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Rupture process of the largest aftershock of the M 9 Tohoku-oki earthquake
obtained from a back-projection approach using the MeSO-net data
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The largest aftershock (Mw 7.8) of the giant M 9.0 Tohoku-oki earthquake occurred near the coast of Ibaraki
Prefecture about thirty minutes after the main shock. We have imaged the rupture process of the Mw 7.8
earthquake by back-projection of waveform data from the Metropolitan Seismic Observation network (MeSOnet). Original acceleration seismograms were integrated. They were then band-pass ﬁltered in the frequency
range of 0.1–1.0 Hz. We assumed a fault plane on the plate boundary with a dimension of 115 km × 175 km, and
this was divided into 112 subfaults. Travel times from each of the subfaults to observation sites were calculated
by using a 3-D velocity structure model. Applying the restrictions that the rupture velocity is smaller than 4
km/s and the rupture duration on each subfault is less than 25 s, we obtained a rupture propagation image by
projecting the power of the stacked waveforms. Propagation of the rupture toward north and east was suppressed
by the existence of those areas that had radiated a large seismic energy at the main shock occurrence, or at the
occurrence of the M 7.0 earthquake in 2008. The westward propagation of the rupture stopped at the area where
the Philippine Sea plate lies over the Paciﬁc plate.
Key words: Rupture process, back projection, 2011 Ibaraki-oki, MeSO-net.

1.

Introduction

The largest aftershock of the 2011 off the Paciﬁc coast of
Tohoku Earthquake (the 2011 Tohoku-oki earthquake in the
following) occurred near the coast of Ibaraki Prefecture at
15:15 on March 11, 2011, 30 minutes after the main shock
(Fig. 1(a)). The moment magnitude of the earthquake was
Mw 7.8 (NIED, 2012). This is comparable to the Mw 7.9
of the 1923 Kanto earthquake (Kanamori, 1977) that occurred at the Sagami Trough causing serious damage in the
metropolitan area.
There is no historical record of a great (M 8 class or
larger) earthquake around the hypocenter of the largest aftershock (Utsu, 1999). The seismic catalogue of the Japan
Meteorological Agency (JMA) shows that large earthquakes (M > 6) are relatively few in the vicinity of the
largest aftershock after 1923, though M 7-class earthquakes
occurred recurrently to the east of the area (Fig. 1(b)).
The seismic gap of large earthquakes may reﬂect the
mode of the plate coupling in the region. In the Kanto
region, the Philippine Sea plate subducts northwestward
from the Sagami Trough and the Paciﬁc plate subducts
westward beneath the Philippine Sea plate from the Japan
Trench. Several studies have estimated the plate coupling
rate around the source region of the largest aftershock (the
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2011 Ibaraki-oki event in the following). In the region off
Ibaraki Prefecture, to the south of the source area of the
main shock (Honda et al., 2011), the plate contacting with
the Paciﬁc plate changes from the North American plate
to the Philippine Sea plate. The hypocenter of the 2011
Ibaraki-oki event was on the plate boundary between the
North American plate and the Paciﬁc plate. From a study
of repeating earthquakes on the plate boundaries, Uchida et
al. (2009) considered that the coupling coefﬁcient between
the Paciﬁc plate and the North American plate is relatively
large compared with that between the Paciﬁc plate and the
Philippine Sea plate. However, the coupling strength in the
focal region of the 2011 Ibaraki-oki event cannot be inferred
from such an analysis, for there is no repeating earthquake
there. Nishimura et al. (2007) estimated the plate coupling
rate in and around the Kanto region using GPS data. According to their result, the 2011 Ibaraki-oki event is located
at the border of the areas of low and high coupling rates.
In this study, we investigate the rupture process of the
2011 Ibaraki-oki event by using the back-projection approach, and we discuss tectonic situations that might have
caused the rupture to stop.

2.

Data and Method

In the analysis, we used data of strong ground motion obtained by the Metropolitan Seismic Observation network (MeSO-net) that has been developed under the “Special Project for Earthquake Disaster Mitigation in Tokyo
Metropolitan Area” which started in 2007 (Fig. 2(a)). Data
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Fig. 1. (a) Geographic map showing epicenters of the main shock of the 2011 Tohoku-oki earthquake (gray star) and aftershocks with magnitudes
larger than 7 (white stars). Dotted contour lines show the strength distribution of the radiation energy (greater than 50% of the maximum value) for
the main shock occurrence which was obtained by Honda et al. (2011) using the back-projection approach. The Japan Trench and the Sagami Trough
are shown by dot-dashed lines. Small triangles represent observation sites of the MeSO-net. NA, PHS and PAC indicate the North American plate,
Philippine Sea plate and Paciﬁc plate, respectively. (b) The black star is the epicenter of the 2011 Ibaraki-oki event. White stars are epicenters of
M 7-class earthquakes which have been regarded as characteristic earthquakes and gray stars show epicenters of large earthquakes (M > 6). Black
dots indicate repeating small earthquakes reported by Kimura et al. (2006). A thick dashed line shows the north-eastern end of the PHS that lies on
the PAC. Contours by dotted lines and solid lines represent slip distributions of M 7 earthquakes that occurred in 1982 (Murotani et al., 2003) and
2008 (Nagoya Univ., 2008), respectively.

of strong ground motions at 249 stations installed in and
around the Tokyo Metropolitan Area are automatically
transmitted to the operation center in the Earthquake Research Institute (ERI) in real time. The extent of the MeSOnet is over 100 km and station separations are mostly several kilometers only. We regarded the MeSO-net as a seismic array and investigated the rupture process of the 2011
Ibaraki-oki event by adopting the back-projection method.
Sources of seismic energy which arrived at the array
from the assumed fault plane are estimated by making slant
stacking of seismograms taking account of the travel time
differences. To suppress high frequency components that
cause noises in the projected image and to compare the result with those obtained by inversion methods that usually
use velocity data, original acceleration seismograms are integrated into velocity. They were then band-pass ﬁltered in
a frequency range of 0.1–1.0 Hz. We used two horizontal
components of waveforms in a 90 s time window including S-wave at the reference site (Fig. 2(b)). Before carrying
out the stacking operations, waveforms from each subfault
are transformed to radial and transverse components (i.e.,
SV- and SH-waves). The horizontal seismogram at the ith
station xi (τ ) is expressed by the following equation, after
correcting the effects of geometrical spreading and the radiation pattern:


xi (τ ) = Ri j /ψi j f i (τ ),
Fig. 2. (a) Distribution of observation sites (triangles) and subfaults (circles) used in this study. Contour lines overlapping the circles indicate the depth of the upper surface of the Paciﬁc plate (Nakajima and
Hasegawa, 2009). The epicenter of the largest aftershock is shown by
a black star together with the F-net CMT solution. The dot-dashed line
is the same as that in Fig. 1. (b) Velocity waveforms in a frequency
range of 0.1–1.0 Hz observed at the reference site E.MBSM. Horizontal
waveforms in the shaded time window are used in the analysis.

where f i (τ ), Ri j and ψi j are the radial or transverse component of the horizontal waveform, travel distance from the
jth subfault to the ith site, and the radiation pattern of the
SV or SH wave for the jth subfault, respectively. In the correction of the radiation pattern, the same source mechanism
was assumed for the entire fault plane. We set the strike,
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dip and rake angles at 209, 31, and 92 degrees, respectively,
after the F-net CMT solution (NIED, 2012).
Results of the stacking are inﬂuenced by phases of seismic waves with very similar arrival times. To enhance the
resolution, N th root stacking (e.g., Rost and Thomas, 2002)
was applied. A stacked waveform u j (t) for the jth subfault
is calculated by the following equations:
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Ibaraki-oki event. Around the hypocenter a fault plane with
a length of 115 km and a width of 175 km was taken and this
was divided into subfaults with a dimension of 0.15 × 0.15
degree. Each subfault was clipped at the depth of the upper
boundary of the Paciﬁc plate which was modeled by Nakajima and Hasegawa (2009). The total number of subfaults is
112. Figure 2(a) shows the conﬁguration of the fault model.

t = τ − t ref
j ,

3.

M 

1 
xi (t − dti j )1/N xi (t − dti j ) ,
u j (t) =
xi (t − dti j )
M i=1

To conﬁrm the validity of our approach, we conducted a
test using an aftershock (Mjma 6.8) which occurred at 17:19
(JST) on March 11, 2011. It was found that the back projection image for the aftershock is in good agreement with
the location of the JMA hypocenter (Fig. 3(a)). Figure 3(b)
shows the distribution of the normalized total energy release
on the assumed fault plane for the 2011 Ibaraki-oki event.
Strong seismic energy was radiated from the region adjoining the major slip area at the 2008 Ibaraki-oki event. The
maps in Fig. 4 are snapshots showing the propagation of the
rupture. The rupture propagated from the hypocenter to the
west (downdip) in 9∼21 s after its initiation, and stopped
at the region where strong seismic energy had been radiated
from the 2011 Tohoku-oki earthquake. It is also notable that
the rupture did not propagate beyond the north-eastern end
of the Philippine Sea plate (Ucnida et al., 2009). Figure 5
shows the time function of the radiated energy. In the ﬁrst 6
seconds, the energy release rate rose slowly, and it increased
rapidly during the next 6∼15 seconds. Very small energy
was radiated past 35 seconds. The total duration time of
the rupture is about 40 s and a large part of the energy was
radiated during 15∼25 s after the initiation of the rupture.

where t ref
j is the S-wave travel time from the jth subfault to
the reference site. The travel times were calculated by using a 3-D velocity structure model (Matsubara and Obara,
2011). dti j represents the S-wave travel time difference between the reference site and station i when subfault j is assumed as the source. M is the total number of stations used
in the stacking procedure. After that, a stacked waveform is
taken to the N th power.

 N u j (t)
.
U j (t) = u j (t) 
u j (t)
The N th root stacking corresponds to the normal slant
stacking when N = 1. Integration of |U j (t)| for a particular
subfault is considered to be proportional to the total energy
radiated at the subfault.
In addition to the N th root stacking, we introduced a
semblance value to enhance coherent waves (Matsumoto et
al., 1999). The semblance value is deﬁned by the following
equation:

Results

2
xi (tk − dti j )
k=1 i=1
S j (t) =
,

K
M


2
K
xi (tk − dti j )
M
K



k=1

i=1

where K is the number of data in a semblance time window
that is centered at time t. In this paper, we selected N = 4
and set the length of the semblance time window to be 4 s.
The ﬁnal stacked wave F j (t) is expressed as:
F j (t) = S j (t) · U j (t).
Integration of |F j (t)| for a particular subfault can be regarded as the total energy radiated at the subfault. The radiated energy distribution is then obtained by projecting the
integration of |F j (t)| on to the corresponding subfault. After individual operations for the radial and transverse waveforms, we obtain the ﬁnal result by averaging the radiated
energy obtained from the two components.
To suppress noises that cause the appearance of pseudo
rupture images, we put restrictions on the rupture velocity
to be smaller than 4 km/s and on the rupture duration at Fig. 3. (a) Normalized strength distribution of the radiated energy obtained by applying the back projection approach to an aftershock which
each subfault to be less than 25 s. Even if a longer duration
occurred at 17:19 (JST) on March 11, 2011. The white star is the epitime (e.g., 90 s at each subfault) is assumed, the result is not
center. A thick dashed line, a dot-dashed line, triangles and black dots
changed substantially.
are the same as those in Fig. 1(b). (b) Same as (a) except for the 2011
Ibaraki-oki event. Contours by dotted lines are the same as those in
In this study, the hypocenter given by the JMA
Fig. 1(b). The black star indicates the epicenter.
(141.265E, 36.108N, 35 km) was adopted for the 2011
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Fig. 4. Snap shots of the rupture propagation at intervals of 3 seconds. The rupture propagated westward generally. Its propagation to the south is seen
to have stopped at the north-eastern end of the subducted Philippine Sea plate designated by a thick dashed line.

where substantial seismic energy, greater than 50% of the
maximum value, was radiated at the main shock. On the
other hand, the rupture area overlaps partly with the focal
region of an M 7 earthquake that occurred on May 8, 2008.
Around the source area of the 2008 Ibaraki-oki event, M 7class earthquakes are known to have occurred at an interval
of about 20 years (Earthquake Research Committee, 2012).
The estimated rupture areas of the past two events (1982 and
2008) are plotted in Fig. 1(b). Large parts of them overlap.
(Murotani et al., 2003; Nagoya Univ., 2008). Although it
is seen that a certain amount of energy was radiated from
the rupture area of the 2008 Ibaraki-oki event, the radiation
strength diminishes rapidly on the eastern side of the area.
This suggests that the rupture that propagated eastward of
the 2011 Ibaraki-oki event was suppressed when it entered
into the recently ruptured area.
Fig. 5. The normalized time function of the radiated energy.
The strongly-radiated area corresponds to a gap of large
earthquakes (M > 6) and repeating small earthquakes.
From the occurrence rate of repeating small earthquakes,
Uchida et al. (2009) estimated that the interplate coupling
4. Discussion and Conclusions
From Fig. 3(b), it is seen that the area where greater than coefﬁcient between the North American plate and the Pa10% or more, of the peak value was radiated extended over ciﬁc plate is 0.7∼0.8. Our results suggest that the rupture
a region of about 100 km × 100 km around the hypocenter of the 2011 event which initiated at the strongly-coupled
(Fig. 3(b)). The distribution of the radiation strength dur- area extended to the region where interplate coupling had
ing the 2011 Tohoku-oki earthquake obtained by the back been partly released by stable slips. Another notable ﬁndprojection approach, using MeSO-net, K-NET and KiK- ing is that the rupture stopped at the northeastern end of the
net data from NIED (Honda et al., 2011), is also plotted Philippine Sea plate (dashed line in Figs. 3 and 4). Based on
in Fig. 3(b). Note that the north-western end of the rupture the calculation of accumulated slips using repeating eartharea of the 2011 Ibaraki-oki event is delineated by the area quakes, Uchida et al. (2009) estimated that the interplate
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coupling coefﬁcient between the Philippine Sea plate and
the Paciﬁc plate is smaller than 0.5. This is smaller than
that between the Paciﬁc plate and the North American plate.
It is very probable that the weakness of the interplate coupling suppressed the rupture from extending further beyond
the border.
Our results indicate that the area around the hypocenter
was a strong source of the radiated seismic energy (>0.8 in
Fig. 3). However, we cannot comment on the magnitude of
the slip there. Performing a nonlinear inversion using GPS
data, Nishimura et al. (2011) estimated 3.76 ± 0.5 m as the
average amount of the slip on a rectangular fault that almost
overlaps with the rupture area. If the radiated energy distribution (Fig. 3(b)) is supposed to correspond to the slip distribution on the fault, the maximum slip could have reached
7∼8 m. This is a reasonable amount of slip for an M 8
class earthquake. However, the estimated slip is considerably smaller compared with the slip deﬁcit predicted by the
relative plate velocity of 8.3 cm/y (DeMets et al., 1994), or
7.2 cm/y (Sella et al., 2002), if we note that there has been
no record of large earthquakes there during the past several
hundred years (Utsu, 1999). This may imply that a substantial part of the accumulated strain might have been released
in another way, for example, by aseismic slips (e.g., Seno,
2012). We think it may also be possible that the accumulated strain still remained in a large area, including the focal
region of the 2011 Ibaraki-oki event. In that case, the southeastern part of the fault plane where seismic energy was not
radiated much at the 2011 Ibaraki-oki event is a potential
source region of a future large earthquake.
From seismic surveys, Mochizuki et al. (2008) deduced
the existence of a seamount in the region near the Japan
Trench. The seamount could be a barrier of the rupture
during the 2011 Ibaraki-oki event. This idea agrees with
strong plate coupling in that region estimated from GPS
data (Nishimura et al., 2007). On the other hand, Mochizuki
et al. (2008) maintains weak interplate coupling around the
seamount from the results of seismic surveys and laboratory
experiments. In any case, whether the coupling strength at
the region near the Japan Trench is strong or weak, we think
much attention should be paid to the seismic activity and/or
afterslip there.
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