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At 14:46:18 on March 11 2011 (JST; 05:46 on 11 March, UTC), the Tohoku earthquake (Mw 9.1) occurred off the Pacific coast

R U p t U re P r O C es S eS Of t h e 20 1 1 TO h O k u Eart h q u ak e of Nor.the.astern Japan (off Tohoku }egi.on, Japan). App,roxima,tely 29 minutes after this even.t (at 15:15:34), the lbaraki-Oki
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earthquake (Mw 7.9) occurred off the southernmost portion of the northeastern Japan (off Ibaraki Prefecture, Kanto, Japan).
XM an d t h e 2 O 1 1 I b ar ak | - O k | Eart h q u ak e In this study, we estimate the rupture process of the 2011 Tohoku earthquake from the joint inversion of teleseismic body waves
: : . _ : and geodetic data with enhanced reliability by using objectively determined inversion settings: the maximum slip duration of
Hisahiko Ku bO[l], Kim YU kI Asano [1], Tomotaka Iwata [1], Yasumaro Kakehi 4 each subfault (Tsd) and the propagation velocity of the first time window (Vftw). We also estimate the rupture process of the

DPR' Ku [1] DPRI, Kyoto Univ., Uji, Kyoto, Japan, [2] Grad. Sch. of Science, Kobe Univ., Kobe, Hyogo, Japan 2011 Ibaraki-Oki earthquake focusing on the relationship of the fault rupture with the subducted seamount and the Philippine Sea
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E-mail: kubo.hisahiko.26a@st.kyoto-u.ac.jp plate (PHS). Then, we discuss the relationship between the 2011 Tohoku earthquake and the 2011 Ibaraki-Oki earthquake.
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The 2011 Tohoku earthquake

The 2011 Ibaraki-Okl earthquake

Here, we focus on two important inversion settings in the multiple time window S A Rubture startin ot At approximately 70 km east-southeast from the epicenter of the 2011 Ibaraki-Oki earthquake, Mochizuki et al. (2008) found a subducting seamount (Purple broken circle). In
analysis (Hartzell and Heaton, 1983): the maximum slip duration at each subfault b= ptul g poin addition, the plate overlying PAC changes from NA in the north off Kanto to the Philippine Sea plate (PHS) in the south. Uchida et al. (2009) estimated the border between the
(Tsd) and the propagation velocity of the first time window (Vftw). Tsd and Vftw are = ' ‘ ‘ two overlying plates (the northeastern edge of the PHS) (Blue broken line). Seamount has been thought to have a significant effect on fault rupture and a large number of studies
the parameters controlling the slip time at each subfault and have a significant © \/ WIND, have been made on this topic (e.g. Scholz and Small, 1991; Mochizuki et al, 2008); however, only few attempts regarding how seamount works during the fault rupture have so far
influence on the estimated source model. Therefore, if the assumed values of Tsd and g ftw ’ 71 771> been made. Little attention has been given to the relationship between the fault rupture of interplate earthquake and nearby other plate. Therefore, the analysis of the 2011
Vftw are not appropriate, the estimated solution would be distorted. However, as for @ ‘ , , Ibarak_i-Oki _earthqugke IS a good op_pc_)rtunity to under_stand how seamount a}nd o_ther plate affect the faul_t rupture of interp_late earthquake.

Tsd, the reason for adopting that value was rarely mentioned in the previous studies. = < y The inversion detail and the data fitting of the analysis for the 2011 Ibaraki-Oki earthquake are also written on the backside of the handout.

The choice of its value Is depending on the analyzer and there Is no objective criterion At (=L/V, ) T / / _ _ _ _

for selecting an adequate value for it. As for Vftw, an approach selecting the value ‘ tW sd Result & Discussion m Snapshots of the rupture propagation (5 s time step)

giving the minimum residual between the observed and synthetic waveforms was - Effects of Tsd and Vftw — — — - Slip distribution 0—5.05 50-10.05 10.0-15.0s 15.0-20.05

usually adopted In the previous studies. However, It is difficult to choose the adequate Slip distributions estimated from | Slip distributions estimated from \ 141° 142° (

value of Vftw from the waveform fitting of the teleseismic body waves alone because teleseismic body waves using different Tsd ' teleseismic body waves using different Vftw — : : :

a strong trade-off exists between this parameter and the slip distribution. (Vitw is fixed at 2.0 km/s) (Tsd is fixed at 100 s) - Large slip area Is IR AN IEYRR TR YRR Ve IS ~ _

Consequently, it is frequently seen that various values are adopted depending on Tsd700s | Tsd=100s | TsaT10s | Viw=Lokms - Viw=20kmis - Viw=24kmis - ‘ surrounded by the |Inthefirst 10's, the ruptureit _, /7 SRR i R e At 10 s, the rupture with

analyzers for a common earthquake. This would be one reason that although many ‘ W i Yol | | northeastern edge of |grows slowly in the| / Y / Y / . |large slip propagates towards
\ \ v |the southeast direction.

PHS and the subducted |vicinity of the hypocenter.

source studies for the 2011 Tohoku earthqguake have already been published, the

seamount. 20.0-25.0s 25.0-30.0s 30.0-35.0s 35.0-40.0s

obtained source models In these studies differ in various points. In this study, we select MO
the values of these two parameters as objectively as possible based on approaches ‘ . Selsmlczrg]oment:
using data other than the teleseismic body waves. It will enhance objectivity of the ‘ 2.8x10"Nm (Myy 7.9) . . Q . .
Inverted slip model. ‘ | « Maximum slip: 6.3m 20 W~ B Koo X oo AN e,

As space is limited here, the invers_ion detail and the _data fitting of the analygis for VR659% VR664% : \jR”Gg 12;‘/0 o VR648% VR664% VR675% - Total rupture duration: 8 < Ob b \\ \ v \ ¥ \
the 2011 Tohoku earthquake are written on the backside of the handout, whcih can + The inverted source model is significantly affected by the choice of the values of | _ ~30s. From 15 5 to 30 s, the rupture in the Y B
also be found in Kubo and Kakeht (2013). ‘ Tsd and VVftw in the teleseismic inversion. _ = / deep part propagates northwestward — -

- It is difficult to choose the adequate values of Tsd and Vftw from the waveform a5l 0 along the northeastern limit of PHS. 0.00 066 1.32 1.98 2.64 3.30
. : fitting of the teleseismic body waves alone. — I . - .

Determination of Tsd and Vftw N~ = - - - _— / 0.00 126 252 378 504 630 This source model indicates that the rupture propagation of the

2011 Ibaraki-Oki earthquake was stopped by the subducted

For determining Tsd, we performed semblance analysis of the near-source Example of Sembalance Analysis seamount and PHS. This can be understood in the following

g _ _ m Comparison with the spatial distribution of
small-aperture seismic array data of the strong ground motion waveforms to estimate __0s ~20s  40s 60s

Concept for Determining Vftw

m Slip rate function

o . Geodetic slip model Teleseismic slip. model ' - S
the wave-radiation duration from the area around the hypocenter. From the result of e gt i at each subfault interplate earthquake before and after the  intepretations: .
this analysis, we adopted 100 s as Tsd. e b M North strike—» South 2011 |barakl Okl earthquak (1) Because the subducted seamount locally increases the normal
As for Vftw, we adopted 2.0 km/s from the matching of the slip patterns of the u gi'*--j; " Matching . U U P N R P R N P B B After (2'011/3/12@2”1%' B _stresslacross tt;_e suderl]ctllon mterfalcie and str?]ngthens Iocgl
teleseismic model and the geodetic model. In this analysis, the spatial resolution of 1. A ) et e e e et]| | 36.5° B> 0] . Interplate coup Il?g (Scholz and Small, 41?9h1)’ the seamount 15
geodetic inversion is significantly improved by using seafloor crustal deformation data "0 g RS/ PR PSS FEW'S FRNPA S B W NS¢ Y Y - - M3 expected }O WOrK as a rupture barrier™ If the seamount area Is
(Sato et al., 2011) in addition to terrestrial GPS data. 5 Ja > ol L A IANIA A (s | | not ready for coseismic rupture.
5 T — e —r AJATAA A - ® (2) The rupture on the NA-PAC contact zone would be hard to
- i i i Qﬂﬁz%““mﬁ”“ MS propagate through the PHS-PAC contact zone because of the
Result & Discussion m Snapshots of the rupture propagation (12 s time step) * @ 'o'lowing condition differences between the NA-PAC and
. T . _ — o 7| o e b e i 5 A PHS-PAC contact zone: 1) Uchida et al. (2009) suggested that
m Slip distribution In the first 20 s, the rupture grows| |At 20 s, the rupture expands towards the up-dip direction ( S O R Y N O U P U P Y- S ... Y. . - ' M7 th T te in the PHS-PAC contact | th
R slowly in the vicinity of the hypocenter. ) and the bilateral direction along the trench axis (blue arrow). 140.5° 141" 1415 1428 1405 1417 1415 142 € coupling rate 1n the i contact zone are 10wer than
; : . - 0-12s 12-24s 24-365 36-48s 48-60s 60-725 i i m I that in the NA-PAC contact zone. 1) The large afterslip mostly
o 4 \7\ e Large slip i1s found in the " “ ° ° ° " 7] _ e e ot 6o o s e 0 20 40 60 80 100 000 1.26 252 3.78 504 6.30 occurred in the PHS-PAC contact zone. This observation and
- shallow part of t_he fault s 57 e o e o o o ot ]2 depth slip amount the weak interplate coupling in the PHS-PAC contact zone
ypocenter The sifp in the sha ¥ 8 Sl dtibuton o GV of e ierplatecrtqukes (ws) - indlicate that the PHS-PAC contact zone would be the complian
. Syp ic M ' . aret Er‘:elapc;]f;; i’?ss :akoz\': ©e following criteria: 155°=strike=245°; 0°=dip= 40°; 45°§rak%§13g°. area, or slightly velocity-strengthening fault area (Boatwright
i'ZTi% ZZNOrT‘ZR/I- 0.0) QO S Cominpues 0 and Cocco, 1996; Matsuzawa, 2009).
: W <. i ’ :
-« Maximum slip : 43.0m. | to approximately 100 s.
. Total rupture duration: _[2- 84-96s 96-108s 108-120s 120-132s 132-144s : . _ _
g ~150 s ' Relationship between the 2011 Tohoku earthquake and the 2011 Ibraki-Oki earthquake

We try to discuss the relationship between the mainshock and the Ibaraki-Oki event in g |nterp|ate aftershocks between m Co-seismic and after-

the view points of aftershock rren tween two events and the after-seismic slip. : : : SR :
: e view points of aftershock occurrence between two events and the after-seismic slip o the two events seismic Sllp distribution
- . . | ; MO 4T 2 e e
: h 2 w _ 0 ? * Circles indicate the epicenters 4o
; : From 100 s, the “éptur:e_At this time, the rupture in the « Just before the 2011 Ibaraki-Oki earthquake (at 15:03:58 and at 15:07:16), ? of interplate aftershocks |
' - : propagates towards thej shallow part also propagates —— T two interplate earthquakes occurred in the northeastern part of the source | occurred between the |
I M down-dip direction from the||southward along the trench | P d : - - P - mainshock (14:46:18) and the 5. © ! f\fterS“p dIStﬂ]bu}:Iton
HTWare 0.0 1 9 3.8 5. 7 76 95 area of the 2011 Ibaraki-Oki earthquake. Judging from the existence of Ibaraki-Oki event (15:15:34). . Tor one montn after
0.0 8 6 17 2 25 8 34.4 43.0 hypocenter ( ) axis (Pmk C|rc|e). i : = Those events were selected i the 2011 Tohoku
C . th SMGA del these events, we can say that the source area of the 2011 Ibaraki-OKki = from the JMA catalog. whose . earthquake is shown
m Slip rate function at each subfault The slip behavior in shallow part is '1400 Ompr}ESOn W|1440 modade earthquake does not overlap with the large coseismic slip area of the 2011 = hypocenter depths are within z %ﬁrgefmcfnntteor%?
- - . L N 1l i - < +10km from the PAC-NA z -
strike(185.0°) — strike(197.5°) — strike(210.00—p  different from that in deep part: the slip  FEEE T8 =00 Tohoku earthquake because aftershocks would occur in the adjacent area ; . B™ 3 Diate boundary depth. The . jfrom GP S
rate function in shallow part has one to large coseismic slip area. » 15:07:16 1000 £ colors of the circles indicate ;’P;.e”z%tﬁ;‘s (Ozawa
B R SR PR /- AN VAN A A A TNV - P S N neak and its duration is long ( ), - Two large after-slip area can be shown and those large after-slip areas do Slad | i e e maiohode.  Ibargid H—
- % & & ﬁ A\ | while the slip rate function in deep part MW ~ The SMGA model is not overlap large coseismic area of the two events. One is located at the %00 E We used different color scales =~ | %
e o e frn | {7 i e has two or three peaks (Blue). This cstimated by Asano and deeper side of large coseismic area of the 2011 Tohoku earthquake and the o OF sltip distributions for the 1 _
o ' _ wata ased on : : : : . l & Poll 35" B i b b "
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Inversion Detall

Data
Teleseismic body waves

We use the vertical-component waveforms at 42 IRIS stations with epicentral distances in period of 10-100 s containing not only P-phase (where P-phase means direct
P-wave and depth phases such as pP and sP) but also PP-phase in this study. The time length of the dataset in the source inversion iIs 300 s (starting 10 s before the

P-wave arrival).
Terrestrial GPS data

We use three components of static displacements at 351 GEONET stations. The static displacements of this event were obtained by differencing its preseismic and

postseismic positions.
Seafloor crustal deformation data

The 2011 Ibaraki-Okl earthquake

We use three components of five seafloor static displacements (Sato et al., 2011).

Green’ s function
Teleseismic Green’ s function

P and PP theoretical waveforms are calculated after Kikuchi and Kanamori (2003) with six one-dimensional velocity structure models for subfaults with different

locations along the dip direction referring to Miura et al. (2005). Theoretical P and PP phase onsets are set to observed ones for each station.

Geodetic Green’ s function

Theoretical static displacements were calculated assuming a homogeneous elastic halfspace after Okada (1992).

Method

We use the kinematic linear waveform inversion with multiple time windows (Hartzell and Heaton, 1983). The slip time history of each subfault is represented by the
superposition of 24 time windows with 8.0 s width, each of which is put with 4.0 s lag.
semblance analysis of the near-source small-aperture seismic array data of the strong ground motion waveforms to estimate the wave-radiation duration from the area
around the hypocenter. We assume a realistic curved fault surface model considering the three-dimensional shape of the plate boundary (Miura et al., 2005; Nakajima
and Hasegawa, 2006; Nakajima et al., 2009; Kita et al., 2010). Relative weights among different kinds of data-set were determined by theoretical tests. The propagation
velocity of the first time window (Vftw) of 2.0 km/s was determined by the matching of the slip patterns of the teleseismic model and the geodetic model.

Data Fitting

respectively.

m Comparison of the observed (red) and
synthetic (black) teleseismic body waveforms
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he maximum slip duration at each subfault (Tsd) of 100 s was determined by

he variance reductions of the teleseismic data and the geodetic data are 67.2% and 99.4%,

m Comparison of the observed (red) and

synthetic (black) static displacements.
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Inversion Detall

Data
Strong-motion data
We use three components of time-series data from the 17 stations (K-NET, KiK-net, and F-net) in period of 5-50 s. The time length of the dataset in the source inversion
IS 50-80 s (starting 10 s before the S-wave arrival).
GPS data
We use two horizontal components of static displacements at 83 GEONET stations. The static displacements of this event were obtained by differencing its preseismic and
postseismic positions.
Green’ s function
Strong-motion Green’ s function
Theoretical strong-motion waveforms were calculated using the discrete wavenumber method (Bouchon, 1981) and the reflection/transmission matrix method (Kennet
and Kerry, 1979) using one-dimensional velocity structure models for each station referring Japan Integrated VVelocity Structure Model Version 1 (Koketsu et al., 2012).
Geodetic Green’ s function
Theoretical static displacements were calculated assuming a homogeneous elastic halfspace after Okada (1992).

Method
We use the kinematic linear waveform inversion with multiple time windows (Hartzell and Heaton, 1983). The slip time history of each subfault Is represented by the
superposition of 7 time windows with 4.0 s width, each of which is put with 2.0 s lag. We assume a single planar fault model (120 km along strike x 120 km along dip)
with a strike of 206° and a dip of 10° which refers to the spatial distribution of earthquakes deduced from ocean bottom seismographic observations (Yamada et al., 2011).
In this study, the relative weights between different kinds of data-set and the relative weight of the smoothing constraint are determined by a trial-and-error process
considering the fitting in each data and the agreement between the seismic moment estimated by this analysis and GCMT. The first time window triggering velocity
(Vftw) of 2.2 km/s was selected so as to minimize the residual of strong-motion data fitting.

Data Fitting
he fitting In both of the strong-motion and GPS data is quite well. The variance reduction of the strong-motion data and the GPS data are 84.4% and 97.4%, respectively.

m Comparison of the observed (red) and
synthetic (black) strong-motion velocity waveforms
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