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Abstract In order to know why megathrust earthquakes have occurred in sub-
duction zones such as the 2011 off the Pacific Coast of Tohoku Earthquake in
Japan, we reconsider previous numerical simulation results and try to apply them
to actual fields such as the 2004 Sumatra-Andaman earthquake and large interplate
aftershocks of the 2011 Tohoku Earthquake. From this study, we propose that one
of the possible reasons of pre-seismic change of the 2011 Tohoku Earthquake
might have been smaller for its magnitude because its fault was composed smaller
(M 7 class) asperities including the off Miyagi earthquakes as occurred in 1978 and
2005. We also suggest that the next megathrust earthquake along Nankai Trough in
southwest Japan may have detectable pre-seismic change because it is composed of
three large (M 8 class) asperities in Tokai, Tonankai and Nankai region. Our trial
numerical simulation results by using vector-type super computer show that Dense
Oceanfloor Network System for Earthquakes and Tsunamis (DONET) may be
useful to detect the pre-seismic change of a possible M 9 class coupled megathrust
earthquake composed of Tokai, Tonankai, Nankai and Hyuga-nada asperities.
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1 Introduction

1.1 Spatial Distribution of Mega-Thrust Earthquakes

In world history (Fig. 1), most of mega-thrust earthquakes have occurred near
oceanic trenches accompanied with tsunami, especially around Japan. On the
basis of asperity map [38] or spatial distribution of source area of historical
earthquakes [37], faults of megathrust earthquakes are thought to be composed of
multi-segment. For examples, the 2004 Sumatra Andaman Earthquake is thought to
rupture from Sumatra segment through Nicobar segment to Andaman segment [19].
The 2011 off the Pacific Coast of Tohoku Earthquake is thought to be composed of
three main ruptured zones off Miyagi, far off Miyagi, and off Ibaraki [13], which
generates tremendous tsunami in Miyagi, Iwate and Fukushima prefectures. In this
chapter, we refer to the phenomenon that nearby earthquakes occur after time-lag
significantly shorter than recurrence interval as “coupled earthquakes”.

1.2 Modelling of Coupled Earthquakes

Ariyoshi et al. [1, 2] categorized the characteristics of the coupled earthquakes into
two models: (i) Model of slip proportional to fault size, and (ii) Characteristic slip
model. In the following sections, we review the two proposed model.

Figure 2 shows an example of model of slip proportional to fault size. For that
slip amount (D) proportional to fault size has two types: “L-model” proportional
to fault length (L) [32], and “W -model” proportional fault width (W ) [28]. In case
of proportional relation between W and L, both L-model and W -model are the
same relation as similarity model with stress drop (��) constant [14]. For coupled
earthquakes, however, it is possible that the aspect ratio (L=W ) of fault does not
always keep constant as discussed later.

Figure 3 shows an example of characteristic slip model. Coupled earthquake
keeps slip amount same as single earthquake. In other words, slip amount is
independent of fault size (W and L) even if several earthquakes on the same fault
occur simultaneously, which was observed in the North Anatolian fault [18] and the
1992 Landers earthquake [33].

1.3 Application to Actual Earthquakes

For inland earthquakes with lateral faults and high dip angle, the upper limitation
of fault width tends to significantly lower than fault length [28]. This is probably
because seismic slip decays abruptly in asthenosphere. It is thought that matured
active faults often have deeper part of fault reaching asthenosphere (Fig. 4). This
means that fault width cannot develop for deeper part any more, and keeps constant
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Fig. 1 (top) Map of epicenters and (bottom) time series for giant earthquakes (M > 8:6) originally
revised from Global Significant Earthquake Database [22] with major plate boundaries (trench:
blue, ridge: purple, transform: orange) determined by Coffin et al. [7]. “triangledown” represents
tsunami earthquakes around (red color) and apart from (black color) Japan, while “opencircle”
represents earthquakes without tsunami. The original magnitude is chosen from the available
magnitude scales in this order: Mw, Ms , Mb , Ml , and Mfa . In these figures, their database is
revised on the magnitude for some earthquakes around Japan [2]
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Fig. 2 Schematic illustration of “model of slip proportional to fault size” in case of
L D 2W [14]. Bold arrow size represents slip amount (D). This figure is revised from Ariyoshi
and Kaneda [3]
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Fig. 3 Schematic illustration of characteristic slip model by comparing between coupled earth-
quake (left) and single earthquake (right). This figure is revised from Ariyoshi and Kaneda [3]
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Fig. 4 Schematic illustration of fault growth process: (i) immature fault, (ii) fault with saturated
width, and (iii) matured fault with the same slip amount as (ii). In case of “W -model”, characteristic
slip model is applicable between (ii) and (iii) because of failure of seismic slip to occur in
asthenosphere. This figure is revised from Ariyoshi and Kaneda [3]

width in case of large earthquakes. Since keeping constant fault width makes
constant slip amount for “W -model”, “characteristic slip model” may be applied
to matured active faults from the view of “W -model” [9].

For trench-type megathrust earthquakes, the upper limitation of fault width may
be high enough to avoid saturation because of low dip angle. For examples, fault
geometry .width � length/ of the 2011 off the Pacific Coast of Tohoku Earthquake
is thought to be 500 � 200 km [13], and sub-fault geometries of the 2004 Sumatra
Andaman earthquake are 420 � 240 km for Sumatra segment, 325 � 170 km for
Nicobar segment and 570 � 160 km for Andaman segment, respectively [19].

By treating the three sub-faults of the 2004 Sumatra Andaman earthquake as one
giant fault, its aspect ratio does not keep constant as obeyed in the “model of slip
proportional to fault size”. On the other hand, the “characteristic slip model” would
not quantitatively explain 20 m of its maximum slip amount.

In this chapter, we discuss the validity of both the “model of slip proportional
to fault size” and “characteristic slip model” in some cases on the basis of
numerical simulations, revealing the unknown characteristics and give a road map
for earthquake prediction.
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2 Numerical Simulation Studies

The two proposed model: “characteristic slip” and “slip proportional to fault size”
is investigated from numerical simulation studies done by Ariyoshi et al. [1] and
Kato [15], respectively. In this section, we review their calculation method and
results, comparing slip behaviors and detectablity between them.

2.1 Method of Earthquake-Cycle Simulations

In order to focus specifically on the physical mechanisms of fault segment inter-
action, a planar plate interface is assumed in a homogeneous elastic half-space.
The plate interface deeper than 103 km is assumed to slip at a constant rate of Vpl

(relative velocity between the continental and oceanic plates) and the shallower part
is divided into N cells. The slip for each cell is assumed to involve only a shear
component in the dip direction and to obey a quasi-static equilibrium condition
between the shear stress due to dislocation (�dislocation

i ) and frictional stress (� friction
i ).

The stress is assumed to have both shear and normal components (�i ) in the dip
direction. The equations used in the simulation are as follows:

�dislocation
i .t/ D

NX

j D1

Kij .uj .t/ � Vpl t/ � .G=2ˇ/
dui

dt
; (1)

�i .t/ D
NX

j D1

Lij .uj .t/ � Vpl t/ C .�r � �w/gy; (2)

�
friction
i .t/ D �i .t/�i .t/; (3)

�dislocation
i .t/ D �

friction
i .t/; (4)

Here the subscripts i and j denote the cell locations of an observation and a
source, respectively. In Eqs. (1) and (2), Kij and Lij represent analytical Green’s
functions due to slip uj .t/ in the j th cell for the shear and normal stress on the
i th cell, respectively [23, 26]. The term .uj .t/ � Vpl t/ implies that we consider
stress generated only by the amount of slip relative to the long-term average plate
convergence [31]. The last term in Eq. (1) represents seismic radiation damping [27],
where G and ˇ are rigidity and shear wave speed, respectively. The last term in
Eq. (2) represents the static effective normal stress assuming hydrostatic pressure,
where �r and �w are the densities of rock and water, g is gravity acceleration, and
y is depth. Equations (3) and (4) represent the frictional stress and the quasi-static
equilibrium condition, respectively. The friction coefficient � in Eq. (3) is assumed
to obey a rate-and-state-dependent friction law [8, 29] given by
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�i D �0 C ai log.
Vi .t/

V0

/ C bi log.V0

�i .t/

dci

/; (5)

d�i .t/

dt
D 1 � Vi .t/

�i .t/

dci

; (6)

where a and b are friction coefficient parameters, dc is the characteristic slip
distance associated with b, � is a state variable for the plate interface, V is slip
velocity (D dui .t /

dt
), and �0 is a reference friction coefficient defined at a constant

reference slip velocity of V0. The friction coefficient converges to a steady state
value of �ss

i D �0 C .ai � bi / log. Vi

V0
/ when the slip velocity remains constant at

Vi for a distance sufficiently longer than dci [29]. Therefore, �ss
i at velocity Vi is a

function of �i D .ai � bi /, which represents frictional stability. If �i > 0, the slip is
stable because frictional stress increases as the slip velocity increases, behaving like
viscosity. If �i < 0, the slip is unstable and exhibits stick-slip behavior. The modeled
spatial distributions of these frictional parameters are introduced in the next section.
The six equations above are solved using the Runge–Kutta method with adaptive
step-size control [25].

2.2 A Simulation of Characteristic Slip and Slip Proportional
to Fault Size

In case of characteristic slip, Ariyoshi et al. [1] performed a simulation of
Miyagi-oki earthquakes in a 2-D subduction plate boundary. Their simulation
results show that pre- and post-seismic slip for following earthquakes of coupled
earthquakes tend to be amplified significantly (about 2–4 times), while amplification
of co-seismic slip is slightly (about 13–36 %). These results suggest that following
earthquakes of coupled earthquakes with characteristic slip is more detectable than
single earthquakes with same magnitude.

In case of slip proportional to fault size, Kato [15] formulated two adjacent large
asperities reproducing the 1968 Tokachi-oki earthquake (Mw 8:2) breaking both the
asperities and the 1994 Sanriku-oki earthquake (Mw 7:8) breaking one characteristic
asperity [21]. Ariyoshi et al. [2] pointed out that seismic slip of the 1968 earthquake
is approximately twice of the 1994 earthquake, considering that the ratio of seismic
moment is 8:2=7:8 D 0:4 and the asperity area ratio is almost 2 because both
asperity has nearly same area. On the other hand, Kato [15] showed the simulation
result that preseismic slip amount for the 1968 earthquake is nearly the same as the
1994 earthquake. These results suggest that a triggering nearby earthquake in case
of “model of slip proportional to fault size” largely affects only on co-seismic slip,
not on pre-seismic slip.
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Fig. 5 A schematic relation between time lag, magnitude and slip model for the triggered
earthquake of coupled earthquakes developed from Ariyoshi et al. [2]. Encircled numbers
represent recently observed examples: (1) the 1968 Tokachi earthquake [21], (2) Nicobar segment
of the 2004 Sumatra Andaman earthquake [19], (3) Andaman segment of the 2004 Sumatra
Andaman earthquake [5, 19], (4) the 2004 Nias earthquake [6, 37], (5) the 2007 Southern Sumatra
earthquake [17, 37]

2.3 Relation Between Characteristic Slip with Slip
Proportional to Fault Size

Figure 5 shows a schematic relation between slip model and time lag of coupled
earthquake on the basis of magnitude for the following (triggered) earthquake. As
an example, we apply some coupled earthquakes regarding to the 2004 Sumatra
Andaman earthquake into the relation in Fig. 5. Table 1 summarized slip com-
ponents for the three sub-faults of the 2004 Sumatra earthquake which ruptured
three seismogenic segments along trench—the Sumatra, Nicobar, and Andaman
segments—and the average amount of co-seismic slip in each segment was roughly
estimated at about 7m, 5m and <2m, respectively [19]. The fault size factor of
the coupled Nicobar and Sumatra segments relative to the Nicobar segment alone
is about 2:35 (where the respective sizes (trench � dip direction) of the Sumatra
and Nicobar segments are .420 � 240/ km2 and .325 � 170/ km2, respectively,
and ...420 C 325/km � .240 C 170/km=.325 km � 170 km//0:5 � 2:35/ and the
co-seismic slip amount of single-event earthquakes rupturing the Nicobar segment
is estimated to be 2:7 ˙ 0:3 m based on the 1881 earthquake [5].

This implies that the co-seismic slip amount of the Nicobar segment is approxi-
mately proportional to fault size and, therefore, the stress drop model is preferable
in describing interaction between the Sumatra and Nicobar segments. On the other
hand, the observed co-seismic slip amount for the Andaman portion of the rupture
is roughly the same as in the 1941 Andaman earthquake (2–3m [5]) and post-
seismic slip is substantial (� 5m, [19]), meaning that the characteristic slip model is
preferable to account for interaction between the Nicobar and Andaman segments.

The 2005 Nias earthquake adjacent to the Sumatra segment occurred about three
months after the 2004 Sumatra Andaman earthquake and was followed by the 2007
Southern Sumatra earthquake [17, 37] easterly adjacent to the source region of the
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Table 1 Summary of slip components for the three segments ruptured by the 2004 Sumatra
earthquake. Transit time represents time elapsed from the origin time of the 2004 Sumatra
earthquake. Dseis and Dslow represent slip amounts for co-seismic and aseismic (slow) component,
respectively [19]. Dsingle represents coseismic slip amount for single event based on previous
researches [5] for comparison [2]

Segment Dseis (Transit time) Dslow (Transit time) Dsingle

Sumatra 7m (0–50 s) Not resolved Not known
Nicobar 5m (230–350 s) 5m (230–3,500C s) 2:7 ˙ 0:3 m

Andaman <2m (350–600 s) 5m (600–3,500C s) 2�3m

Nias earthquake. Both of their post-seismic slips were amplified in western part [12],
which were the same as directions of after-slip (post-seismic slip) arrivals [17, 37].
On the 2005 Nias earthquake (Mw 8:6), its seismic magnitude was largely equal
to the 1861 Nias earthquake (M 8:5) which occurred as single event, which is
largely equal to the 2005. On the 2007 Southern Sumatra earthquake (Mw 8:5),
its magnitude was neither as much as previous events occurred in 1833 (M 8:9) nor
moment magnitude expected from slip deficit [17]. These results also imply that the
2005 Nias earthquake and the 2007 Southern Sumatra earthquake were applied to
the “characteristic slip model”.

3 Discussion: A Question About the 2011 Tohoku
Earthquake

Figure 6 shows asperity map of major trench-type megathrust earthquakes around
Japan with spatial distribution of co-seismic slip for the 2011 off the Pacific
Coast of Tohoku Earthquake. Focusing on the 2011 off the Pacific Coast of
Tohoku Earthquake, we find that its source region covers some major asperities
(M 7 � 8) which overlap or neighbour each other. Unfortunately, it is well-known
that pre-seismic change such as crustal deformation and seismicity has not been
observed significantly. These observational results may suggest that the 2011 off
the Pacific Coast of Tohoku Earthquake is composed of several asperities which
behave as the “model of slip proportional to fault size” as mentioned above. In
other words, pre-seismic change of the 2011 off the Pacific Coast of Tohoku
Earthquake may be as small as M 7 class earthquakes as observed for the 1968
Tokachi-oki earthquake [15]. In off Kanto and Boso, southward of the 2011 off
the Pacific Coast of Tohoku Earthquake, there are several major source regions
including the 1923 great Kanto earthquake (M 7:9) and the 1953 off Boso peninsula
earthquake (M 7:4) which generated large tsunami. Since both the earthquakes
are far away from the source region of the 2011 off the Pacific Coast of Tohoku
Earthquake, both the southward major earthquake may behave as the “characteristic
slip model”. This suggests that their pre-seismic changes may be amplified so as to
be detected by oceanfloor observations such as acoustic GPS [16] and/or repeating
earthquakes[36].
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Fig. 6 Map of major asperities around Japan. Black curves are plate boundaries [24]. Orange
contours represent co-seismic slip of the 2011 off the Pacific Coast of Tohoku Earthquake [11]
as interval of 4 m. Yellow ellipses are the estimated source regions of past megathrust earth-
quakes (excluding outer-rise earthquakes) around the 2011 off the Pacific Coast of Tohoku
Earthquake [34]. Pink regions from east to west along Nankai trough represent the seismogenic
zones of Tokai, Tonankai, Nankai and Hyuganada earthquakes [35]. Purple filled circles and open
rectangle regions represent observation points of DONET 1 and regions of DONET 2 and 3,
respectively. This figure is modified from Ariyoshi and Kaneda [3]

Therefore, what we have to do is to develop:

• 3-D subduction plate model from geological surveys.
• Friction law based on rock laboratory experiments.
• Large-scale numerical simulations to combine above results.

These studies would determine the type of coupled earthquakes (slip proportional
to fault size or characteristic slip) for major megathrust earthquakes including the
2011 Tohoku Earthquake.
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Fig. 7 An overview of Dense Oceanfloor Network System for Earthquakes and Tsunamis
(DONET) in Tonankai region (DONET 1 in Fig. 8). This figure is modified from Ariyoshi and
Kaneda [4]

4 Future Megathrust Earthquakes Around Japan

On the megathrust earthquakes along the Nankai Trough, it is thought that Tokai,
Tonankai and Nankai earthquakes may occur in the near future and some researchers
have pointed out that Hyuga-nada earthquake may be triggered by the M 9 class
coupled earthquakes composed of the three megathrust earthquakes [10]. However,
size of asperities composing the possible M 9 class coupled earthquakes along the
Nankai Trough is significantly larger than that of the 2011 off the Pacific Coast
of Tohoku Earthquake which may be composed of M 7 class as shown in Fig. 6.
This suggests that pre-seismic change of the possible M 9 class coupled megathrust
earthquakes along the Nankai Trough may be larger and is expected to be as large
as the 1944 Tokai earthquake with detectable pre-seismic change reported by some
researchers [20, 30]. Therefore, real-time monitoring of crustal deformation and
seismicity is essential for us to detect the pre-seismic change in advance.

Figure 7 shows an overview of Dense Oceanfloor Network System for Earth-
quakes and Tsunamis (DONET) toward an anticipated Tonankai Earthquake. All of
the twenty sets of preliminary interface have been installed just on July 31, 2011 and
are to be prepared in consideration of the improvement of observation capability in
the future.
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Figure 8 shows examples of simulation results around Tonankai region, which
suggests that monitoring the shallower part of slow earthquakes may be effective
on the ground that it is more sensitive to the preseismic change of the megathrust
earthquake because of free surface condition. In order to detect the preseismic slip of
the next Tonankai earthquake in the near future, DONET would play an important
role in monitoring shallower part of slow earthquake migration from the view of
shortening recurrence interval and increasing migration speed.

We must develop and expand DONET not only in nationwide (DONET 2, 3 to
be installed) but also worldwide of major subduction zones in order to mitigate the
catastrophic disasters due to coupled megathrust earthquakes.
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