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Precursory VLF/LF Propagation Anomaly for the 2011/3/11 Earthquake
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Is there any relationship between the 2011 Tohoku mega Earthquake and the geomagne

field variations in Japan?
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On 11 March 2011 at 05:46:23 UTC, a mega earthquake (EQ) with magnitude 9.0 [The 2011 Tohoku Earthquake ] has oc
curred near the east coast of Honshu, Japan, as a result of thrust faulting on or near the subduction plate boundary betwe
the Pacific and North American plates. Generally, anomalous geomagnetic variations observed by ground-based measureme
in association with the earthquakes are generally accepted and many studies have reported precursory phenomena (a few n
associated with some earthquakes. Geomagnetic data from MAGDAS network, Geospatial Information Authority of Japan (GSI
and other geomagnetic observatories in Japan stations have been analyzed to examine the occurrence of any anomalous signa
related to this massive earthquake.

Our results indicate an increase in the total magnetic field intensity (F) in the vicinity of the epicenter of the Tohoku EQ
(38.322 N, 142.369 E), compared with other reference stations inside and outside the epicenteral region. Moreover, the annu
range of the daily Z-component variations tends to decrease near the epicenter. In addition, the polarization ratio of Pc3 [Z/H] a
Onagawa (ONW) station (about 80 km from the epicenter) shows a decrease a few weeks before the occurrence of the Tohol

EQ.
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The Relative Quiescence and its Recovery of Seismicity Preceding 2011 M9.0 Earthquak

in the east off Tohoku District
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Long-term seismic quiescence lasting 22 years before the 2011 off the Pacific coast c

Tohoku earthquake (M=9.0)
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Foreshock activity before the 2011 Off-Pacific Tohoku earthquake: migrations and tidal
responses
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Tilt records prior to the 2011 Off the Pacific Coast of Tohoku Earthquake
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Possibility of Mw 9.0 mainshock triggered by diffusional propagation of after-slip from
Mw 7.3 foreshock

oooo
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In two days advance of the March 11, 2011 off the Pacific Coast of Tohoku, Japan, earthquake, a Mw 7.3 earthquake oc
curred at a location 40 km away toward northeast from the mainshock hypocenter. | investigated the spatio-temporal changes
seismicity from the Mw 7.3 foreshock, May 9 2011, 11:45, to the Mw 9.0 mainshock, May 11, 14:46 (Japan Standard Time). |
found that seismic activities slowly migrated from the source area of the foreshock, which presumably reflected the propagatiol
of after-slip. The mainshock rupture was initiated when the migration reached to the hypocentral location of the mainshock. It
is also found that the migration slowed down as it expanded, where the migration distance was well fitted by a certain curve
proportional to square root of duration, suggesting that the propagation was limited by diffusion with the diffusion coefficient of
about 104 m2 s-1. This value of the diffusion coefficient is of the same order of magnitude with that reported for the migration of
the deep non-volcanic tremor. These results appear to be compatible with a conceptual model that strongly coupled patches ¢
separated by decoupled stable regions on this plate-interface, however these patches were not mechanically isolated and bece
interactive when they broke.
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Possible Prediction of 3.11M9.0 Gigantic Earthquake Based on Anomalous Aftershock:

of 3.09M7.3 Miyagiken-oki Earthquake
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Huge seafloor movements associated with the 2011 off the Pacific coast of Tohoku Eartf
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Huge crustal displacements just above the source region of the Tohoku earthquake ol
served by GPS/acoustic survey

oooo,ooooYhooootoooothoooot!
Motoyuki Kido!*, Yukihito Osada, Hiromi Fujimota', Ryota Hind, Yoshihiro Itd

lgpoooooo
'RCPEYV, Tohoku Univ.

The 2011 off the Pacific coast of Tohoku earthquake brought devastating damage to Tohoku region especially due to unexpt
rienced large tsunami. Such a large tsunami must be originated in large vertical deformation of seafloor and hence significar
horizontal displacement should be accompanied. Actually the largest co-seismic displacement observed on land exceeds 5 met
in horizontal, which suggests much larger displacement on seafloor close to the source region. On April 11, just a month after th
earthquake, we have conducted GPS/acoustic survey to measure the positions seafloor benchmarks, GJT3 and GJT4, insta
just on the source region. GJT4 is located roughly the middle between the Tohoku shoreline and the trench axis while GJT3 i
located in much more trench side. Since the survey is urgent using chartered ship and operation is limited in daytime to avoi
crush with numerous driftage originated in the tsunami destruction, total ship time to assigned to GPS/acoustic survey was
hours at GJT3 and 3 hours at GJT4. Although our basic survey style is "stationary”, keeping a surface buoy at the center o
seafloor transponder array, we conducted moving survey because we have to reconfigure the exact shape of the transponder a
to assess its distortion due to strong ground motion generated by the earthquake and succedent possible local landslide ott
than regional crustal deformation. It found that 3 out of 5 transponders in GJT4 were not responded or lost after the earthquak
while all 6 transponders were survived in GJT3. Stationary survey is no longer make sense in GJT4 because the total number
transponder is less than 3. Therefore we concentrated on a single transponder as a target and made moving survey quickly sc
not to change the sound speed with a path as even as possible. Then the final horizontal accuracy in positioning reached to le
than 1 m, while the vertical accuracy is limited to 2 m. The final solution of the co-seismic displacement is 15 m in horizontal
(ESE) and 3.5 m in vertical (UP). For GJT3, we made 3 hours of moving survey and an hour of stationary survey. Comparing
relative difference in traveltime residual to each transponder before and after the earthquake, we can evaluate relative motic
among transponders exited by strong ground motion of the earthquake at least in "line of sight” direction. Roughly 30 cm of
relative motion can be detected. These small change in the relative position indicates no local landslide occurred beneath GJT
From the stationary survey compared past survey before the earthquake, we obtained 31 m (ESE) horizontal displacement. Wh
5 m (UP) vertical displacement from moving survey. For GJT4, no information of relative motion can be obtained due to the lost
of 3 transponders. The reason of the lost of the is questionable. GJT4 installed fairly flat seafloor. One possibility is just a lifetime
of internal battery. Investigation using ROV is desired. The huge eastward displacement and uplift at GJT3 indicates large slij
on the fault is extended to up-dip close to the trench.
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The 2011 off the Pacific coast of Tohoku earthquake recorded by offshore seismic/geodet

observation network
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A megathrust earthquake of M=9.0, the 2011 off the Pacific coast of Tohoku earthquake, occurred along the Japan Trenc
subduction zone to cause devastating damage to the Pacific coast of northeastern Japan. The rupture of the earthquake sta
at the central part of the subduction zone, where interplate earthquakes of M ™ 7.5 have occurred along the subducting pla
boundary repeatedly at about 40 years intervals, so-called Miyagi-Oki earthquakes. Since 2002, we have maintained a seisn
and geodetic observation network in the source area of the earthquakes by repeating deployment and retrieval of ocean bottc
off-line recording instruments.

The network of ocean bottom seismometers (OBSs) successfully observed detailed spatio-temporal variation of microseismic
ity before and after the occurrence of the M9 earthquake as well as two larg@)(Barthquakes occurred within the source
region of the M9 event, one in 2005 and another on two days prior to the mainshock. In this paper, we will review the seismicity
and stress field after the 2005 earthquake, and 3D seismic velocity structure around its rupture area and also give a prelimina
result of hypocenter location of the foreshocks, mainshock, and aftershocks of the 2011 M9 earthquake. The relocated hypocent
locations will be discussed in terms of relevance to the seismic velocity structure along the plate boundary.

The ocean-bottom pressure data have also been recorded in the rupture area to detect vertical movement of the seafloor. C
bottom pressure gauges (OBPs) detected secular vertical seafloor motion due to strong interplate coupling prior to the M9 eart|
guake. More than 10 OBPs were in place at the occurrence of the mainshock to provide co- and postseismic seafloor motion.

00000:20110000000000,000000
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In-situ observation of ocean-bottom pressure in the source region of the 2011 off the Pa

cific coast of Tohoku Earthquake
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The 2011 off the Pacific coast of Tohoku Earthquake of March 11, 2011 killed more than 25,000 people living near the coast
off Tohoku Japan. The earthquake generated a tremendous tsunami; the tsunami height near the coast reached over 10 m.
highest impulsive crest of the sunami was generated near the trench [Hayashi et al., 2011]. Tsunami generation by an eart
guake in a subduction zone is generally modeled by water surface displacement identical to the vertical deformation of ocea
bottom, especially inner trench slope near a trench due to the earthquake. Here we show an uplift of five meters near the tc
of the inner slope along the Japan Trench; the uplift is caused by the M9.1 event. The pressure gauge also recorded an upl
of 20 mm accompanied with the M7.3 foreshock of March 9, 2011, which is well consistent with the calculated uplift from the
model reconstructed by landward GPS data. The pressure gauge could record continuous data for a year with a logging interv
of 30 s. The sensors were recovered by a pop-up system after the mainshock. After the earthquake, large disturbance appea
may be caused surrounding environmental change by ground shaking. The distincit negative offsets clearly appear the betwe
before and after the foreshock and the mainshock. The negative pressure changes represent uplift of the observation point. T
calculated pressure change reached 2 and 500 hPa (20 and 5000 mm), respectively. The pressure gauge was located neat
source area of the impulsive tsunami accompanied with the mainshock. We successfully obtained the in-situ pressure change tt
is accompanied with the megathrust event and related to the tsunami generation.

gogoob:obooga,bbood
Keywords: seafloor geodecy, ocean bottom pressure
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Crustal deformation of the 2011 off the Pacific coast of Tohoku Earthquake detected by

SAR interferometry
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On 11 Mar. 2011, Mj9.0 great earthquake occurred off the Tohoku district where the Pacific plate is subducting beneath the
North American plate. To investigate crustal deformation associated with this earthquake, we applied SAR interferometry tech
nique to ALOS/PALSAR data. Now we analyzed strip-map mode data for seven ascending and three descending orbit paths, at
obtained clear fringes over the land area. Fringe configuration for ascending orbit was roughly half circles, which centered the
epicenter of the mainshock, meaning that large dislocation occurred there. This slant-range change is consistent with the thrusti
of the plate interface.

Crustal deformations associated with inland shallow earthquakes that occurred after the Mj9.0 earthquake were also obtaine
Around the epicenter occurred in the Nagano Prefecture (2011/3/12, Mj6.7), slant-range change of 10cm was obtained, indica
ing that the fault dips to southeast. Furthermore slant-range change by another small fault was found. In the northern area «
the Ibaraki Prefecture, slant-range change due to the earthquake occurred in 2011/3/19 (Mj6.1) was found, and it indicates th
the fault dips to southwest. In the eastern area of the Fukushima Prefecture, slant-range changes due to earthquakes occurre
2011/3/23 (Mj6.0) and 2011/4/11 (Mj7.0) were found. It indicates that the fault of the 2011/3/23 earthquake dips to west. For the
2011/4/11 earthquake, the obtained interferogram shows that crustal deformation concentrated along the Yunotake Fault and t
Idosawa Fault.

gooo0o:0000000000O,0000,00000000,SAROOO
Keywords: the 2011 off the Pacific coast of Tohoku Earthquake, crustal deformation, SAR, interferometry, INSAR
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Tsunami inundation associated with AD 869 Jogan tsunami and fault modeling
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Proposal of Real-time Monitoring System of Strong Earthquake Motion and Tsunami

based on GPS
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Why does the northeastern Pacific coast of Japan subside?
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Detailed deformation associated with the 2011 off Pacific coast of Tohoku earthquake

from a dense regional GPS network
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Mako Ohzond, Yusaku Oht&*, Takeshi linum3, Satoshi Miurd, Kenji Tachibana, Tomotsugu Demachj Toshiya Saté
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Our original continuous GPS network, which consists of 60 sites, observed large coseismic displacement field due to the 201
off Pacific coast of Tohoku earthquake, Japan. Two nearest GPS sites from the epicenter recorded 5.6m of horizontal displaceme
directing ESE, and 1.2m of subsidence from both static daily coordinate analysis and high-rate kinematic precise point position
ing (PPP) analysis. This is the largest value among whole GPS sites in Japan. The high-rate kinematic PPP results clearly sugg
the coseismic rupture characteristics. Static coseismic displacement field, which is estimated form with our GPS network an
GEONET, shows E"ESE directing horizontal displacement, and subsidence along the mainly coastline. The simple rectangulz
fault model on the plate interface approximately explains the data well. Our original GPS network has been revived and accu
mulating data after the mainshock. These data will provide us important information to understand the postseismic deformatiol
process and the earthquake cycle process at this region.
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Coseismic and postseismic slip for the 2011 Tohoku earthquake inferred from inversior

of GPS data
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We used GPS data recorded by the continuous GPS network, GEONET, to estimate spatial distribution of coseismic slip and a
terslip for the 2011 M=9.0 Tohoku earthquake. We analyzed the GPS data on March 11, 2011, using the GIPSY-OASIS softwar
to estimate station coordinates every 300 seconds. This analysis allows us to separate coseismic displacements due to the m:
shock from coseismic displacements due to large aftershocks and early postseismic deformation. The coseismic displacemel
due to the mainshock were inverted for spatial distribution of slip on the plate interface. Our result shows that the mainshock
ruptured primarily the shallower part of the plate interface than asperities of historical M=7-8 earthquakes, where interseismic
slip deficit rate was inferred to be low. The estimated maximum slip is 33.6 m and the moment magnitude from the estimatec
slip distribution is Mw=8.9.

We also analyzed GPS data after March 11 with the GIPSY-OASIS software to estimate daily station coordinates. The daily
GPS time series show significant postseismic deformation. We inverted the data for distribution of afterslip on the plate interface
The inferred afterslip is mainly located in the deeper and southern parts of the coseismic rupture region. As of April 2, 2011, the
estimated maximum afterslip is 0.9 m and the moment magnitude from the estimated slip distribution is Mw=8.2.
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Co-seismic displacement of 2011 Off Tohoku Earthquake (M9.0) observed by GEONET

and IGS networks applying GAMIT program
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Crusktal Deformation and Fault Model of The 2011 off the Pacific coast of Tohoku Earth-
guake
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Coseismic slip distribution of the 2011 Off the Pacific Coast of Tohoku Earthquake esti-

mated based on GPS data
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Coseismic fault models for the March 9 2011 event (M7.3) and April 7 2011 event (M7.1)

based on the geodetic data
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We propose coseismic fault models based on the geodetic data for the March 9 2011 earthquake (M7.3) and April 7 201
(M7.1) one.

A large earthquake of M 7.3 occurred at the subducting Pacific plate interface on March 9, 2011, 51 hours before the M 8
huge off the Pacific coast of Tohoku Earthquake. We propose a simple rectangular fault model of the March 9 event based on
dense GPS network and one OBP (Ocean Bottom Pressure gauge) site. The coseismic displacements are estimated by base
analyses. The rectangular fault was estimated by non-linear inversion approach. The simple rectangular fault model can expla
observations including the vertical displacement based on tha OBP data. The amount of moment release is equivalent to M
7.17. The spatio-temporal aftershock distribution of the March 9 earthquake shows the clear migration to the southward of the
estimated our coseismic fault plane. We suggest that the possibility of afterslip occurrence after the March 9 earthquake until th
occurrence of the March 11 Mw 9 earthquake. The aftershocks may be triggered by afterslip. The afterslip generates strain col
centrated in particularly edge areas of the afterslip region. It is important results for the understanding of the nucleation proces
of the M 9 huge off the Pacific coast of Tohoku Earthquake.

We also propose a source fault model for the 2011 April 7 earthquake (M7.1) deduced from a dense Tohoku University GPS
network and GEONET data. The coseismic displacements estimated by GPS data clearly show the intraslab earthquake char:
teristics of not only horizontal components but also vertical ones. The rectangular fault was estimated by non-linear inversior
approach. The results indicate that a simple rectangular fault model can explain the observations. The amount of moment magr
tude was estimated to be Mw 7.16. The Japan Meteorological Agency hypocenter depth of the main shock is slightly deeper tha
the neutral plane between down-dip compression (DC) and down-dip extension (DE) stress zone of the double-planed deep se
mic zone. This suggests that the depth of the neutral plane was deepened by the large slip of the 2011 M9.0 Tohoku earthqual
enabling to initiate the rupture of the thrust fault type M7.1 April 7 earthquake, although more investigations are required to
confirm. The estimated fault plane has an angle of 50-60 degree from the surface of subducting Pacific plate. It is consistent wit
the hypothesis that intraslab earthquakes are thought to be reactivation of the preexisting hydrated weak zones made in bendi
process of oceanic plates at outer-rise regions.
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Modeling the source process of the 2011 off the Pacific coast of Tohoku earthquake usin

the 1-Hz GPS data
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High-rate GPS data can record ground displacement as a seismometer. Previous studies demonstrated that high-rate GPS (
show good agreement with strong motion waveforms for M8 class large earthquakes, e.g., the 2002 Denali Fault earthquak
(Larson et al. 2003), and the 2003 Tokachi-oki earthquake (Miyazaki et al. 2004), as well as the medium-sized earthquakes, e.(
the 2008 Iwate-Miyagi Nairiku earthquake (Yokota et al. 2009). Strong motion records must be integrated twice to obtain static
displacement, resulting in amplifying noise. On the other hand, the high-rate GPS waveforms contain not only dynamic proces
but static displacement of the ground surface. Using this advantage of high-rate GPS data, GPS waveforms recorded during
earthquake were inverted to infer slip distribution (e.g., Miyazaki et al. (2004) and Yokota et al. (2009)). For example, Miyazaki
et al. (2004) estimated the spatio-temporal evolution of fault slip during the rupture of the 2003 Tokachi-oki earthquake and
demonstrated the ability to infer source process of earthquakes solely from high-rate GPS data. In this study, we first analyz
1-Hz GPS data in Tohoku and northern Kanto area for the 2011 off the Pacific coast of Tohoku earthquake. Then we perforn
a waveform inversion for the rupture process of the earthquake and finally compare theoretical GPS waveforms with observe
strong motion waveforms.
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Source Process of the 2011 Tohoku Earthquake Inferred from Waveform Inversion with
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Stress before and after the 2011 Mw9.0 East off Tohoku earthquake
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Temporal change in the stress field before and after the 2011 Mw9.0 East off Tohoku earthquake was observed by stress tens
inversion analyses of earthquake focal mechanisms of events near the source region. Focal mechanism data are those estim:
from moment tensor inversions of broadband seismic waveforms. The maximum principal stress axis before the earthquake has
direction toward the plate convergence, dipping oceanward at an angle of about 25-30 degree. Its dip angle significantly increas
by 30-35 degree after the earthquake, and the maximum principal stress became to intersect with the plate interface at a ve
high angle of about 80 degree. The observed 30-35 degree rotation of the maximum principal stress axis was used to estime
the ratio of mainshock stress drop to the background deviatoric stress to be 0.9-0.95. This shows that the shear stress on t
plate interface causing the Mw9.0 earthquake was mostly released by the earthquake, or the stress drop during the earthque
was nearly complete. Adopting the average stress drop obtained by GPS observation data, the deviatoric stress magnitude
estimated to be as low as 22MPa, suggesting that the plate interface is weak. The nearly complete stress drop by the earthquz
caused by a high dip angle("60 degree) of the maximum principal stress axis, which is the reason why not a small number o
normal fault type aftershocks have occurred after the present earthquake, despite the predominance of thrust type earthqual
there in the pre-mainshock period.

0 0O O OO : deviatoric stress, stress tensor inversion, focal mechanism, week plane interface
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Modeling generation processes of off the Pacific coast of Tohoku earthquake by consid

ering fault lubrication
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We investigate the generation process of the 2011 off the Pacific coast of Tohoku earthquake (M9) on the basis of recent expe
imental results for fault frictional behavior at low to high slip rates. According to the result of tsunami waveform inversion (Fujii
and Satake, 2011), large slips have occurred near the trench off Miyagi and off Fukushima. The maximum slip was estimate
to be over 30 m. This result indicates that significant stress drop occurred in this region. Recent experimental studies on frictiol
indicate that fault lubrication occurs at high slip rates and results in a significant decrease in the frictional coefficient (e.g., Di
Toro et al., 2011). Therefore, it is considered that fault lubrication occurred in the area with the largest slip in the case of the 201
off the Pacific coast of Tohoku earthquake.

In this study, we propose a rate- and state-dependent friction law with two-state variables that shows velocity weakening o
velocity strengthening with a small critical displacement at low to intermediate slip rates, but strong velocity weakening with a
large critical displacement at high slip rates. We use this friction law for quasi-dynamic 2D modeling of earthquake cycles. We
consider two asperities where velocity weakening occurs at low to intermediate slip rates, in the region close to land and close t
the trench considering the off-Miyagi region. Ruptures of asperities occur at intervals of several ten to one hundred years. On th
other hand, large events occur at intervals of several hundred to thousand years. In the case of such an event, ruptures occul
the regions where velocity strengthening occurs at low to intermediate rates since the slip rate becomes enough high that veloci
weakening occurs.

Next, we perform 3D quasi-dynamic modeling of earthquake cycles. We consider asperities off Miyagi, off Fukushima, and
off Ibaraki and a large asperity close to the trench off Miyagi and off Fukushima. A relatively small rupture occurs repeatedly at
the asperities off Miyagi, off Fukushima, and off-lbaraki. When a rupture occurs at a large asperity close the trench, it grows a
very large earthquake by rupturing the surrounding stable regions and some asperities. Very large earthquakes close to M9 occ
at intervals of 400-800 years. Based on our numerical results, we propose the following scenario for the 2011 off the Pacific
coast of Tohoku earthquake: (1) large slips occurred at the large asperity close to the trench off Miyagi and off Fukushima, (2]
the rupture propagated to the region of the velocity strengthening at low to intermediate slip rates but velocity weakening at higt
slip rates, and (3) then several ruptures of asperities occurred off Fukushima and off Ibaraki.

0ooooD:201100000000000,00000000,0000000,0000,00000000000
Keywords: the 2011 off the Pacific coast of Tohoku earthquake, Earthquake cycles, quasi-dynamic modeling, fault lubrication
rate- and state-dependent friction
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Two faces of the Great Tohoku Earthquake: Shallow Dynamic Overshoot and Energetic

Deep Rupture
Two faces of the Great Tohoku Earthquake: Shallow Dynamic Overshoot and Energetic

Deep Rupture

00 O ', Annemarie Baltay, 0 0 0O 0O !, Gregory C. Beroza
Satoshi Idé&*, Annemarie Balta$, Shintaro Tamurg Gregory C. Beroza

000000 o00o0oa,2stanford University
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We use empirical Green’s function-based finite-source imaging and energy estimates to study rupture evolution of the Mw 9.(
Great Tohoku earthquake. We find that the earthquake consists of: a small initial phase, deep rupture up to 40 s, shallow larg
rupture at 60-70 s, and deep rupture lasting over 100 s. The ratio of seismic energy to seismic moment is within the normal rang
for earthquakes, but we find that deeper parts of the rupture radiated strongly at high frequencies; whereas, shallower parts
the rupture radiated only weakly at high frequencies despite prodigious total slip. Extremely large values of shallow slip near the
trench would have been responsible for the extremely large tsunami and may have been facilitated by a combination of a sha
low dipping fault and a compliant hanging wall. Reversed-mechanism (normal faulting) aftershocks suggest complete dynami
overshoot to the point of failure in the opposite direction.

gooobo:0bo0oodbbbo, 0oL, 000obbbbb0o0Ubo, oo ooboo
Keywords: Tohoku-Oki earthquake, slip model, dynamic overshoot, seismic energy
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How did the 2011 Tohoku Earthquake start and grow up? -Role of dynamic weakening

and conditionally stable area-

oooo ™ o000 2
Yuta Mitsuit*, Yoshihisa lid
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The 2011 Off the Pacific Coast of Tohoku Earthquake broke the huge area from Miyagi-Oki to Ibaraki-Oki. Such the large-
scale rupture on the plate interface was the first observation off the Pacific Coast in Japan. Why did such the giant M9-clas
earthquake occur? To consider its generation mechanism, we construct a preliminary model of the mechanical system of tf
M9-class earthquake based on geophysical observation.

We consider the generation mechanism of the 2011 Tohoku Earthquake as follows: In the restoration period of the interplat
locking after the active period of M7-class earthquakes and afterslip, one M7-class earthquake off Miyagi occurred and triggere:
the 2011 Tohoku Earthquake as the model proposed by Matsuzawa et al. (2004). Although the rupture initiation was similar tc
the M7-class earthquakes around this area, certain dynamic-weakening mechanism such as thermal pressurization of pore flt
promoted the rupture propagation. In particular, extremely large slip occurred in the region on the east of the hypocenter withou
strong wave radiation in short period. Then the rupture propagated southward through a barrier-like region with slower slip ve-
locity and large amount of slip, and extended to the southern part.

As a part of the above scenario, we perform a preliminary simulation using a connected spring-slider system, to present the
the extremely large slip in the northern part could cause rupture propagation southward without large-scale nucleation over th
whole fault. The slip behavior of the barrier-like region is well explained by the “conditionally stable” condition of frictional
instability. Furthermore, we try to show that the thermal pressurization around the hypocenter could cause the extremely larg
slip within the northern part using a three-dimensional elastodynamic system.

gooob:0bboboooob, 0o, b0 o,bogog
Keywords: Thermal pressurization, Conditionally stable, Earthquake cycle, Giant earthquake
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East Japan Super Earthquake as Tectonic Process in East Japan
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Multi-scale dynamic rupture modelling for the 2011 Tohoku earthquake: from foreshocks

to mainshock _ _
Multi-scale dynamic rupture modelling for the 2011 Tohoku earthquake: from foreshocks

to mainshock

Hideo Aocht*, Satoshi Idé
Hideo Aochi*, Satoshi Idé

I'BRGM, Orleans, FrancéGraduate School of Science, Univ. Tokyo
'BRGM, Orleans, FrancéGraduate School of Science, Univ. Tokyo

We present conceptual dynamic rupture models for the 2011 Tohoku earthquake based on the multi-scale heterogeneity
fracture energy. Regardless of frequently occurring M7.5 events in this area, it is crucial that a large scale fault heterogeneit
corresponding to a M9 event had not been clearly recognized until this earthquake. We show that the largest heterogeneity havit
high fracture energy is consistent with relatively slow rupture propagation of the Tokoku earthquake. The large gap in fracture
energy explains the separation of two groups of waves clearly visible in observed ground motions. Our simulations prefer ¢
cascading rupture that begins from a medium heterogeneity and then progresses over larger scale heterogeneity. We also fi
that the existence of foreshocks helps the rupture to grow up during the mainshock.

O O 0O 00O : dynamic rupture, multi-scale heterogeneity, Tohoku earthquake, fracture energy
Keywords: dynamic rupture, multi-scale heterogeneity, Tohoku earthquake, fracture energy
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Fault System of the 2011 Off-Tohoku Earthquake; Insight from Seismic Reflection Data

and Seafloor Observations
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Faults related to the tsunamigenic 2011 off-Tohoku earthquake (Mw 9.0) were investigated by using multi-channel seismic
reflection data acquired in 1999 and submersible seafloor observations from 2008. The shallow fault geometries as well as su
marine slide are important to reveal mechanisms of the huge tsunami generation. On the reflection seismic profile, we identifie
three predominant faults; (A) backstop reverse fault working as a boundary between seaward accreted sequence and landw:
consolidated sequence, (B) a branch fault constructing the seafloor slope break, and (C) vertical fault extending toward a seaflo
ridge. Several imbricate thrusts are developed within the accreted sequence seaward of (A) backstop reverse fault. Between (
the backstop reverse fault and (B) the branch fault, underplating structures are identified on the profile. Displacement along (C
the vertical fault has offset a Cretaceous sequence surface by "800 m. The location of these faults interpreted in the seism
reflection profile is distributed around the area with largest slip and tsunami induction of the 2011 event. Cold-seep communitie:
and a high scarp observed at these fault traces suggest current activity on these faults. We interpret the fault system in the seisn
profile as a shallow extension of the seismogenic fault that may have contributed to induction of the huge tsunami.



Japan Geoscience Union Meething 2011 d
(May 22-27 2011 at Makuhari, Chiba, Japan) v

©2011. Japan Geoscience Union. All Rights Reserved. apan
Geoscience
]U““’“ )
MIS036-P62 O0:0000000000 OO:50 260 14:15-16:15

Jogobbbbogoooobbbuooobbboooooobbouoooda

0ooooooQ _ N _
Environmental fluctuation observed on deep seafloor off Tokachi in Hokkaido and off

Hatsushima Island in Sagami Bay

oooo,oooo?
Ryoichi lwasé*, Ichiro TakahasHi

(0)0oo0O00O00o,20)00000000ooon
1JAMSTEC,?Marine Works Japan, Ltd.

20110 30 110 14:46JSTUOO0O0OO0O0ODOOOODOO (M9.0)DDODOODOODOOODDOOOODOOOOODDO
000000000 DO0DO00000O00D000bO00OO00O000DO0DOO0D00D0o0O0DOO0oo0DOO0ODOOooDoOOoDOo 2000
socmOOO00O0OD0O0O0OD0O0O0DODDOODO0OODOO0ODOO0DOODOO0OO0ODOO0DO0ODOOODOO0ODbOOODOODODm OO
gobobobooboboobbobboboobobodooooob bbb bbb ooobboon
000d0D0o0DO0ooooooooCTbo00DdodoooooooodooooD0oDooooooooooooon
goboooobuooobooboooooooobbooob bbb oo b uoooobooa
000 1175m 0 0000000000000 2540mO000000 30 150 22:31JSTHOO0OO0OOOOOO0OO
odoooooooo Me4)UDOOUOOOODOODOUODOODOUODOODO 200000000000D0D00O000O00O0O
gooooobooo

0301100000000000000000000000000D00D00D00DLO0ODOoO0DoDOo CTbooOooOoon
1507000 000000000000000000O15:1200 151800 000000000000 60cmOOOOOO
000000000000 00o0O0o0o0bO0bOoDooo0oDoooooboo o os0bObobooonooOobOonoDOonDonOon
000000000 DOO0DO0O0O00O00000O000bO000O00bOO0O0O00bOoDOOoOoDis:1400000000000
O0000000000o000oo0000oo000oo000oooo0oooo 2em/s0000O0OO0OOOOOO0O
O0000Oooooooooooooo ADCP(Acoustic Doppler Current Profiler, O 00 00 O0)0000O0O0000OO
goooooooooboooa

000000000000 0D0000000 15:32000000000000154800000000000 80cmO
000000000000 16:1700000000000000O0DOOO0 160cmMO00000O0DOOO16:5500000
154800 000000000000 30 1500000000000 00000D0OO00DOO0ODOOO0OOOO0OOOOooOO
OOOOADCPOOD 10000000000 DODO0OO0OOOOODODODOOOOOODOODODOOOOO
00000000000000000000000015:2300000 13dBO0O0000OO0O0OO0O0O0O0O00O 17:00000
00000000D0o00o0D 1200 01700000000 001:370000D00000OOODOO 18dBOOOOO
0000000000000 O0OO0D0OO0OD0DOO0OD0DOO0O0DOO00O KbDIOOOoooOoooOooooooooooooada
JooobobobbooooobobobooooooobObbooooooDoDbOobO00ooooUbDbbobooOoo

030 150 22:31JSTHOO0OO000O0OO0ODOO0ODO0OOD 210000000000000D000000O00O0O00OD0O
000000000000 0oDO0ooADCPODODODODODOODOODODODODOODOOODO CTDhOOOOOO
0o0do0o0dooooooooooooo30dnoooodooooonooooooonooobonDoooooooon
Joooooooobobboddooooooooooboboddoooooo oD OO0 oooob oo
Joodooobboooooooobodoooobo bbb oOoooooooobooo

goodoooobboboboodooooooboboboboooodoooooooDoD Lo bbb ooooo
goooooobbbbodooooooobobobbodoooooob b bbb oDb oo
oo b oo boooooo

0doodo:.201100000000000,0000000,000000,000000,000000,000
Keywords: the 2011 off the Pacific Coast of Tohoku Earthquake, the Eastern Shizuoka Prefecture Earthquake, deep-sea envirc
mental fluctuation, off Hatsushima Island in Sagami Bay, off Tokachi in Hokkaido, bottom water current



Japan Geoscience Union Meething 2011 d
(May 22-27 2011 at Makuhari, Chiba, Japan) v

©2011. Japan Geoscience Union. All Rights Reserved. apan
Geoscience
]U““’“ )
MIS036-P63 O0:0000000000 OO:50 260 14:15-16:15

RTK-GPSO OO UOODODOOODODOOOODOOoOoooooboD -boooboooono

Jgogog-
Quasi real time estimation of coseismic displacement field based on the RTK-GPS timg

series ?Applied to the 2011 off the

oooo,ooooY4Looo?2oooot
Tatsuya Kobayashi, Yusaku Ohtd, Satoshi Miurd, Hiromi Fujimotad

looopooooo0,?2o0000
'RCPEVE, Sci., Tohoku Univ2ERI, The University of Tokyo

20110 30 1100000000000000000M9.0000000000000000000000000000
0000000000000000000000000000000000000000000000000SSS030-01
00000 RTK-GPSOOOOOOOOO0O0000000000000020080000000000000000000
0000076000 3cmI000000000000O000000OO0O0O0O0OOOONO0O0O0OOOONO000000
0000000000000000000 1HzGPSOOOOOOOOOOOODOO000O000O

0000000 GEONETOOOOOOOO (05500 0000000000 519m@0),-1.46m@0),-1.16m (0
0)0000000000000000000000000000000000000000000 1HzGPSOOOOO
0000 A(1161)0000000 RTK-GPSOOOOOO0OO0OOO0O000000000000000000000000
00000000000000202800000000000000000000000000000 520m@0),
-1.50m@0),-149m(0)000000000000000000 RTIK-GPSOOOODODOOOOODO0O0O0O0OO00DO
00000000000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000000000000
000000 (3022)00000000000000000000000000030310000000000000 1
00000000000000000000000000000000000000000000000000000
00000000000000000040000000000000000000000000000000000
00000000000

000000000000000 A(1161)0000000000000000000MO000000000000
00000000000000000000000000000000000000000000000000000
000000000000000000(019400000000000000000000000 4.14n1000,-1.08
mIO000,-1.88n000000000000000000000000000000000000000000000
0000000000000000000000000000000000

00000000000000000000000000000000000000000000000000000

OO0o00o0,00000000GGPSODOOO0ODDOOOO.000DODOO00DODOO0ODODOO0ODOODOO0ORTKLIB
24 000000000D0O000DOOO0OO0DOO



Japan Geoscience Union Meething 2011 d
(May 22-27 2011 at Makuhari, Chiba, Japan) J

©2011. Japan Geoscience Union. All Rights Reserved. apan
Geoscience
JU““"‘
MIS036-P64 0. 0000oooooo OO:50 260 14:15-16:15

goooogdgoo D000 230020110 0000000000000

Ooon
0000000000000 oooooooon
Spatial distribution of foreshocks and aftershocks of the 2011 Tohoku earthquake ant

their focal mechanisms
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Magnitude of the 2011 Off the Pacific Coast of Tohoku Earthquake from HFER duration

and displacement amplitudes
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Tatsuhiko Har&*
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We determined magnitude of the 2011 Off the Pacific Coast of Tohoku Earthquake using durations of high frequency en-
ergy radiation (HFER) and the maximum displacement amplitudes of tele-seismic P waves. The estimated HFER duration an
magnitude are 170.5 s, and 8.96, respectively. Compared to the December 26, 2004 Sumatra earthquake (Mw 9.0), the HFE
duration of this event is shorter, while the displacement amplitude is larger. We discuss the relation between HFER duration an
displacement amplitude for other large shallow earthquakes in the presentation. The azimuthal dependence of HFER duratiol
indicates the rupture propagation in the southwest direction. We measured time differences between P-wave arrivals and the tim
at which absolute amplitudes of high bandpass filtered P-waves became the largest. Most of the time differences normalized &
the centroid time shift are in the range between 50 and 80 per cent, which is consistent with the frequency distribution that we
obtained for large shallow earthquakes previously.
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The 2011 Tohoku earthquake (M9.0) was followed by large aftershocks and seismicity activation at locations up to severa
hundred kilometers away from the mainshock. Our present study is divided into two parts. In the first part we analyze the effec
of static stress changes due to the 2011 Tohoku event on the occurrence of relatively large aftershocks, using their CMT foc:
mechanism solutions. In the second part, we investigate the possible role of both dynamic and static stress transfer mechanis
on the occurrence of remote seismicity.

a) Static stress changes resolved on the nodal planes of large aftershocks.

We used the Tohoku slip distribution of Suzuki et al. (2011) and the CMT focal mechanism solutions of aftershocks deter-
mined by Asano et al. (2011). The aftershocks ¥ 3.8) are located in an area of slightly larger extent compared to the fault
plane of the mainshock and the depth ranges between 0 and 60 km. We divide the focal mechanisms into two groups: consiste
(i.e., thrust faulting) and non-consistent (mainly normal faulting) with the mainshock focal mechanism, based on the rotation
angle defined by Kagan (1991). We resolve the Coulomb static stress changes on both aftershock nodal planes and select 1
nodal plane with the largest stress change as the likely fault plane. We show that 71% and 78% of earthquakes from the tw
groups, respectively, occur at locations of increased stress. To test the statistical significance of this result, we have selected 18
F-net focal mechanisms for earthquakes occurred in the same region as the analyzed aftershocks, before the occurrence of
Tohoku earthquake (2003.01.01 - 2011.03.11). The percentage of earthquakes that occur at locations of increased stress is ab
46%. Several other slip models for the Tohoku mainshock produce similar results. This indicates a high correlation between th
occurrence of the aftershocks and the co-seismic static stress changes.

b) Triggering of remote seismic activity.

The 2011 Tohoku earthquake was followed by an unprecedented increase of seismicity at remote locations (i.e., at distanct
up to several hundred kilometers away from the mainshock). Examination of Hi-net waveform data and the JMA earthquake
catalog reveals triggered local events in southern Kyushu, close to the Ibusuki volcanic field, at about 12000 km from the south
western edge of the Tohoku fault. The onset of increased seismic activity correlates very well with the arrival of the surface
waves. We detect local, high-frequency tremor-like signal (i.e. not clearly defined P- and S-arrivals) correlated with the arrival
of the mainshock surface waves at several Hi-net seismic stations in Shikoku region, at distances of about 700 km from the SV
edge of the Tohoku fault. We also detect a rather clear correlation between the arrival of the surface waves and the seismici
increase close to Yakedake volcano, in Hida Mountains, at about 300 km from the fault edge. A cluster of seismicity close to
the Hakone geothermal area and in the northwestern part of the Miyakejima volcano could be explained by both static (Couloml
stress changes of about 0.2-0.3 Bar) or dynamic stress changes. The 15th March 2011, M6.4 Shizuoka Prefecture earthque
occurred in an area of static stress change of about 0.4 Bar. In contrast, there was no clear activation of seismicity on the near
Tokai subduction zone, where the static stress changes resolved on the plate interface show values of less than 0.1 Bar. T
passage of surface waves from the Tohoku mainshock appears to be responsible for the activation of seismicity in some volcan
and geothermal areas, however it is more difficult to detect or confirm such a correlation at other locations.

Keywords: 2011 Tohoku earthquake, stress triggering, seismicity activation, aftershocks, focal mechanisms
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Two-dimensional structures of the ionospheric variations generated by the acoustic resonance, and plasma depletion we
firstly observed above the epicenter after the M9.0 Tohoku earthquake on March 11, 2011. A short period oscillation of total
electron content was observed by a GPS receiver array after the earthquake for four hours in the vicinity of the epicenter. Th
frequency of the dominant mode of the oscillation was 4.5mHz, 222 seconds of period, while there were minor oscillations whose
frequency were 3.7mHz and 5.3mHz. These periods are consistent with the periods of the acoustic resonance between the grot
surface and the lower thermosphere, predicted by a numerical model. The amplitude of the TEC oscillation showed graduc
change of the amplitude. This would be generated by the beat of two modes of the resonance. The two-dimensional distributior
of TEC variations generated by this resonance showed wave frontal structures that stretched from northwest to southeast, a
traveled to the southwest direction. Besides the oscillation, plasma depletion was observed above the epicenter after the ear
guake. The earliest variation was observed about seven minutes after the earthquake. The amplitude of the depletion was seve
TEC unit, and continued for longer than 60 minutes. The area of this depletion was centered the epicenter but larger than that ¢
the resonant oscillation. The ionospheric variations above the epicenter after the earthquake will be presented.

Keywords: lonosphere, GPS, TEC, Acoustic wave, Atmospheric gravity wave, Earthquake
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Magnetic signals from 2011 Tohoku earthquake tsunami observed at Chichijima magneti
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Magnetic fields generated by tsunami from 2011 Tohoku earthquake are observed at the magnetic station on Chichijima, 12C
km south of the epicenter. Vertical component of the magnetic field show a periodic signal with periods of about 20 minutes,
lasting more than several hours. The signal starts at 6:55 UTC and the amplitude of the first wave is 1.5 nT. Sea level chang
recorded at the tide station on Chichijima indicates that the arrival time of the tsunami was 7:15 UTC and the amplitude of the
first wave is about 1m. The sea level change is also periodic. The 20 minutes delay of the first arrival of tsunami compared to th
magnetic signal can be attributed to shallow water depths around Chichijima, whereas the magnetic change reflects water flov
in a wide area around the island. By using the formula by Tyler (2005), the ratio of the magnetic change to the sea level chang
indicates that the average water depth responsible for the magnetic field is about 1500 m.

Although the dynamo effect of ocean flow is well known and the effects by tidal flow have been frequently observed, obser-
vation of the tsunami-induced magnetic field had to be waited until very recently. Seafloor measurement of the induced magneti
field from 2006 and 2007 Kuril island earthquakes were first recorded by the seafloor electro-magnetic observatory (SFEMS
located at North-West Pacific (Toh et al., 2011), and the seafloor geophysical network in the French-Polynesia observed th
magnetic fields generated by tsunami from 2010 Chilian earthquake (Hamano et. al, 2011). As for land measurement, magnet
signal from the above Chilean tsunami was detected by the magnetic observatory on Easter island (Manoj and Maus, 2011
Accumulation of these data sets of tsunami-induced magnetic field is very important not only for understanding electromagnetic
induction effect of tsunami, but also for monitoring the tsunami propagation and for designing next-generation tsunami-warning
systems.
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