high and many aftershocks within the landward plate have normal fault type or strike-slip type mechanism. On the other hand,
many events with reverse fault (thrust) type mechanism occur along the plate boundary. Within the subducting oceanic plate,
most of earthquakes has normal fault type or strike-slip type mechanism. The stress field in and around the sources region of the
2011 mainshock changes as a results of the mainshock.
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Near-trench aftershock activity of the 2011 Tohoku-oki earthquake

OBANA, Koichiro1∗, SHINOHARA, Masanao2, YAMADA, Tomoaki2, UEHIRA, Kenji3, HINO, Ryota4, NAKAMURA, Yasuyuki1,
MIURA, Seiichi1, NO, Tetsuo1, KODAIRA, Shuichi1, TAKAHASHI, Narumi1

1JAMSTEC,2ERI, Univ. Tokyo,3SEVO, Kyushu Univ.,4Tohoku Univ.

After the 2011 Mw 9.0 Tohoku-Oki Earthquakes, normal-fault type aftershock activity have been observed both in the overrid-
ing plate and incoming/subducting Pacific plate near the trench axis [e.g., Asano et al., 2011]. Several tens of meters slip along
the plate boundary occurred near the trench axis during the 2011 Tohoku-Oki earthquake [e.g., Fujiwara et al., 2011]. This large
co-seismic displacement reached to the trench axis. The normal-faulting aftershocks near the trench axis are likely caused by a
tensional stress due to such large slips along the plate boundary. Detail distribution of the aftershocks near the trench axis and
their focal mechanisms are important information for considering the large co-seismic displacement along the plate boundary
reaching to the trench axis and crustal structures near the trench axis.

We conducted ocean bottom seismograph (OBS) observations using 10 OBSs near the Japan Trench from August to October
2011. These OBSs were deployed on the landward slope including the area, where the several tens of meters co-seismic displace-
ment was observed, with approximately 10 km separation in horizontal. In addition to these OBSs, we used OBSs deployed for
aftershock observations continued from soon after the 2011 Tohoku-Oki earthquake [Shinohara et al., 2011]. Preliminary results
of the hypocenter locations show that several earthquakes occurred within the overriding plate. These earthquakes may relate to
the normal fault system in the overriding plate. On the other hand, other earthquakes are located mainly in the subducting oceanic
crust. We will discuss relationships among aftershock activity near the trench axis, crustal structures obtained from the active
seismic surveys, and large co-seismic displacement reaching to the trench axis.
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Precise aftershock relocation of the 2011 Tohoku earthquake and its relation to regional
slip distribution

NAKATANI, Yukihiro 1∗, YABE, Suguru2, MOCHIZUKI, Kimihiro1, SHIOBARA, Hajime1, MACHIDA, Yuya1, NAKAHI-
GASHI, Kazuo1, YAMADA, Tomoaki1, UEHIRA, Kenji3, YAKIWARA, Hiroshi4, HIRATA, Kenji5, KODAIRA, Shuichi6,
SHINOHARA, Masanao1

1ERI., Univ. Tokyo,2Dept. EPS, Univ. Tokyo,3SEVO, Kyushu Univ.,4GSSE., Kagoshima Univ.,5MRI, JMA, 6JAMSTEC

One of the characteristics of the 2011 Mw 9.0 off the Pacific coast of Tohoku earthquake is a quite large co-seismic slip at a
shallow part of the Japan Trench plate interface. Knowing precise aftershock distribution is a key to clarify the mechanism of
the earthquake with such a new aspect. Especially, understanding relationships between the slip distribution and the aftershock
activity provides an important clue for elucidating the source rupture process.

Therefore, in this study, we precisely relocated the aftershocks by using data from 20 ocean bottom seismometers (OBSs) de-
ployed between 37N and 38N where the amount of co-seismic slip showed a remarkable transition. The observation area is about
150km x 150km and the station interval is about 25km. We relocated the events in the Japan Meteorological Agency Catalog
data from March 28, 2011 to July 12, 2011.

We manually picked arrival times of the PS wave converted at the bottom of the sedimentary layers as well as P and S waves of
each aftershock, and located its hypocenter by using hypomh (Hirata and Matsu’ura, 1987). We applied station corrections deter-
mined from a time difference between P- and PS-wave arrivals at each station. We utilized the results as the initial hypocenters,
and obtained their final hypocenters by applying hypoDD (Waldhauser and Ellsworth, 2000). We used a 1-D velocity structure
derived from an existing velocity section (Miura et al., 2003).

Comparing our result to subduction velocity structure (Miura et al., 2005) lying to the north of the study area, it is shown that
the aftershock activity along the plate interface between the continental plate and the subducting Pacific plate is low at shallower
than 20km depth. In contrast, many aftershocks occur both along the plate interface deeper than 20km depth and within the
continental plate. Low aftershock seismicity appears concordant with a large co-seismic slip estimated by previous studies. In
addition, the swarm like activity around the oceanic Mohorovicic discontinuity is confirmed at the up-dip of a large co-seismic
slip area near the Japan Trench axis.

Keywords: the 2011 Tohoku earthquake, aftershock, slip distribution, subduction, ocean bottom seismometer

1/1



SSS39-P12 Room:Convention Hall Time:May 25 13:45-15:15

Deep structure of subducted slab beneath the seismogenic zone of the 2011 off the Pacific
coast of Tohoku Earthquake

YAMAMOTO, Yojiro 1∗, OBANA, Koichiro1, SUZUKI, Kensuke2, HINO, Ryota2, ITO, Yoshihiro2, SHINOHARA, Masanao3,
KODAIRA, Shuichi1, KANEDA, Yoshiyuki1, MURAI, Yoshio4, SATO, Toshinori5, UEHIRA, Kenji6, YAKIWARA, Hiroshi7,
HIRATA, Kenji8

1JAMSTEC,2RCPEV,Graduate School of Science,Tohoku University,3ERI, University of Tokyo,4ISV, Faculty of Science,
Hokkaido University,5Graduate School of Science, Chiba University,6SEVO, Faculty of Sciences, Kyushu University,7Nansei-
toko Observatory for Earthquakes and Volcanoes, Kagoshima University,8MRI

The coseismic rupture area of the 2011 off the Pacific coast of Tohoku Earthquake has estimated over the wide region from
the coastline to near the Japan Trench [e.g., Ide et al., 2011]. Several kinds of studies, such as tsunami source inversion [e.g.,
Fujii et al., 2011], submarine topography [Fujiwara et al., 2011] and seafloor displacement observation [Sato et al., 2011; Ito et
al., 2011; Kido et al., 2011], showed consistent results. However, the structural image just beneath the largest coseismic slip area
was unclear since the observation areas of previous ocean bottom seismographs (OBSs) in this region were limited and there
were few OBSs near the Japan Trench. The resolved area of Yamamoto et al. [2011] was limited to within about 100 km from
the coastal line, and the main shock of the 2011 earthquake located out of resolved area. To understand the relationship between
coseismic rupture behavior and structural heterogeneities, it is necessary to know the seismic velocity structure of the subducted
slab crust and mantle near the trench axis.

Japan Agency for Marine-Earth Science and Technology has conducted the aftershock observation at outer rise from May 2011
to June 2011. From this observation, more than 1,000 earthquakes were detected [Obana et al., 2012]. These aftershocks included
the relatively large (M> 3) earthquakes, and their travel time data were also obtained at land seismic stations. In addition, Tohoku
University deployed some OBSs in the landward slope of Japan Trench at the same time [Suzuki et al., 2012]. Combining these
OBS dataset and land seismic data, we could obtain the travel time data between the coastal area and outer rise area with high
accuracy of hypocenter locations.

In this study, we perform a three-dimensional seismic tomography from Miyagi Prefecture to outer-rise region by tomoFDD
[Zhang and Thurber, 2006]. For the preliminary analysis, we estimate the P-wave velocity structure by using a part of dataset.
For initial velocity model, we adopted the three-dimensional model of Yamamoto et al. [2011] for landward slope area and one-
dimensional model of Obana et al. [2012] for outer rise area. Our results indicate that the velocity of uppermost slab mantle from
143 degrees E to the trench axis is relatively slower than that in outer rise and coastal area. This result seems to be independence
from initial velocity model from some test calculations. On the other hand, our present dataset has few OBSs on the landward
slope near the trench axis. We will add the dataset of joint observation conducted by Universities (Hokkaido, Tohoku, Chiba,
Tokyo, Kyushu, and Kagoshima), JAMSTEC, and Meteorological Research Institute to obtain more detail structural image.
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Seismic activities of earthquake clusters and small repeating earthquakes in Japan after
the 2011 Tohoku earthquake

IGARASHI, Toshihiro1∗

1ERI, Univ. of Tokyo

The 2011 off the Pacific coast of Tohoku earthquake (Mw9.0) was the largest earthquake in recorded history in Japan. The
coseismic slip expanded into the areas covered the occurrence areas of interplate earthquakes off Iwate to off Ibaraki, northeastern
Japan. For the impact of this earthquake, the seismic activities in and around the source regions have changed significantly. In
this study, I investigated spatio-temporal changes of seismic activities of earthquake clusters and small repeating earthquakes in
Japan after the mainshock. Furthermore, I estimate the space-time characteristics of the interplate slip from sequences of small
repeating earthquakes.

I have already reported slip-rates in the 21st century before the 2011 mainshock at the upper boundaries of the subducting
plates. The resultant slip-rates correspond to relative plate motion in the Ryukyu arc. In contrast, they indicated slip deficits
in the northeastern Japan arc. There were few postseismic slips following the 2005 off Miyagi prefecture earthquake (M7.2),
which located near the hypocenter of the 2011 mainshock. On the other hand, slip deficits were slightly decreased in the southern
shallow part of the northeastern Japan after postseismic slips following the 2003 off Miyagi earthquake (M6.8), the 2008 off
Ibaraki earthquake (M7.0), and the 2008 off Fukushima earthquake (M6.9). Furthermore, I identified quasi-static slips associated
with foreshocks off Miyagi that started from 2011.

After the 2011 mainshock, I detect many small repeating earthquakes. They distributed in the northern, southern and deeper
part of the source region. Small repeating earthquakes with relatively long recurrence intervals occurred just after the 2011
mainshock. The cumulative slips are consistent to the value estimated by GPS data analysis in the northwestern deeper part.
My result also suggests postseismic slips at the trench-side of the southeastern part. On the other hand, I can not detect small
repeating earthquakes in some areas of source region. Distributions of small repeating earthquakes may suggest zero or slightly
slipped areas in the 2011 mainshock and the largest aftershock. Some of small repeating earthquakes are burst-type sequences
which occurred only after the 2011 mainshock. Observed seismograms may be distorted by the multiplicity of the waves to come
from various locations, the seismic velocity changes at the propagation path or site, or changes of physical properties at the plate
interface. I also detected many small repeating earthquakes beneath the Kanto district. They suggest induced interplate slips at the
subducting Philippine Sea plate and the subducting Pacific plates. In other areas, I can not identify noticeable velocity increases.

Furthermore, I automatically extracted earthquake clusters by using the unified JMA hypocenter catalogue and investigated
seismicity changes before and after the mainshock at each earthquake cluster. As a result, I identified that seismic activities after
the mainshock have become active in the deeper part of the source region. The largest earthquakes in the analysis period have
occurred in some clusters including small repeating earthquakes after the 2011 mainshock. In addition, they activate in several
areas around the Kanto, Tokai, and Ryukyu areas of the Philippine Sea plate, and the inland shallow part of eastern Japan. On the
other hand, seismic activities decrease with some clusters in the source areas and many intra-plate clusters in intermediate-depths.
It suggests the large effects of interplate large slips and stress changes at the mainshock and/or postseismic slip. We should pay
attention to future activities to investigate whether physical property at these areas has changed or not.

Keywords: The 2011 off the Pacific coast of Tohoku earthquake, earthquake cluster, small repeating earthquake
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Seismic activity in the focal area of the 2011 Tohoku earthquake in comparison with off-
Kamaishi repeating earthquakes

UCHIDA, Naoki1∗, MATSUZAWA, Toru1

1Graduate School of Science, Tohoku University

To investigate the seismic property of the fault zone for the 2011 great earthquake is of great importance for understanding the
mechanism of M9 earthquakes. The studies on the off-Kamaishi repeating earthquake sequence (e.g., Uchida et al., 2012) suggest
following features of the asperity for the recurrent earthquakes. 1) The asperity has a hierarchical structure. 2) The seismicity
in the interseismic period is active near the edge of the asperity and less active around its center. 3) The temporal change in
seismicity shows low seismicity just after the main shock to high seismicity in the latter half of the earthquake cycle. 4) Migra-
tion of smaller earthquakes (earthquakes near the center of the focal area of the main shock follows those near the edge of the
area) are sometimes observed. These features probably show the difference in interplate coupling and unfastening of the asperity
during the earthquake cycle. In this study, we investigate the seismic activity in the focal area of the 2011 Tohoku earthquake and
compare it with that of the off-Kamaishi repeating earthquake sequence.

Several interplate earthquakes with M7 or larger after 1930 are located in the slip area for the 2011 Tohoku earthquake. Thus
the 2011 earthquake also shows a hierarchical structure (feature 1). Most of the the M>=7 earthquakes are located near the edge
or outside of the main slip area for the 2011 earthquake (Yamanaka and Kikuchi, 2004; Murotani et al., 2006; Yamanaka, 2011).
The Miyagi-oki area has M7 repeaters at the deeper edge of the slip area, which is similar to the repeating earthquakes near the
deeper edge of the off-Kamaishi sequence. Inactive seismicity near the center of slip area is also true of the 2011 earthquake
and major activities near the center were observed in 1981 (M7.0) and 2011 (M7.3) (feature 2). The repeating earthquakes and
low-angle thrust type earthquakes (Asano et al., 2011) are inactive in the main slip area for the 2011 earthquake and this may be
a part of temporal seismicity change in the earthquake cycle of the M9 earthquakes (feature 3). Migration of earthquakes from
around the edge toward the center of the focal area of the 2011 earthquake has been sometimes observed (e.g., seismic activities
off Fukushima in 1938 and off Sanriku in 1968). These activities similar to the off-Kamaishi earthquake sequence (feature 4)
may be manifestations of invasion of slip toward the center of the asperity.

For the 2011 Tohoku earthquake, we successfully estimated spatial-temporal change in the interplate coupling in and around
the slip area using small repeating earthquakes, which was difficult for the source area of the off-Kamaishi earthquake. Unfas-
tening of the coupling in the source area of the Tohoku earthquake was observed in 2008 off Fukushima and Miyagi prefectures
(Uchida et al., 2009; Graduate School of Science, Tohoku University, 2010). Many repeating earthquakes are included in the af-
tershocks of the 2011 M7.3 foreshock, which probably also shows the unfastening of the coupling. High-coupling coefficient in a
wide area and lack of repeating earthquakes near the trench can also characterize the asperity for the great interplate earthquake.

The characteristics of the seismic activity in and around the source area of the 2011 Tohoku earthquake mentioned above
are similar to the off-Kamaishi sequence in many aspects. These features might be true of simple systems only; but if they are
common for most of seismogenic patches, it is quite important not only for understanding the earthquake generation process but
also for the disaster mitigation through the detection of hidden asperities for great earthquakes.
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Twin-peaks slip distribution of the 2011 Tohoku Earthquake and its relation to the fore-
shock and aftershock activities

SATO, Tamao1∗, HIRATSUKA, Shinya1

1Department of Earth and Environmental Sciences, Hirosaki University

Previously, Hiratsuka and Sato (2011) investigated the Coulomb stress change for the hypothetical receiver faults to evaluate
the effect of the 2011 Tohoku Earthquake on aftershocks and future earthquake probabilities. They assumed the slip distribution
determined immediately after the event using the GEONET data by the Geospatial Information Authority of Japan (GSI). The
slip distribution gives the area of maximum slip lying almost halfway between the coast line and trench. Based on the calculated
Coulomb stress changes, Hiratsuka and Sato (2011) suggested that the normal-fault aftershocks near the Japan Trench should
occur within the subducted Pacific plate whereas the normal-fault aftershocks on the west of approximately 20 km depth contour
of the plate interface should occur in the crust above the plate interface. Later, Sato and Hiratsuka (2011) evaluated the Coulomb
stress change for the 81 larger aftershocks of which fault plane solutions are provided by Nettles et al. (2011). There they used the
slip distributions determined using the GEONET data by themselves. As different slip distributions were obtained from inversion
of the GEONET data depending on the strength of constraints put on the initial slip distribution, they compared the Coulomb
stress change calculated for two extreme cases, that is, a slip distribution with the area of maximum slip shifted toward the land
and a slip distribution with the area of maximum slip shifted toward the trench. The comparison indicated that the aftershock
focal mechanism distribution is better explained by the slip distribution with the area of maximum slip shifted toward the trench.
During the course of these previous studies, it was suggested that the slip distribution of the 2011 might be better constrained by
considering the aftershock focal mechanism distribution as well.

In this paper, we investigate the level of consistency between the slip distribution of the 2011 Tohoku Earthquake and the
aftershock distribution more closely. Since more accurate slip distribution is desirable for that purpose, we determine the slip
distribution by using the coseismic displacements observed at the ocean bottom sites as well as the GEONET data. The fault
geometry is assumed to be the same as that of Sato and Hiratsuka (2011). The slip distribution thus obtained is characterized by
the two peaks of slip separated by a relatively low-slip zone extending in east-west direction off the border of Miyagi and Iwate
Prefectures. This feature is robust and well constrained by the combination of the GEONET and ocean-bottom observations.
Looking closely at the aftershock distribution near the trench, we find the place where the aftershock distribution protrudes from
the trench toward the land (not towards the sea). This place coincides with the low-slip zone sandwiched by the two peaks of slip.
Moreover, major seismic activities prior to the 2011 Tohoku earthquake since 1978 Off-Miyagi earthquake are distributed along
the low-slip zones sandwiched by the two peaks of slip. Based on the analyses of stress field due to the slip distribution with the
two peaks of slip, we investigate the cause of the interesting correlation described above.

Keywords: Subduction zone, Great earthquake, Coulomb stress change, Aftershock activity, Foreshock activity
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Envelope broadening of S-waves from earthquakes near the hypocenter of the Tohoku-
Oki earthquake.

HASEGAWA, Kazuya1∗, HINO, Ryota1, ITO, Yoshihiro1, SUZUKI, Kensuke1, UMINO, Norihito1

1Graduate school of Science, Tohoku Univ.

We investgated envelope broadening and delays of peak arrivals of S waves that radiate from the aftershocks of the 2011
Tohoku-Oki earthquake on an onshore seismic network. The onshore seismograms of earthquakes occurring in the forearc of the
northeastern Japan show clear difference in their S-wave envelope shapes according to difference in those focal depths (Gamage et
al, 2009; Koga 2010). The seismograms of interplate earthquakes tend to have broader S-wave envelopes than those of intraplate
earthquakes. Focal mechanism of earthquakes in the focal area of the 2011 Tohoku-Oki earthquake indicate that thrust faulting
earthquakes, dominant earthquakes before the occurrence of the M9 mainshock, have been almost extinct around the hypocenter
(Asano et al., 2011). This remarkable difference of focal mechanisms suggests that focal depth distribution of those events is
largely different before and after the Tohoku-Oki earthquake. Consequently, it will be expected that characteristics of S wave
seismograms of the those earthquakes in the focal area of the M9 earthquake should have also changed.

We analyzed 1Hz seismograms recorded at the seismic stations in the forearc side of the NE Japan. Root means square (rms)
envelopes of velocity seismograms of horizontal components are calculated in four frequency bands 2-4, 4-8, 8-16, and 16-
32Hz. As a result, most of the S-waves of the earthquakes occurring before the M9 mainshock show delays of peak arrivals and
envelope broadning, originating from the characteristics of interplate earthquakes. Among the records of the aftershocks of the
M9 mainshock, the envelopes of S-waves show clear onset and narrower envelopes, indicating that those earthquakes could occur
within the Pacific plate. We also identify several seismograms with broad S-wave envelopes. Since no thrust type earthquakes
were identified in the region, these earthquakes could occur in the hanging wall side plate of the NE Japan.

Keywords: the Tohoku-Oki earthquake, interplate earthquake, intraplate earthquake, S coda wave
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Multiple time-window tsunami waveform inversion of the 2011 off the Pacific coast of
Tohoku, Japan earthquake
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We performed a multiple time-window analysis of tsunami waveform inversion for the 11 March 2011 off Pacific coast of
Tohoku earthquake (M 9.0), and estimated the slip distribution. The 2011 tsunami was recorded instrumentally on coastal tide or
wave gauges and offshore gauges such as ocean bottom pressure (OBP) and GPS wave gauges. The offshore gauge records within
the source area showed two-stage tsunami waveforms which have a gradual increase of water level followed by an impulsive
wave. The coastal run-up and inundation heights were also measured by many researchers, and the large peak appeared around
Miyako in Iwate prefecture. Our previous result of tsunami waveform inversion (Fujii et al., 2011, Earth Planets and Space)
assuming a simultaneous rupture of subfaults indicated that the largest slip of about 48 m occurred near the trench axis off
Miyagi. However, the computed coastal tsunami heights from this model show a peak on northern Miyagi coast and did not
reproduce the distribution of the measured tsunami heights.

In this study, we adopted multiple time windows on each subfault for the tsunami waveform inversion analysis assuming a
constant rupture velocity in order to estimate the slip distribution both in space and time. This inversion scheme allows us to
estimate a time delay of slip on each subfault after the rupture front arrived at an edge with the assumed velocity. The number
of time windows is five for each subfault. Each time window has a duration of 30 s as a rise time of slip. We added four more
subfaults at the northern end of the subfault model introduced by Fujii et al. (2011), and also used tsunami waveform records at
more gauges than the previous study. In total, we used 11 OBP gauges, 10 GPS wave gauges and 32 coastal tide or wave gauges.
The observed tsunami waveform data were resampled at an interval of 12 s to be used for the inversion. The new result indicates
that the fault slip propagated from the epicenter and took about 3 minutes to reach the northern and southern ends of the source
area. The large slip along the Japan trench axis is more extended than the previous result, with the maximum slip of 36 m. The
slips along northern trench are about 10 m and more. The computed coastal tsunami heights from the updated model with delayed
slips show another peak on central Iwate coast, where the largest tsunami heights were measured. We also computed tsunami
inundation areas in Sendai and Ishinomaki plains and found that they explain the distribution of the 869 Jogan tsunami deposits.
While we previously proposed the fault models of the Jogan earthquake (Satake et al., 2008; Namegaya et al., 2010, An. Rep.
Active Fault and Paleoearthq. Res.), the 869 source could have been the same as the 2011 source.

Keywords: 2011 Tohoku earthquake, Tsunami waveform inversion, Multiple time windows, Coastal tsunami height, Inundation
modeling
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Tsunami waveform analysis of the foreshock (Mw7.3) of the great Tohoku-oki earth-
quake

Mitsuteru Fukuoka1, TANIOKA, Yuichiro1∗, GUSMAN, Aditya1, SAKAI, Shin’ichi2

1Institute of Seismology and Vocanology, Hokkaido Universtiy,2Earthquake Research Institute, University of Tokyo

On March 9, 2011, the largest foreshock (Mw7.3) occurred before the 2011 great Tohoku-oki earthquake (Mw9.0). The epicen-
ter of the foreshock was located about 60 km northeast from the epicenter of the 2011 great Tohoku-oki earthquake. The tsunami
was generated by this foreshock and observed by two ocean bottom pressure gauges, TM1 and TM1, off Kamaishi and three
GPS buoys operated by the Nationwide Ocean Wave Information Network for Port and Harbors (NOWPHAS). In this paper, we
estimate the fault model which explains the observed tsunami waveforms. The tsunami is numerically computed by solving the
linear long-wave equations. We assumed that the fault parameters, strike=188.1 degree, dip=12.0 degree, rake=73.3 degree. The
fault length and width are varied to find the best fault model which explains the five observed tsunami waveforms. The best fault
model we found has a length of 40 km and a width of 55 km and is located northwest from the epicenter. In other words, the
epicenter is located almost southeast corner of the fault model. The estimated slip amount by comparing the observed tsunami
waveforms with the computed ones is 1.25m. The calculated seismic moment is 1.27 x 1020 Nm (Mw 7.3) which is similar to
the seismic moment estimated by JMA using teleseismic body-waves, 1.34 x 1020 Nm. One day aftershocks of this foreshock
occurred mostly north from the epicenter. Our estimated fault model is consistent with the one-day aftershock distribution. Kato
et al. (2012, Science) suggested that the propagation of slow slip from the epicenter of the foreshock to the epicenter of the
mainshock of the 2011 great Tohoku-oki earthquake. Our estimated fault model also indicates that the foreshock did not rupture
the plate interface located south of the epicenter where the slow slip occurred after the foreshock.

Keywords: foreshock of the 2011 Tohoku-oki earthquake, tsunami waveform analysis, fault model
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Origin of the surface vibrations of the Sea of Japan generated by the 2011 off the Pacific
coast of Tohoku Earthquake

IWAI, Maki 1∗, MUROTANI, Satoko1, TSURUOKA, Hiroshi1, SHINOHARA, Masanao1, SATAKE, Kenji1

1ERI, the Univ. of Tokyo

Just after the Tohoku earthquake on March 11, 2011, sea surface vibrations were observed at some tide stations along the coast
of the Sea of Japan. In this study, we made numerical computation to generate these vibrations from a source model based on
observed data of the Pacific Ocean - such as tide stations (JMA, JCG), ocean bottom tsunami sensors (ERI), offshore GPS wave
gauges (NOWPHAS). As a result, we could successfully reproduce the observed vibrations of the Sea of Japan with the initial
condition of not only the vertical but also of the horizontal displacement of ocean bottom.

This earthquake caused tsunami. About 30 minuates after the earthquake, tsunami attacked the Pacific coast of Tohoku with
more than 9 m height according to the records of many costal tide gages.

Immediately following the earthquake, some vibrations were observed at several tide stations of the Sea of Japan. Judging
from the records, the wave frequencies were rather high (the periods were about several minutes) with the amplitudes about 10
cm. Inferred from the observed data, tsunami passed the Tsugaru cannel 2 hours after this earthquake. It indicates that these
vibrations were different from the tsunami that passed the Tsugaru channel.

In general, tsunamis are assumed to be long waves and the vertical deformation of ocean bottom is assumed to be instanta-
neous. Under these assumptions, the initial condition of numerical computation of tsunami, that is, the displacement of water
surface is equal to the vertical displacement of ocean bottom. The effect of the horizontal deformation is usually neglected. This
is valid as long as the ocean bottom is flat or shallowly-dipping. However, according to Tanioka and Satake (1996), if the ocean
bottom contains steep slopes or steps, the effect of the horizontal displacement of ocean bottom cannot be neglected. In this study,
we computed the water level of the Sea of Japan including the effect of the bathymetry and horizontal displacement of ocean
bottom.

For the computation a 30s-interval grid bathymetry data (JTOPO30) was used for 128-148E longitude and 39-46 N latitude.
WThe fault model, which consists of 40 rectangular subfaults, was inverted from the observed waves (Fujii et al., 2011). Then
static deformation of the seafloor was calculated by using formula of Okada (1985). To calculate tsunami propagation, the linear
shallow-water, or long wave, equations are numerically solved by using a finite-difference method. Finally we compared the
observed and computed waveforms at every observed station.

The result indicates that only vertical displacement of ocean bottom cannot explain the vibrations of the Sea of Japan just
after the earthquake, although the long-period waves were computed. Adding horizontal displacement of ocean bottom generated
the vibrations similar to the observed. The horizontal displacement slightly increased the computed tsunami amplitudes at the
stations along the Pacific Ocean though the waves themselves were almost the same of those from only vertical displacement.

Although the slopes of ocean bottom are located many places in the Sea of Japan, vibrations with larger amplitudes were espe-
cially observed from Akita to Sado coasts. One reason is that there exist some steep slopes or steps parallel to the fault. Another
reasonis that the above regions are nearer to the fault so that ocean bottom deformation is relatively larger. There are very few
changes along the Pacific Ocean because the effect of vertical displacement of ocean bottom is much more dominant than that of
the horizontal one.

We computed the vibrations of the Sea of Japan just after this earthquake. However, the waveforms themselves are not so sim-
ilar to the observed. This is because we ignored the effect of the non-linear terms of equations near the coast and we computed
with 30s grid-interval (about 1km-interval) so that the coast topography near the tide stations is very rough.

Keywords: the 2011 off the Pacific coast of Tohoku Earthquake, tsunami, the Sea of Japan, horizontal displacement of ocean
bottom
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Variability of high-frequency excitation patches estimated by strong-motion data for the
2011 Tohoku-Oki earthquake

HAYASHI, Manako1, YOMOGIDA, Kiyoshi1∗

1Earth & Planet. Dynamics, Hokkaido University

Using K-net and KiK-net strong-motion seismograms along the Tohoku-Kanto costal area, we characterize several notable
high-frequency excitation patches for the 2011 Tohoku-Oki earthquake. We first obtained displacement seismograms with static
offsets from the original acceleration waveforms recorded at K-net and KiK-net stations. For a baseline offset, we attempted
several approaches, finding the correction scheme of Iwan et al. (1985) to provide us with stable and reliable displacement seis-
mograms in all the three components.

The resulted seismograms show very large static components or steps over 5 m in some cases. For a given seismogram, there
are several isolated steps in displacement, implying that there are patches to radiate these static or very low-frequency waves over
the fault plane of this earthquake. The ratio of a static component to the strength of accelerations in each section of record in time
(i.e., wavelet), however, varies significantly.

Considering the static component corresponding to the seismic moment (zero-frequency limit) at each patch, we measured
its ratio of high-frequency and static components. We adopted the root-mean-square amplitude as a parameter for the strength of
each record section, then it was divided by its static component or offset. We compared this ratio of one patch to that of the other.

The second large wavelet in each acceleration seismogram gives very low ratios, that is, static components are abnormally
large, compared with the other wavelets, about one third in the radiation of high-frequency waves. Yoshida et al. (2011) located
this wavelet in acceleration in the east of the epicenter, that is, a shallow part of the fault plane near the axis of the Japan Trench.
Our result supports the idea that very smooth fault slips took place there, although it should not have been tsunami-earthquake
type anelastic fault motions because there are still large excitations of high-frequency waves as high as 1 Hz.

We find a weak but clear delayed wavelet in acceleration only at the northernmost stations (north Iwate Prefecture) in our
analysis. The ratios of high-frequency versus static component are as high as those of the first large wavelet in record, which was
estimated in the location near the epicenter (Yoshida et al. 2011). That is, this northernmost patch radiates large high-frequency,
suggesting strong local plate coupling in this area.

One additional wavelet that has not ever been analyzed in previous studies is a delayed one (nearly 2 minutes of the origin
time) observed only in the southernmost stations in Fukushima and north Ibaraki prefectures. The ratios of high-frequency versus
static components are even higher than the first patch by a factor of over 5. This implies a very strong patch that dominantly ex-
cited high-frequency waves without much total seismic moment there. This wavelet, which is composed of at least two separated
parts in some records, seem to correspond to a spot off Fukushima coast identified by strong-motion array studies (e.g., Honda
et al., 2011), which might be related to the asperities of a series of M7 Shioya-Oki earthquakes in 1938 (Abe, 1977).

In summary, there are various ratios of patches on the fault of the 2011 Tohoku-Oki earthquake, implying very complex
nature of fault motions from place to place over the fault plane.

Keywords: 2011 Tohoku-Oki earthquake, excitation of high-frequency seismic waves, strong-motion accelerograms, static dis-
placement
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High-frequency rupture areas during the 2011 off the Pacific coast of Tohoku Earthquake
inferred from seismic intensity

KANDA, Katsuhisa1∗, TAKEMURA, Masayuki1, Kiyoshi Hirotani2, ISHIKAWA, Kazuya2

1Kobori Research Complex Inc.,2Tohoku Electric Power Co., Inc.

The source process of the 2011 off the Pacific coast of Tohoku Earthquake (Mw9.0) was complex and included multi sub-
events. From the view of strong ground motion, there were two major peak waveforms observed around Tohoku district. These
were caused by two major sub-events off Miyagi Prefecture near the epicenter. We divided each observed strong motion time
history into two parts related to the two sub-events based on visual judgment. The inversion analysis was carried out to reveal
high-frequency rupture areas using measured seismic intensity related to each sub-event as well as the whole event. We found
that the first high-frequency rupture area was located near the hypocenter and extended northward. The second high-frequency
rupture area had a substantial overlap with the first one and was nearer coastline of Miyagi Prefecture than the first, and its
magnitude for seismic intensity is the same as the first. The result of the whole event shows that the high-frequency rupture
areas consist two major parts. The north major part is related to two sub-events off Miyagi Prefecture. The south major part was
located off-shore area near the north of Ibaraki Prefecture. Furthermore, we found that the first high-frequency rupture area was
similar to that of the 1793 Kansei earthquake that was one of the major historical earthquakes in this region and the west of the
high-frequency rupture area of the first two sub-events was overlapped with those of historical M7 class earthquakes off Miyagi
Prefecture in 1861, 1897, 1936, 1978 and 2005 more or less. It shows that the events off Miyagi Prefecture do not be treated as
simple characteristic earthquakes.

We compared the high-frequency rupture areas with the source processes presented by other researchers. At first, compared to
the strong motion generation area (SMGA) models proposed by three research groups, our result is quite similar to the SMGAs of
Kurahashi and Irikura (2011) in terms of rupture sequence and location. Secondly, the comparison with the rupture front process
obtained from far-field P-waves using the back-projection method by Zhang et al. (2011) reveals that the three high-frequency
rupture areas correspond to northward first rupture off Miyagi up to 60 seconds from origin, southwestward second rupture
off Miyagi in next 40 seconds and southward third rupture from off-Fukushima to off-Ibaraki in final 40 seconds, respectively.
Finally, compared to the source process obtained from joint inversion using near-field strong motion, teleseismic and geodetic
data by Koketsu et al. (2011), we find that the first high-frequency rupture area corresponds to slowly expanded rupture process
from the hypocenter, the second one corresponds to westward rupture with large slip from the trench accompanied with tsunami,
and last one corresponds southward rupture up to off-shore of north Ibaraki Prefecture. The energy centroids of the second and
last high-frequency rupture area are located at terminal rupture area of asperities. We have detected the same characteristics in
the analysis of other historical interplate events [Takemura and Kanda (2008)].

Keywords: seismic intensity, inversion analysis, high frequency, the 2011 off the Pacific coast of Tohoku Earthquake, historical
earthquake off Miyagi Prefecture, source process
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Rupture process of the 2011 Tohoku-Oki earthquake inverted from teleseismic body waves
and geodetic data

KUBO, Hisahiko1∗, KAKEHI, Yasumaro1, HOSHIBA, Mitsuyuki2

1Kobe University,2Meteorological Research Institute

Rupture process of the 2011 off the Pacific coast of Tohoku earthquake is estimated from the inversion of teleseismic body
waves and geodetic data. In order to obtain a reliable source model, the following are done in this study: (1)The assumed values
of the maximum slip duration at each subfault (Tsd) and the propagation velocity of the first time window (Vftw) , which have a
significant influence on the source model estimated by the multiple time window analysis, are selected as objectively as possible;
(2)The joint inversion of teleseismic body waves and geodetic data is done; (3) Considering the 3D shape of the plate boundary, a
realistic fault model is assumed; (4)In the calculation of the teleseismic Green’s functions, different 1D structure models are used
for subfaults with different locations along dip direction, considering the horizontal (along dip direction) heterogeneous structure
of the continental plate; (5)Not only terrestrial crustal deformation data but also seafloor crustal deformation data is used as the
geodetic data; (6)A spatial and temporal smoothing constraint considering that the fault rupture reached the trench axis is used;
(7)Relative weights among different kinds of data-set are determined by theoretical tests.

The estimated seismic moment and the maximum slip are 3.4∗ 1022 Nm (Mw=9.0) and 43 m. The total rupture duration is
about 150 s. The derived slip model has one large slip area, which is located on the shallower side of the rupture starting point
and extends to the north and south along the trench axis. This model is consistent with the slip distribution estimated from the
tsunami records and the results of the bathymetric survey. The estimated rupture propagation velocity is about 2 km/s when the
rupture propagates from the rupture starting point towards the shallower part of the fault plane.

Keywords: the 2011 off the Pacific coast of Tohoku earthquake, rupture process, joint inversion, teleseismic body waves, geodetic
data
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Detailed stress fields in the focal region of the Tohoku Earthquake; Implication for the
distribution of moment release

CHIBA, Keita1∗, IIO, Yoshihisa1, FUKAHATA, Yukitoshi1

1DPRI, Kyoto Univ.,

A giant earthquake of Mw 9.0 occurred off the Pacific Coast of the Tohoku region on March 11, 2011. We examined the focal
mechanism distributions in the focal region of this earthquake before and after the mainshock using the F-net data and then
performed a stress tensor inversion by using the multiple inverse method(Otsubo et al., 2008). It is found that earthquakes were
mainly reverse fault type events all over the focal region before the main shock, whereas after the main shock, many normal fault
type events occurred in the hanging wall but focal mechanisms did not change in the deepest part in the focal region(Asano et
al., 2011). It is inferred from the stress tensor inversion that the stress state is reverse fault type in the deepest part before and
after the mainshock but that in the central part, the stress state changed from reverse fault type before the mainshock to normal
fault type after the mainshock. These results suggest that absolute strength along the plate boundary is very weak in the central
part(Hasegawa et al.,2011; Yagi and Fukahata, 2011). Furthermore, we examined the focal mechanism distribution and stress
states in the shallower part near the trench axis off the Miyagi Prefecture in detail and found that the strike slip events with the
P-axis in the NS direction occurred in the footwall east of the mainshock hypocenter, which can be well explained by the slip
model with a large moment release near the hypocenter. It is expected that these findings well constrain the spatial distribution
of moment release of the 2011 off the Pacific Coast of Tohoku earthquake and lead to better understanding of this earthquake.

Keywords: focal mechanism, stress inversion, multiple inverse method, fault model, seismic moment release, stress change
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Strength of the M9 Tohoku Earthquake generating fault

SHIMIZU, Ichiko1∗

1Department of Science, University of Tokyo

The 2011 off the Pacific coast of Tohoku Earthquake with a magnitude (M) of 9.0 (the M9 Tohoku Earthquake) occurred at
an intermediate depth (approximately 24 km) on the subducting plate interface, whereas the usual Miyagi-oki earthquake had
been expected to occur at the down-dip side. A huge area of the plate interface, including asperities of the M7-class Miyagi-
oki earthquakes and their surroundings, was ruptured at the mainshock, although the surroundings were previously assigned as
stable sliding regions. The interplate coupling of the source region of the M9 earthquake had been believed to be weak because
small repeating earthquakes were rarely occurred, but new estimates suggest high coupling coefficients in this region (Uchida
& Matsuzawa, 2011, EPS). Now the questions arise: ”What is the difference between the asperities of the usual Miyagi-oki
earthquakes and the source region of the March 11 event, and why the M9 earthquake occurred at the region where small
repeating earthquakes are almost absent”.

Geophysical observations (Ito et al., 2005, GRL; Miura et al., 2005, Tectonophysics) suggest the existence of subducted
seamounts at the neighborhood of the hypocenters of the M9 Tohoku Earthquake and the 1978 Miyagi-oki Earthquake. It is
possible that ruptured seamounts at the depth behave as regular asperities and that uncollapsed seamounts at shallower parts act
as barrier against frictional sliding.

Assuming the upper surface materials of the subducting slab to be siliceous sediments with the thickness of 2-3 km and
seamounts of basaltic compositions, the strength envelope for the interplate thrust fault in NE Japan was drawn. A dislocation
creep flow law of fine quartz rocks was applied for the rheology of siliceous sediments. The occurrence of repeating earthquakes
at deep regular asperities is well accounted for by rheological contrast between basaltic (or gabbroic) rocks and wet quartz. The
hypocenter of the M9 earthquake corresponds to the upper limit of the brittle-ductile transitional zone of wet quartz. The failure
of this high-strength zone was possibly triggered by the collapse of the subducted seamount. The propagation of the coseismic
slip to the down-dip part of the thrust fault is understood by the velocity-dependence of viscous/frictional properties in the brittle-
ductile transitional zone.

Keywords: The 2011 off the Pacific coast of Tohoku Earthquake, asperity, rheology, subduction zone, frictional law, seamount
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Simulations of the 2011 Tohoku giant earthquake cycle including the change of plate
coupling in Off-Fukushima

OHTANI, Makiko1∗, HIRAHARA, Kazuro1, HORI, Takane2, HYODO, Mamoru2

1Grad. School Science, Kyoto University,2JAMSTEC

The 2011 Tohoku giant earthquake ruptured the vast area extending from Off-Miyagi to Off-Ibaraki, and the Mw was 9.0. The
observed large slip is localized in the shallow Off-Miyagi, amounting to 60m [GSI, 2011]. The tsunami deposit surveys suggest
this giant earthquake has a long recurrence time of 400-800 years [Sawai et al., 2010]. In the rupture area (megathrust area), there
have been observed Mw7-class earthquakes, at least before the giant earthquake. The deep Off-Miyagi region had Mw7-class
earthquakes with a recurrence interval of 30 - 40 years [Yamanaka and Kikuchi, 2004]. In Off-Ibaraki, Mw7-class earthquakes
have recurred at intervals of about 28 years. The slip deficit maps show the decrease of the deficit rate in Off-Fukushima, just
before the giant earthquake [GSI, 2011]. Some researchers consider this decrease may indicate the preparation just before the
giant earthquake.

For this Tohoku earthquake, some cycle models have been proposed. Hierarchical asperity (HA) model [Hori and Miyazaki,
2011] set the whole megathrust area possesses the potential of generating earthquake. Kato and Yoshida [2011] considered the
standard asperity (SA) model in 2D fault model. They set a strongly coupling asperity in the shallow area and other Mw7-class
asperities surrounded by the stable sliding regions. Both models can reproduce the giant earthquake with a long interval and a
large slip. The difference is the frictional state of the megathrust area. In this study, we perform the quasi-dynamic earthquake
cycle simulations for HA and SA models, respectively.

For calculation, we use the 3D plate surface [Baba et al., 2006] as the fault. We subdivide it into 200,704 subfaults. We solve
the simultaneous equations of motion and friction with adaptive time-step 5th Runge-Kutta [Press et al., 1996]. For the friction,
we use the composite rate- and state- friction low [Kato and Tullis, 2001]. At each subfault, we set frictional parameters A, B,
and L. For the fast computation, we use the H-matrices approximation method [Ohtani et al., 2011].

In both models, we set the frictionally unstable A-B<0 asperities in the deep Off-Miyagi and the Off-Ibaraki regions. We also
set a strongly coupled asperity with A-B=-0.8 - -0.95MPa in the shallow Off-Miyagi region. In HA model, we set the whole
megathrust area to be frictionally unstable with A-B<0. In SA model, we set the megathrust area with A-B>0, and an A-B<0
asperity in Off-Fukushima to reproduce the complex slip behavior. In this study, we consider the region only from Off-Miyagi to
Off-Ibaraki.

In the results, both models could reproduce the characteristics of the Tohoku earthquake; the long recurrence time, the vast
rupture area, and the localized large slip of the giant earthquake and the inside Mw7-class earthquakes with recurrence intervals
of several decades. In both models, the localized large slip is due to the strongly coupled asperity. HA model can reproduce the
long interval and the vast rupture area, even without the strong asperity. However, the large slip region broadens out in that case.
Then, the strongly coupled region is required for slip localization.

After the afterslip of the giant earthquake, HA model shows the plate coupling at the whole megathrust area, while SA model
gets to show the steady slip. This difference also makes the difference in the Mw7-class earthquake occurrences after the giant
earthquake and in the plate coupling rate change in the interseismic period. Since the noticeable difference is seen after the giant
earthquake, the further observation of the plate coupling will distinguish these models.

In our results, repeated slow slips occur in Off-Fukushima. The slow slips may be the cause of observed slip deficit decrease.
They occur repeatedly, because the giant earthquake does not occur till the strongly coupled asperity is enough stressed. Thus, in
both models, the occurrence of the slow slip does not indicate the preparation just before the giant earthquake.

Keywords: Tohoku earthquake, cycle, Off-Fukushima
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