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Study for the 2011 Tohoku Earthquake

The 2011 off the Pacific coast of Tohoku Earthquake (Mw
9.0) occurred on March 11, 2011 along the subducting plate in-
terface near the Japan Trench. The magnitude was much
larger than that of the expected largest earthquake in the
source region. Moreover, the 2011 Tohoku Earthquake
caused significant seismic and tsunami hazards mainly caused
by large coseismic slip nearby the trench axis where we had
thought as an aseismic slip area. On the other hand, the 2011
Tohoku Earthquake was well recorded by ocean bottom ob-
servation instruments deployed around the expected source
area of M7-class off Miyagi Earthquake and by inland very
dense seismograph and GNSS networks constructed after the
1995 Kobe Earthquake. As a result, the occurrence mecha-
nism of the 2011 Tohoku Earthquake, aftershock and afterslip
sequences, and precursory crustal activity have been well re-
solved.

ERI constructed an ocean bottom cable seismometer and
tsunami sensor system with a length of 120 km off Kamaishi,
Iwate Prefecture cooperated with Tohoku University in 1996.
The tsunami sequence with the maximum height of 5 m re-
corded at the nearest point from the source region of the
2011 Tohoku Earthquake greatly contributed to the following
source process study.

Unified source model and its rupture process

The devastating 2011 Tohoku Earthquake was observed
by dense networks of strong motion, teleseismic, geodetic,
and tsunami. We performed checkerboard resolution tests for
assessing the resolving power of the datasets obtained by the
networks. From the results, we found that the individual da-
tasets had only limited resolutions. In order to overcome
these limitations, Koketsu et al. (2011) constructed the first
version of the unified source model through a triple joint in-
version of the teleseismic, strong motion, and geodetic datas-
ets. Yokota et al. (2011) next performed a quadruple joint in-
version of all the four datasets to determine the 1.5th version
of the unified source model.

Although the above inversions were performed using one-
dimensional Green’s functions, we constructed the second
version of this unified source model inferred taking three-di-
mensional (3-D) velocity structures into consideration. To
achieve this, we calculated the 3-D Green’s functions using
the finite element method. We first inverted each of the data-
sets separately (Fig. 1 left), and then performed a triple joint
inversion of the strong motion, geodetic, and tsunami datasets
for the second version of the unified source model (Fig. 1
rightmost). The teleseismic dataset was excluded, because the
checkerboard tests had shown its low resolving power.

The total seismic moment in the second version was calcu-
lated to be 4.2x10” Nm, which yielded Mw 9.0. This model
revealed that the first rupture expanded at a slow speed of
2.0 km/s to the Japan Trench after small rupture in the initial
40 s. The second rupture began 20 s later at the slowest
speed of 1.7 km/s and became dominant with the largest slip
of 36 m. The third rupture then played the leading role, prop-
agating southward at a speed of 2.5 km/s. The slow rupture
speed and first rupture to the Japan Trench can explain the
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Fig.1 Slip distribution of the second version of the unified source model for the 2011 Tohoku Earthquake (rightmost).

Gray arrows represent the slip vectors in each subfault, and red circles indicate the distribution of aftershocks.

The results of the separate inversions (a: strong motion, b: geodetic, and c¢: tsunami) are also shown in the left.
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Fig.2

features of the disaster by the earthquake.

Regional extent of the large coseismic slip zone delineated
by on-fault aftershocks

Numerous investigations worldwide have found evidence
that aftershocks which occur on or very near the mainshock
rupture plane are actually quite rare in large-slip regions. By
applying this spatial correlation between on-fault aftershocks
and slip to the aftershock sequence, we delineate the outer
edge of the large-slip zone with higher spatial resolution than
previous studies using fault source models. The model that
we present for the large-slip zone of the 2011 Tohoku Earth-
quake incorporates the main features of previously proposed
fault source models, and also the observed fine-scale hetero-
geneities of fault slip (Fig. 2). It is important to highlight that
the outer edge of this large-slip zone shows a remarkably
complex shape. In particular, it is narrow and elongate south-
ward along the~35 km iso-depth contour of the plate bound-
ary offshore of Fukushima and Ibaraki. This southward elon-
gate slip zone corresponds to down-dip regions that appear to
have produced higher relative levels of short-period seismic
radiation.

TL—  NERBOKEDOHEESNT EHICHE SN KT
NV (FEOERBTEHENLER) 2R,

Map view of the density recorded throughout the 1-year
period immediately following the mainshock and the outer
edge of the large-slip zone (blue solid line) as proposed in
this study.

11



BRI E R Ml dh £ CILHPHICIE A S & &b,
EOHICHMRTERE R Lz, SR mE LT, Millo
RSB - SR T OB R WK TR Y O FIE
PSPk 572, RIRDBOSITIE, 7L — Mg
S EOZIZFE U TR R LISET S, MMEDRL
WRHLEHSAHA LTV COHEIE KTDigs»s
AR S NFZIE TN & - Tk SNR/RhT_) 2R L
TW5, KNI X D Sz o e cie S /- KHbiE
DORTRY L, BEEIRO KHMBERERTF v VD
FHIICBWCTERELZMALE 2 0H2THAH).

Mg - WMREE - BEERS I2L—Yar
B AR P AR (LR R B & Ml IL T, F LT
WOBEESTERM P TER e EZ 720 Lz, HRICBITS
Wi L CoOBNEZ 0 X 9 EREO RIS #
RTHDICEDOTEETH LD, TORERITHENS
IR ICE 2 — OISR HE W E L 5 REBMEL D DT
Hb. TDXD)RMEA A — IV OE R 5RO
BRI PRT 5 2 213, HEREB X OBAK ED
PR O 2> SRR\, F D728, MRS L ke
By % 5tk 9 5 8B RIS E I O Lk O E) %
R AHZEICED, PERMAIICT DN TGN & H
AT, HEER—MeHETHETS Y Iab—Y 3
U FEERI L2 (Maeda and Furumura, 2013). &F
HBICEDYIaL— 3 VidEOREd D R EmERY,
EV ) KBIBLFHRE A LT E T 5%, EEMAN
B SN R IR KR O ERE D2 b2 5]
a ¥ a—% ETET~%07 CPU & 723641
BT sZETcINERRLZ. M3ICH
W RN EOHB Y I 2L -2 a VDA
FyTTay beRY. HEEEZENSD LT
IS L M OER - KPERREOLREE 20%ko
HP L V) HEWIZF = N=F v T L~ HOH LR
AHE—IICHH SN TV AT RTIRNS.

X3 FAtbAKFEHMEBOMER - MHLE -
EROBHEIaL—2 3> (Maeda et al.,
2013). #EH4E » 5 20, 80, 160, 300,
400 5 L1800 WD EE - BEODLETE
e EbEF~FTEBTRLTWS.

Fig.3 Visualization of displacement wavefield on
the ground and sea surfaces at elapsed times
of =20, 80, 160, 300, 400 and 1800 s. Red
and green colors show normalized upheaval
and subsidence of the sea surface, while the
displacement of sea bottom and ground sur-
face is represented by topography height col-
or, respectively (Maeda et al., 2013).
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Integrated simulation of seismic waves, coseismic deforma-
tion and tsunami

The 2011 Tohoku Earthquake caused significant hazards
including strong ground motion, ground subsidence, and tsu-
namis. The ocean-bottom observation above the fault zone
brought important information of source rupture process,
however, their records are quite complex due to the overlaps
of seismic waves, coseismic deformation and tsunamis. To un-
derstand for such complex process in detail, a new numerical
scheme has been developed to simulate all of these phenome-
na in a single set of equations of motion by considering gravi-
ty and ocean column in traditional seismic ground motion
simulation (Maeda and Furumura, 2013). We also developed a
massively parallel simulation code to perform the large-scale
numerical simulation for such as the Tohoku earthquake on
the K-computer, which is one of the fastest computers in the
world. Figure 3 shows snapshots of displacement wavefield
for the 2011 Tohoku Earthquake (Maeda et al., 2013). A com-
plex process starting from the radiation of seismic waves,
generation of coseismic deformation to tsunami propagation,
is uniformly reproduced in this simulation.

Seafloor Aftershock Observations Using Ocean Bottom Seis-
mometers

The source region of the 2011 Tohoku Earthquake is posi-
tioned below the landward slope of the Japan Trench. To ob-
tain a precise aftershock distribution is important for under-
standing 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 (Fig.
4a). A precise aftershock distribution for approximately six
months in the whole source area is obtained at the present
from the observation (Fig. 4b). The aftershocks form a plane
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dipping landward over the whole area, which is consistent
with the result that the mainshock is an interplate earth-
quake. Comparing seismic velocity structures, there is no af-
tershock along the plate boundary where a large slip during
the mainshock is estimated. Activity of aftershocks in the
landward plate in the source region is high and normal fault
type and strike-slip type mechanism are dominant. Within the
subducting oceanic plate, most of earthquakes have also nor-
mal fault type or strike-slip type mechanisms. The stress
fields in and around the sources region change as a result of
the mainshock.
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Fig.4a Preparation of pop-up type ocean bottom seismometers on the research ship (left) and deployment of a long-
term pop-up type ocean bottom seismometer for seafloor aftershock observation (right).
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Fig.4b Aftershock distribution (March 12th-
September 13th, 2011) by ocean bottom
seismometer data with bathymetry. The
circles filled with color indicate the hypo-
centers of aftershocks. The depth of events
is color-coded, and diameters of the circles
are proportional to magnitudes. Inverted tri-
angles denote positions of ocean bottom
seismometers. Large and small stars indi-
cate epicenters of the mainshock and the
largest aftershock, respectively. Slip distri-
bution during the mainshock is indicated by
yellow contours. Red contours indicate
depths of surface of the subducting Pacific
plate. In the vertical section, the concentra-
tion of the aftershocks in depths shallower
than 60 km is clearly recognized. From the
west-east vertical cross-section, the after-
shocks become deeper to the landward.
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Propagation of slow slip leading up to the mainshock

Some major earthquakes are preceded by a series of fore-
shocks leading up to the mainshock, foreshocks, but it is un-
clear how these foreshocks relate to the nucleation process of
the mainshock. On the basis of an earthquake catalog created
using a waveform correlation technique, we identified two
distinct sequences of foreshocks migrating at rates of 2 to 10
km per day along the trench axis toward the epicenter of the
2011 Tohoku Earthquake (Fig. 5a). The time history of quasi-
static slip along the plate interface, based on small repeating
earthquakes that were part of the migrating seismicity, sug-
gests that two sequences involved slow-slip transients propa-
gating toward the initial rupture point. The second sequence,
which involved large slip rates, may have caused substantial
stress loading, prompting the unstable dynamic rupture of
the mainshock (Fig. 5b). While not all major earthquakes are
preceded by foreshocks, closer examination of the seismic re-
cords of other large earthquakes for slow-slip behavior may
yield further invaluable clues to the processes by which
earthquakes occur.
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Fig.5a Earthquake migration toward 3 R s i
the rupture initiation point of & S A
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fronts of earthquake migration; AEESICAE B4
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quakes in the JMA catalog;

black star, Mw 9.0 mainshock;
yellow star, Mw 7.3 largest
foreshock.
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Schematic flgure showing propagation of
slow slip events toward the initial rupture

point of the mainshock.
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