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Coupling coefficient, hierarchical structure, and earthquake cycle for the
source area of the 2011 off the Pacific coast of Tohoku earthquake
inferred from small repeating earthquake data
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We have estimated the spatial distribution of interplate coupling in and around the source area for the 2011
Tohoku earthquake from small repeating earthquake data. The source area of the 2011 Tohoku earthquake
exhibited a relatively high coupling coefficient (>0.5) for the period from 1993 to 2007 and was surrounded
by areas of low coupling (<0.5) at its western (down-dip), northern and southern extents. These low-coupling
areas probably prevented further propagation of the mainshock rupture. A high coupling coefficient is estimated
even near the trench that can act as the source of the large tsunami of the present earthquake. The averaged seismic
coupling of 0.5-0.8 in the M 9 earthquake’s source area and the seismic moment of the earthquake suggest that
the slip deficit for the M 9 earthquake was accumulated over a period of 260-880 years, consistent with the
recurrence interval of such great earthquakes from tsunami deposit data. It also suggests that the several M ~ 7
earthquakes which have occurred in the source area since 1926 were minor events that released only a part of the
accumulated strain energy. The hierarchical structure of asperities, as in the case of the Kamaishi sequence, may
be the key to understanding huge earthquakes that encompass several smaller asperities.
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1. Introduction

The 2011 Tohoku earthquake (M 9.0) occurred in the
NE Japan subduction zone along the Japan Trench. The
earthquake ruptured a very wide area (> 400 km x 150 km)
along the trench in a region that has experienced many
M ~ 7 earthquakes since 1926 (Fig. 1). Why such a
great earthquake and the accompanying tsunami occurred
in this subduction zone and why its rupture did not further
extend from the present slip area are important questions for
understanding the generation mechanism of the earthquake.
The relationship with a large tsunamigenic earthquake with
a recurrence interval of 400-1300 years from geological
data (e.g., Minoura and Nakaya, 1991; Sawai et al., 2007)
is also important.

In addition, the re-rupture of M ~ 7 slip areas (asper-
ities) of previous earthquakes by the M 9 earthquake can-
not be explained using a simple model in which an asperity
patch in an aseismically slipping region undergoes recurrent
seismic rupture in the same manner. No M 8 asperities had
been known in this area before the occurrence of the M 9
event. Therefore, it is not likely to be the rupture of multi-
ple M 8 asperities. The structure of asperities that produced
the M 9 earthquake is not yet known.

To address these questions, we estimate the interplate
coupling coefficient in and around the source area of the
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2011 Tohoku earthquake using data from small repeating
earthquakes, and discuss its rupture mode.

2. Data and Method

The dataset and method used in the present study are sim-
ilar to Uchida et al. (2009), in which interplate coupling
was analyzed at the southernmost part of the NE Japan
subduction zone. We use digital seismograms recorded
by the microearthquake observation network of the Tohoku
University, for the period from 1993 to March, 2007. This
time period does not include the four years before the 2011
earthquake and the years before 1993. However, we con-
sider that the considered time period (13 years) is long
enough to estimate the average coupling coefficient and we
assume it shows the typical coupling distribution existing
before the 2011 Tohoku earthquake.

Seismograms of shallow (depth < 95 km) earthquakes
with magnitudes of 2.5 or larger are used in the analysis.
The sampling frequency is 100 Hz and most of the seis-
mometers are 1 Hz velocity-type instruments. The coher-
ence of the waveforms for all event pairs with epicentral
separations of less than 30 km are calculated. The time
windows for seismogram analysis are set at 0—40 s from
the P-wave arrival times. Two earthquakes are considered
to represent a repeating pair if the average coherence at 1,
2,3,4,5,6,7, and 8 Hz is larger than 0.95 at two or more
stations. A pair (group) of repeaters is linked with another
pair (group) if the two pairs (groups) share an earthquake in
common.

We identify 3234 small repeating earthquakes (876
groups of repeating sequences) with magnitudes of 2.5 to
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Fig. 1. Hypocenters of mainshock and aftershocks in a 24-hour pe-

riod for the 2011 Tohoku earthquake (black circles) and aftershock ar-
eas for M > 7 earthquakes since 1926 (green lines, Uchida et al.,
2009). Hypocenter data are from the Japan Meteorological Agency. Red
dashed line shows down-dip limit of the Philippine Sea Plate (Uchida et
al., 2009). Thick pink line shows the western limit of interplate earth-
quake distribution from Igarashi ef al. (2001) and Uchida et al. (2009).

4.8 for the period from 1993 to March 2007. Repeat-
ing earthquakes in the Kanto region are classified into two
groups that occurred at the upper surfaces of the Philippine
Sea Plate (PHS) and the Pacific Plate (PAC) based on their
depths, as shown in Uchida et al. (2009). Only the repeat-
ing earthquakes at the upper surface of the PAC are plotted
in Fig. 2 with black dots and used in this paper.

The slip for each small repeating earthquake is estimated
based on the following relationship between the seismic
moment (M,; dyne-cm) and fault slip (d; cm), proposed
by Nadeau and Johnson (1998).

log(d) = —2.36 + 0.17 log(M,) )

The scalar moment for each event is estimated from the
magnitude determined by the Japan Meteorological Agency
(JMA) using the relationship between magnitude and scalar
moment proposed by Hanks and Kanamori (1979). The slip
rate (v) is estimated from the cumulative slip of each small
repeating earthquake group and the time period of the data
analysis. Then, using the plate convergence rate (vp) and
the slip rate (v), the coupling coefficient (¢) in this region is
calculated as follows:

2

c=(vo—v)/vo

A coupling coefficient of zero indicates that the fault is
creeping at its long-term rate, whereas a value of 1 indicates
that it is fully locked and is thus accumulating strain energy
that will be released in future earthquakes or episodic creep.
The plate convergence rate (vy) between the PAC and PHS
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Fig. 2. Interplate coupling coefficient estimated from small repeating
earthquakes for the period from 1993 to March 2007 (color). Distri-
bution of small repeating earthquakes (black dots) and coseismic slip
area (contours, linuma et al. (2011)) are also shown in this figure. Bold
lines denote the down-dip limit of interplate earthquakes (Igarashi et
al., 2001; Uchida et al., 2009) and the trench axis. Dashed bold line
denotes northeastern limit of the Philippine Sea plate (Uchida et al.,
2009). The averaged coupling coefficient is estimated for every 0.3 de-
gree by 0.3 degree windows that have three or smaller repeating earth-
quake groups. The red star indicates the hypocenter of the 2011 Tohoku
earthquake. Stars marked by M, F and A indicate the hypocenter of the
2005 Miyagi-oki earthquake (M 7.2), the M 7.3 earthquake on March
9, 2011 and the largest aftershock on March 11, 2011 (M 7.7), respec-
tively.

is set to 5.1 cm/yr, and 7.2 cm/yr between the PAC and
the overriding plate (Sella et al., 2002). We estimate the
interplate coupling coefficients on the PAC at the location
of each small repeating earthquake group and average them
within a moving spatial window of 0.3 by 0.3 degrees.

3. Spatial Distribution of Interplate Coupling
The small repeating earthquakes are thought to occur at
small asperities on the plate boundary, allowing them to
catch up with the surrounding region, which is undergoing
aseismic slip. Therefore, the distribution of a small repeat-
ing earthquake sequence contains information on the state
of interplate coupling. The occurrence of repeating earth-
quakes indicates that the plate boundary around a seismic
patch is creeping. In contrast, the absence of such repeating
earthquakes indicates that the plates are either fully coupled
or no seismic patches exist at the boundary (fully decou-
pled). The anti-correlation between the coseismic slip area
for large interplate earthquakes and small repeating earth-
quakes has been previously pointed out (e.g., Uchida et al.,
2003). In the region where a large amount of coseismic
slip was estimated to have occurred during the 2011 Tohoku
earthquake (Iinuma ez al., 2011, Fig. 2), the density of small
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repeating earthquake groups is also small.

For the areas in which small repeating earthquakes occur,
the spatial distribution of the interplate coupling coefficient
before the 2011 Tohoku earthquake is shown in Fig. 2 on
a color scale. To estimate the uncertainty of the coupling
coefficient, we calculated the effect of one repeating earth-
quake missing in a group. This is because whether one re-
peating earthquake is included or not can make difference
in the estimations of slip rate and coupling. From the av-
erage slip amount of a repeating earthquake (17.1 cm) and
slip deficit for the study period (104 cm) the difference in
the coupling coefficient estimated with, and without, one re-
peating earthquake is 0.16. Since the minimum number of
groups used for the coupling estimation is three, the uncer-
tainty of the coupling coefficient is smaller than 0.1. The
area where coseismic slip occurred seems to have a rela-
tively high coupling coefficient. As suggested by Uchida et
al. (2009), the seismic coupling coefficient to the south of
the NE limit of the PHS (the contact zone between the PHS
and PAC) is not large (~0.3) and the seismic slip did not
intrude into this region. The largest aftershock (M 7.7, indi-
cated by the black star in Fig. 2) also occurred to the north
of the limit. The area close to the down-dip limit of the
interplate earthquake (black line) and the off-Iwate region
(39°—40°N) also has a relatively low coupling coefficient
and seismic slip of the 2011 Tohoku earthquake is not con-
sidered to have occurred in this area. These low-coupling
areas probably prevented further propagation of the main-
shock rupture.

On the other hand, the up-dip area of the fault (the area
close to the Japan trench) is seen to have a relatively-high
coupling coefficient despite the fact that coupling has pre-
viously been assumed to be low due to the existence of un-
consolidated sediment (e.g., Oleskevich et al., 1999). This
near-trench region is far from the land GPS stations and it
is difficult to resolve the coupling coefficient in this region
precisely from the GPS data alone. It is possible that slip in
this high-coupling area contributed to the generation of the
large tsunami accompanying the 2011 Tohoku earthquake
(e.g., Fujii et al., 2011; Maeda et al., 2011).

4. Interplate Coupling and Earthquake Cycle for
the M 9 Source Area

The northeastern Japan subduction zone was considered
to have a low seismic coupling (10-30%) based on the cu-
mulative seismic moment over the past ~100 years (e.g.,
Peterson and Seno, 1984; Pacheco et al., 1993). However,
GPS data analyses in the recent 5-7 years (e.g., Nishimura
et al., 2004; Suwa et al., 2006; Hashimoto er al., 2009)
have indicated a higher interplate coupling in this area (50—
120%). The interplate coupling for the past 14 years from
small repeating earthquakes is also found to be higher (an
average value of about 66% in the rectangle in Fig. 2).
Therefore, there are discrepancies between the observed
seismic moment release and the estimated seismic coupling
from geodetic and small repeating earthquake data. How-
ever, if we take into account the M 9 2011 Tohoku earth-
quake, the seismic coupling estimated from seismic mo-
ment release data will become larger than the previous esti-
mates. The seismic moment of the 2011 Tohoku earthquake
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Fig. 3. Relationship between the average coupling coefficient and the slip
deficit accumulation time. Black solid lines indicate lower and upper
bounds from the moment budget of accumulation in the interseismic
period and release in the coseismic and afterslip period. Dashed lines
indicate lower and upper bounds of the averaged coupling coefficient
from our study. The dark gray area (a—b—c—d) shows the probable range
of the averaged coupling coefficient and the length of the interseismic
period.

accounts for about 93% of the cumulative moment, from
1926 to March 2011, in the source area.

Based on the seismic coupling coefficient in this study,
we try to estimate the slip deficit accumulation time (7,
hereafter the length of the interseismic period) of the 2011
Tohoku earthquake. First, we equalize the accumulated
moment deficit before the 2011 Tohoku earthquake and the
moment release of the coseismic slip (M$ = 4.0x 10?2 N'm)
and afterslip (M) of the 2011 Tohoku earthquake,

w-C-vg-T-S—My-T =M+ M? (3)

Here, u is the rigidity (= 4.0 x 10'° N/m?), C is the
average coupling coefficient, vy is the plate convergence
rate (= 7.2 cm/yr), S is the area of fault (green rectan-
gle in Fig. 2, = 9.1 x 10'° m?), and MO is the seismic
moment release rate in the interseismic period that is esti-
mated from observation during the period 1926 to March
2011 (= 3.2 x 10" N m/yr). Here, we used the JMA
catalogue (depth < 65 km, M > 6) and the seismic mo-
ment was calculated from the magnitude using the rela-
tionship of Hanks and Kanamori (1979). The interseis-
mic period (T) corresponds to the recurrence interval of
the M 9 earthquake if the same processes repeat. The gray
area surrounded by solid lines in Fig. 3 shows the relation-
ship between the average coupling coefficient in the source
area (C) and the length of the interseismic period (T') from
Eq. (3). The lower limit corresponds to an afterslip mo-
ment (M2) of 0.2M¢ and the upper limit corresponds to
1.0M¢. The gray area bordered by dashed lines in Fig. 3
shows the averaged coupling coefficient in the green rect-
angle in Fig. 2. The upper limit corresponds to the case
which assumes that the area with no small repeating earth-
quakes (gray areas in Fig. 2) is 100% coupled and the lower
limit corresponds to the case in which we assign the min-
imum coupling coefficient to the area with no repeating
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earthquake data. The minimum coupling coefficient at each
interseismic period was not zero, but calculated from the
coseismic slip amount at each point (D), the length of the
interseismic period and the plate convergence rate. This is
because, although we don’t know the coupling coefficient
in the area with no small repeating earthquakes, the coseis-
mic slip at each point shows that the coupling coefficient
cannot be zero. Therefore, we take the minimum coupling
coefficient to be D /(T - vg). Here, D is the coseismic slip
amount of the 2011 Tohoku earthquake for each point es-
timated by linuma et al. (2011) (contour in Fig. 2) and if
D /(T - vp) is larger than 1, we used 1 for the value. The
intersection of the C — T relationship and the range of the
coupling coefficient in this study shows the probable range
of the averaged coupling coefficient and the length of the
interseismic period (area a—b—c—d in Fig. 3). It shows that
the slip deficit for the 2011 Tohoku earthquake accumulated
over a period of about 260—880 years and that the average
interseismic coupling coefficient is 0.5-0.8.

The averaged interplate coupling from GPS data analy-
sis in 1997-2001 by Suwa et al. (2006) for the same area
(green rectangle in Fig. 2) is 0.83 and is close to our up-
per limit. A larger coupling coefficient, a larger plate con-
vergence rate (vg), a smaller afterslip moment (M?), and a
smaller seismic moment release rate in the interseismic pe-
riod (M,,) tend to reduce the longest interseismic period, and
vice versa. Tsunami deposit data show a recurrence inter-
val of 400-1300 years for great tsunamigenic earthquakes
in this area (e.g., Minoura and Nakaya, 1991; Sawali et al.,
2007). Apparently our estimation relies on many assump-
tions but it overlaps with the relatively-shorter part of the
range estimated by the tsunami deposit.

5. Hierarchical Structure of Asperities
Hierarchical, or fractal, asperities have been proposed
to explain various seismic activities on a fault (e.g., Seno,
2003; Hori and Miyazaki, 2010). The prior occurrence of
M ~ 7 interplate earthquakes in the 2011 slip area shows
that the asperities of the 2011 Tohoku earthquake have a
hierarchical, or fractal, structure. A similar hierarchical as-
perity structure was observed in the off-Kamaishi repeating
earthquake sequence in the same subduction zone, although
the rupture area was very small (~1 km, Matsuzawa et al.,
2002; Uchida et al., 2007). In the off-Kamaishi sequence,
earthquakes with magnitudes of less than ~3.5 occur mul-
tiple times in the slip areas of the M ~ 4.9 mainshocks
(Uchida et al., 2007). However, the cumulative slip due
to these smaller repeating earthquakes is small (10-30%)
compared to the slip due to the mainshock sequence of
M ~ 4.9. The occurrence of earthquakes in the slip area
of the mainshock and the cumulative slip of small repeating
earthquakes for both the 2011 Tohoku earthquake and the
off-Kamaishi sequence show that the asperities are not fully
coupled and undergo aseismic slip in the interseismic pe-
riod. Figure 4 schematically shows hierarchical structured
asperities in the study area. The difference between a sim-
ple asperity (e.g., Uchida er al., 2003) and a hierarchical
structured asperity is that the asperities have internal struc-
tures. Figure 4 shows the large asperity (blue area) that rup-
tured in the 2011 Tohoku earthquake and other smaller as-
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Fig. 4. Schematic figure showing the distribution of the hierarchical
structured asperities at Tohoku. The circles show asperities that have
internal structures. The arrows indicate aseismic slip. The dashed bold
line shows the NE limit of the Philippine Sea plate and the dashed thin
line shows the down-dip limit of the interplate earthquake. The area
between the down-dip limit and the Japan trench has both seismic and
aseismic slip.

perities. It also includes the asperities for the foreshock, the
largest aftershock, the off-Kamaishi earthquake and small
repeating earthquakes. Aseismic slip (arrows) in an asper-
ity concentrates stress to internal smaller asperities due to
a local difference of slip deficit (the difference of the arrow
length inside and outside of the asperity) and enables the
occurrence of an earthquake in a rupture area of an asper-
ity. Therefore, the slip rate at a small asperity in a larger
asperity, in the period between the earthquakes rupturing
the larger asperity, becomes smaller than in the case that the
small asperity is not located within a larger asperity (Fig. 4).
The slip rate of these small asperities corresponds to the
coupling coefficient shown in Fig. 2. The off-Kanto and the
landward side of the off-Iwate area have a relatively sparse
density of large asperities and a higher aseismic slip rate
(lower coupling), and the area where the large 2011 Tohoku
earthquake’s asperity is located has a relatively high den-
sity of asperities and a smaller aseismic slip rate (higher
coupling).

An awareness of the presence of higher-order asperities
before their rupture is important from the perspective of
earthquake hazard mitigation. Very low-slip-rate asperi-
ties (repeating earthquakes) that were observed both in the
off-Kamaishi and the 2011 Tohoku earthquakes (repeating
earthquakes in the red areas in Fig. 2) may indicate the
existence of higher-order asperities. The slip property in
the hierarchical asperity may also indicate the existence of
higher-order asperities. The afterslip was found to be not
so large for the 2005 Miyagi-oki earthquake (M 7.2) that
occurred in the source area of the 2011 Tohoku earthquake
(Uchida et al., 2006). The region around the 2005 earth-
quake (black star in Fig. 2) is considered to be strongly
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coupled (Fig. 2). This also suggests that no large afterslip
occurred after that, and that the occurrence of a M ~ 7
earthquake in our analysis period would not have a major
impact on the degree of coupling. In the hierarchical asper-
ity model, the afterslip will be limited in the larger asperity
in which the smaller asperity is located. The afterslip may
also be inhibited by the nearby asperity in the same hier-
archal level. It is possible that the spatial-temporal pattern
of afterslip may also be a useful indicator for the existence
of a larger asperity which encompasses small asperities and
minor earthquakes.

6. Conclusions

The spatial distribution of interplate coupling along the
Japan Trench was investigated based on small repeating
earthquake data. The number of small repeating earthquake
groups in areas of large coseismic slip during the 2011
Tohoku earthquake is relatively small, which probably in-
dicates that strong coupling existed in the area before the
large event occurred. The interplate coupling coefficient in
the coseismic slip area was found to be high (>0.5), and this
area seems to be bounded by weakly-coupled regions to the
south (south of the NE limit of the PHS) and to the north
of the coseismic slip area. This estimation, and the occur-
rence of the M 9.0 earthquake, suggest that the seismic cou-
pling in the area was stronger than previously thought. A
high coupling coefficient is estimated, even near the trench,
which could act as the source of the large tsunami which
accompanied the present earthquake. The coupling coef-
ficient in the coseismic slip area shows that some of the
slip deficit was released aseismically but some part of the
relative plate motion was accumulated in the region. The
slip deficit which contributed to the 2011 Tohoku earth-
quake was estimated to have accumulated during a period
of 260-880 years from the average coupling coefficient in
the source area (0.5-0.8), the interseismic moment release
rate, the seismic moment of the 2011 earthquake and the as-
sumed afterslip of the 2011 earthquake. The asperities for
the 2011 Tohoku earthquake overlap with the source areas
of previous M ~ 7 earthquakes and such M ~ 7 earth-
quakes are not characteristic earthquake in the area. The
hierarchical structure of asperities may be the key to under-
standing huge earthquakes that encompass several smaller
asperities.
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