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A scenario for the generation process of the 2011 Tohoku earthquake based on
dynamic rupture simulation: role of stress concentration and thermal fluid
pressurization
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We perform dynamic rupture simulations to improve understanding of the generation process of the 2011 Tohoku
earthquake. We assume a dynamic weakening mechanism (dynamic thermal pressurization of pore fluid, hereinafter
called TP) on the fault plane to represent nonlinear weakening friction, and take into account the shear stress
changes before the Tohoku earthquake, due to the four M7-class earthquakes that occurred during 2003-2011. To
constrain the dynamic rupture simulation, the moment release rate obtained by seismic slip inversions is referred.
The simulation result implies the following things about the 2011 Tohoku earthquake. (1) The rupture around the
hypocenter was enhanced by the stress accumulation due to the preceding M7-class earthquakes. (2) The enhanced
rupture triggered the TP mechanism in the near-trench area to cause large slip, which promoted propagation of the
rupture over a wide region including the source areas of the M7-class earthquakes and surrounding conditionally
stable areas. (3) Without sufficient stress accumulation, the moment release of the Tohoku earthquake ended as
an M8-class earthquake. (4) TP in the near-trench area should be effective but moderate. The occurrence time of
the next megaquake would be strongly affected by the nonlinear effects of TP and the stress conditions. Thus our
model may contradict the concept of the (quasi-)cyclic occurrence of M9 earthquakes.

Key words: 2011 Tohoku earthquake, Stress accumulation, Thermal fluid pressurization, Moment-rate function

1. Introduction scenarios are only applicable in the region deeper than the
A giant earthquake, the 2011 off the Pacific Coast of Thypocenter of the 2011 Tohoku earthquake and conditions in
hoku earthquake (hereafter called the Tohoku earthquatted shallower part have not been well resolved because of the
occurred at the subduction plate boundary east of northpower lack of on-land GPS stations to constrain near-trench
Honshu on March 11, 2011. Its magnitude, Mw9.0, watip (Loveless and Meade, 2011) and the absence of small
far larger than the previous M7-class earthquakes in the mepeating earthquakes near the trench.
gion (Yamanaka and Kikuchi, 2004; Uchida and Matsuzawa,Based on such observations, several studies have already
2011). Such a giant event had not previously been reportddcussed the generation mechanism of the Tohoku earth-
with the exception of geological studies of tsunami deposgsake in terms of earthquake cyclicity (Mitsui and lio,
(e.g., Minoura et al., 2001). 2011; Kato and Yoshida, 2011; Hori and Miyazaki, 2011;
Several GPS inversion studies using an on-land GPS rigtibazaki et al., 2011; Ohtani et al., 2011; Mitsui et al.,
work (e.g. Ito et al., 2000; Nishimura et al., 2004; Suwa 2012). However, these studies did not properly consider the
al., 2006; Hashimoto et al., 2009) proposed that the soudymamic rupture process of the 2011 Tohoku earthquake. In
region of the 2011 Tohoku earthquake had been lockaddition, note that (quasi-)cyclic occurrence of megaquakes
(clearly slower slip rate on the plate interface than the plasenot guaranteed in this region. Clear evidence of previous
convergence rate) in aggregate, at least prior to 2003, wid® earthquakes in this region has not been found; a geologi-
an M7-class earthquake occurred in this region. Studiescaf study of tsunami deposits (Minoura et al., 2001) proposed
small repeating earthquakes (Uchida et al., 2006; Uchida dhdt the 869 Jogan tsunami was caused by an M8.3 earth-
Matsuzawa, 2011) also implied a locked fault. Moreoveguake, probably smaller than the M9 Tohoku earthquake.
Yamanaka and Kikuchi (2004) mentioned that the M7-clastany tensile cracks at the ocean bottom around the trench
earthquakes in this region did not fully release the accunwere induced by the Tohoku earthquake (Tsuiji et al., 2011),
lated slip due to the plate convergence. Mitsui and lio (20140t no evidence has been found of similar cracks induced by
suggested that locked conditions had continued until the agrevious megaquake.
currence of the Tohoku earthquake except in the areas ofhe rupture process of the Tohoku earthquake has also
the M7-class earthquakes and their afterslip. However, suien investigated by many researchers. We now have a qual-
itative common image of the rupture process, although the
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ble scenario for the 2011 Tohoku earthquake and return to
the initial questions of why the M9 earthquake occurred on
March 11, 2011, and why the previous earthquakes did not
grow to the same extent.

Here, we show a dynamic rupture simulation with TP
considering the stress accumulation before the 2011 Tohoku
earthquake. To constrain many constitutive parameters, we
refer to moment-rate functions of a seismic inversion study
(Yoshida et al., 2011), which separately analyzed teleseis-
mic waves and strong motion waves. After constructing the
simulation model, we further examine the effects of stress
changes due to the M7-class earthquakes and discuss a pos-

(discussion) sible scenario for the occurrence of the 2011 Tohoku earth-
guake. The flow diagram is illustrated in Figure 1.

Fig. 1. The flow diagram of this study. We construct a dynamic rupture
mo?r:el, bi\sed gn an esttime;tic:(n oft_the sft:ﬁssTc?]arllges btﬁforekthg To@_ku Model and method
earthquake and moment-rate function of the Tohoku earthquake in preyi;
ous studies (lio and Matsuzawa, in press; Yoshida et al., 2011). ThenP%\/Ig' . Fault model
discuss a possible scenario for the occurrence of the Tohoku earthquakd-igure 2 shows the shear stress changes due to the four

M7-class earthquakes (Fukushima-oki on October 31, 2003;

Miyagi-oki on August 16, 2005; Fukushima-oki on July 19,

2008; Miyagi-oki on March 9, 2011) and their afterslip (lio
earthquake (Chu et al., 2011), but it eventually propagatgdy)., 2011; lio and Matsuzawa, in press). The Fukushima-
through a wide region of the subduction plate boundary eggf earthquake on October 31, 2003, had ruptured the area
of northern Honshu. In many studies, the area of largest s|ipiwvhich the hypocenter of the M9 earthquake was located
which is as much as 50 m or more, was located to the eas(‘f’%imanaka and Kikuchi, 2004). The afterslip area of the
the hypocenter, possibly near the Japan Trench (e.g., ltQfagi-oki earthquake on March 9, 2011, was not distin-
al.,, 2011; Fujii et al., 2011; Ide et al., 2011; Yagi and Fukguished from its coseismic slip region. Such stress hetero-
hata, 2011). The slip around the hypocenter amounts togeities induced by coseismic and postseismic slip of the
m or more (e.g., Yoshida et al., 2011; Yagi and Fukahaj@y_class earthquakes might be compensated for by long-
2011), far greater than that of recent M7-class earthquakggn aseismic sliding on the plate interface. In this study,
in this region. we assume that the stress fluctuations due to the M7-class

In this paper, we consider why the Tohoku earthquakgthquakes from 2003 remained until 2011.
became a giant event and, in parallel, why previous earth-

quakes did not grow to the same extent. In terms of me-
chanics, we note that significant changes in the stress fie
due to the four M7-class earthquakes and their afterslip b ;
fore the 2011 Tohoku earthquake (Fukushima-oki on Octc 4o0 | S
ber 31, 2003; Miyagi-oki on August 16, 2005; Fukushima: 4 3
oki on July 19, 2008; and Miyagi-oki on March 9, 2011) ) )
caused stress accumulation around the hypocenter of the M'sgen| |
Tohoku earthquake (lio et al., 2011; lio and Matsuzawa, il
press). This stress concentration is likely to have affecte /
rupture growth in the Tohoku earthquake, especially for th 38°N
eastward rupture. In addition to this, many seismic inversio
results (e.g., Ide et al., 2011, Yagi and Fukahata, 2011) su
gest that seismic slip was drastically increased after the &
rival of the rupture in the near-trench area. The large slip i {

the near-trench area seems to have resulted in large horiz( sg-n 2

tal extensional deformation within the overlying plate (Katc 140°E 141°E 142°E 143°E 144°E 145°E
et al., 2011). We adopt a hypothesis that dynamically the.

mal pressurization of pore fluid (hereinafter called TP) in the

fault zone played a key role in the release of stress (Mitsui':éﬁ- 2. S_hear stress changes dug to _four_ M7-class earthquakes (Fuku_shi-
al 2012) ma-Oki on October 31, 2003; Miyagi-Oki on August 16, 2005; Fukushi-
? ) . ma-Oki on July 19, 2008; and Miyagi-Oki on March 9, 2011) and their
To evaluate the effects of stress accumulation and TRersiip (iio et al., 2011; lio and Matsuzawa, in press). The 2003 earth-
guantitatively, we must use a three-dimensional mechaniguake corresponds to the area of number 1, the 2005 earthquake cor-

cal model for elastodynam|c rupture propaga“on on a fau|fesponds to number 2 (coseismic slip) and 2’ (afterslip), the 2008 earth-

. . . quake corresponds to number 3 (coseismic slip) and 3’ (afterslip), and the
where friction changes with Sllp and poré pressure eVOIUZOll earthquake on March 9 corresponds to number 4. The hypocenter of

tion. This experiment leads to better understanding of thene 2011 Tohoku earthquake on March 11, located at’38.142.86 E
processes of the M9 earthquake occurrence. Using the cordetermined by JMA) within the area of number 1, and is shown by the

structed simulation model, we are able to examine a possia"

Shear stress change
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Distance along dip [km] as follows: the Poisson’s ratio is 0.25, the S-wave velocity
¢s is 3.3 km/s, and the rigidity= is 30.5 GPa. Fault mo-
tion at each cell is controlled by the difference between load-
ing stressr;, and frictional strengtir;,, obeying the equa-

80 tion of motion for a three-dimensional homogeneous elastic
body. 7;, at each point changes due to slip at other points. In
the conventional treatment, slipping points are distinguished
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s sl e from sticking points. Whem;,, < 7, the slip velocityv is

;”D ,,‘l e fixed to be zero (sticking) and the shear stregsis fixed to

s 0 ] - (d) (o) | (D) be equal tay,,. Oncer;, tends to exceed, the slip velocity

= L (e) A v takes a positive value ang,, is equal tors,. As an initial

8 a5 e condition on each fault celk,, = r is set a priori. The

= T distribution of r* used in the simulation is explained in the

7 T next subsection. To reduce computational costs, we fix the

'5 (®) ] -80 slip vector perpendicularly to the trench, because seismic in-
100 | 4 version studies show that the Tohoku earthquake is basically

Trench a pure dip-slip event (e.g., Yagi and Fukahata, 2011).

B (@ Radius 12km. [ (b) Width 15km. We assume that the Coulomb friction, = u(o — p)

on the fault, whereu is frictional coefficient,s is normal

Fig. 3. The conceptual model fault for Model-1 and Model-2, divideﬁtress’ ang is p‘?re f_IUId pressure, eVO|V_eS fO||OWIﬂg_ t\_NO
into seven areas, (a)-(g). The earthquake rupture starts from areaRipcesses. One is slip-dependent evolution of the frictional
We assume different initial stress for areas (b) and (c) following tfm)efficientu = uy+F(D), Whereuy represents the normal-
estimation of the stress accumulation around the hypocenter (Figureizéd static strength and is the Slip amount.F(D) repre-

TP operates in both areas (b) and (c). With respect to near-trench areas, . . . . .

(d)-(f), area (d) is set as a stress-accumulated region, and area (ﬁ%"ts linear SIlp-Weakenmg, S|mply glven(byf_'“y)D/Dc

assumed to be a region with efficient TP to release large seismic momédien D < D., and byus — u, whenD > D, (Andrews,
1976a; Andrews, 1976b)D.. is 3 m in this study. Note that

the linear slip-weakening model is an idealization of many

The shear stress on the plate interface were influencedetimentary physical processes (Andrews, 1976a), and may
the order of MPa by the M7-class earthquakes. In partidie too simple, as discussed in the literature (see the review
lar, we should note the increase in shear stress aroundndizzarri (2011a)). The other is thermal pressurization of
hypocenter of the Tohoku earthquake in four directions (Figere fluid (TP) via frictional heating, heat flow, and fluid
ure 2). Such a situation had not been experienced in the t@w, i.e., the law of energy conservation, the Fourier law,
vious 100 years, although stress accumulation in two dirdee law of mass conservation, and the Darcy law (Sibson,
tions occurred in the early 1980's in relation to two M7-clase73; Lachenbruch, 1980; Mase and Smith, 1987; Bizzarri
earthquakes (Miyagi-oki on June 12, 1978; Miyagi-oki oand Cocco, 2006). The latter process does not have a charac-
January 19, 1981). The four-direction stress increase is likéyistic slip distancé.. and a priori stress drop value, leading
to be associated with the M9 Tohoku earthquake. to continuous decrease of frictian, with slip D (Lachen-

Based on the above estimation, first we simply model tReuch, 1980; Abercrombie and Rice, 2005).
fault geometry of the 2011 Tohoku earthquake, including theTP is composed of frictional heating, thermal diffusion,
source areas of the recent M7-class earthquakes and thed fluid diffusion. In general, frictional heating with fault
afterslip, as shown in Figure 3. The coordinate origin 6fip is accompanied by thermal diffusion and fluid diffusion.
the model fault corresponds to the epicenter of the 20%ince fluid diffusion parameters such as permeability vary
Tohoku earthquake, located at 38\l 142.88E (the value by several orders of magnitude on faults (e.g., Tsutsumi et
determined by JMA). The model fault is divided into seved., 2004), the effectiveness of TP is considered to be con-
areas, (a)-(g). The earthquake rupture starts from area (ajrolled mainly by fluid diffusion parameters (e.g., Lachen-

The size of this simplified fault is almost half of the addruch, 1980). We need a suitable model for TP that can
tually ruptured fault. In particular, the southern edge of tfigoperly evaluate the above factors. The TP model in this
simplified fault corresponds to the introduction of an artifstudy follows Bizzarri and Cocco (2006). Hereinafter, we
cial boundary. However, the simplified fault seems sufficieagsume finite and constant thickness of the slip zonger-
to model the important features of the earthquake occurreffeet conversion of internal energy into frictional heating, and
because a large portion of the coseismic moment releas@fnisotropic surrounding medium with a constant porosity.
the Tohoku earthquake was concentrated on the northern i pore pressurgat timet at a friction surface (the center
of the ruptured fault (e.g., Yoshida et al., 2011). We first ugéthe slip zone) is given by
this simplified fault model to construct a basic scenario, and
then set a larger fault to perform more realistic calculation
(in App(_engllx). At X w
2.2 Frictional system and parameters p(t) =po+ — / dt {— erf( )

For dynamic rupture simulations, we use a boundary inte- wJo wmX 4y/x(t =1)
gral equation method in the frequency domain (Geubelle and + w erf( w )]

Rice, 1995; Day et al., 2005). The bulk elastic properties are w— X 4/w(t —t)




4 Y. MITSUI ET AL. (LAYOUT BY 1ST AUTHOR)

(i) (ii)

Normalized shear stress Normalized shear stress
100 0.62 100 0.62

t t

= =

o 50 o 50

= 0.58 = 0.58

[2] w

o o

§ © § ©

@ @

c 0.54 c 0.54

2 50 2 50

(2} w

(o] (o]

o o

-100 0.5 -100 0.5
-100 -50 0 50 100 -100 -50 0 50 100

Position along dip [km] Position along dip [km]

Fig. 4. Initial conditions of the normalized shear stredg(c — po) for Model-1 and Model-2. Model-2 reflects only the northern and western parts of
the stress concentration in Model-1, which simulates the conditions just after two M7-class earthquakes off Miyagi (on June 12, 1978 and January 19,
1) and the M9 earthquake in 2011, a nonlinear mechanism of

1981).
: (ﬂ(o - p)v)
frictional weakening might play an important role in rupture

wherep, is a basal value of pore pressugeis the temper- propagation in these areas. Thus, we assume effective TP in
ature diffusivity, w is the hydraulic diffusivity , and4 is a areas (b) and (c).
material parameter that incorporates the parameters of fluidin determining the frictional properties in areas (d)-(f), we
thermal expansivity, fluid pressure compressibility, bulk depan not refer to previous M7-class earthquakes. We are also
sity, and specific heat. unable to consult interseismic slip behavior because of the

The basal effective normal stress— p, is assumed to power lack of on-land GPS stations to constrain slip behavior
be 40 MPa over the whole fault. This assumption is based the plate interface (Loveless and Meade, 2011). The con-
on a weak fault hypothesis at the subduction plate interfagteaint on these areas is the coseismic moment release for the
(e.g., Seno, 2009). The actual plate interface would hav&ahoku earthquake, estimated from slip inversions. Among
more complex distribution of basal effective normal stressteas (d)-(f), area (d) is a stress accumulated region like area
In fact, a recent study (Zhao et al., 2011) revealed that {th§. We assume that TP operates effectively in area (f) to
ruptured region in the Tohoku earthquake is inhomogene@asise extremely large slip after the rupture reaches there.
by seismic wave tomography (materials in the area subjectettor area (g), we set the initial stress to be the same
to large coseismic slip in the Tohoku earthquake is relativedg the residual strength;(c — py). This assumption is
stiff compared with the northern and southern area). not peculiar since the source areas of the recent M7-class

We setw = 0.04 m andy = 1.1 x 1075 m?/s as typical earthquakes must have had low stress and static strength.
values for rocks (e.g., Noda and Shimamoto, 2005; Tanak#e assumption of the same level of/ (¢ — po) and iy
et al., 2007). We further assurde= 0.036, which is on the also corresponds to conditional stability in terms of a rate-
small side as a typical value, leading to weaker effects of HAd state-dependent friction (Ruina, 1983; Boatwright and
The reason we assume weak TP will be described in a la@#&cco, 1996), which might be adequate for the non-source
section. areas of the M7-class earthquakes (Mitsui and lio, 2011).
2.3 Calculation set-ups

Figure 3 shows the fault model used in the numerical sim-

ulation. We first describe conditions of the fault parameters A N
. . . . Table 1. The parameter distributions: the normalized initial shear stress
in constructing the rupture simulation model.

! T 7t/(c — po), the normalized static strength;, the normalized residual
In area (a) for rupture nucleation, the initial shear stresstrengthu, and the hydraulic diffusivityw. Area (s) is set only for

7' must slightly exceed the static strength(c — po) to ~ Model-3.
start dynamic rupture. The shape, size, and stress drop value
for area (a) are set to enable outward rupture propagation

caused the differences between the M7 earthquake in 2003

t

Area 7'/(oc—po) py py  w[m’s]

(energy release rate at the tip of area (a) must reach local @ 0-57 0.57 032 i

fracture energy) (b) 0.605 0.65 057 7.610°3
' —3

We assume identical frictional properties but different ini- ©) 0.57 065 057 7.6:10

tial stress for areas (b) and (c) following the estimation of the (d) 0615  0.65 0645 -

stress accumulation around the hypocenter (Figure 2). We (e) 0.58 0.65 0.645 -

set a shear stress increase of 1.4 MPa in area (b) and no in- ) 0.58 0.65 0.645 4.% 107*

crease in area (c). Areas (b) and (c) roughly correspond to (9) 0.54 0.56 0.54 -

the ruptured area of the M7-class earthquake on October 31, (s) 0.605 0.65 0.52 .
2003 (ERI, 2003). Although we do not fully understand what
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Fig. 5. The evolution of coseismic slip for Model-1. Note that the color scale in each figure is not the same. (i) Snapshot at 10 s after the rupture start. (ii)
At 20 s. (i) At 30 s. (iv) At 40 s. (v) At 50 s. (vi) Final slip distribution.

The boundary conditions at the edges of the model fairitegral equation method in the frequency domain leads to
are fixed ends, except at the east edge. For the east edgpetimdic conditions in the actual calculation field, the model
represent the effect of the free surface at the Japan Trerahlt must be sufficiently smaller than the calculation field.
we assume a free end condition by using a mirror methdbe fault plane is divided into equal-sized celiskm x
about the displacement vector to vanish strain. 1 km). The numerical time step is set ol km divided

After much trial and error to assimilate the moment releakg the P-wave velocity. Using these values and the model
rate in the seismic inversion (Yoshida et al., 2011) under tharameters, we check the values of critical numerical cell
above-mentioned constraints, a set of frictional parametsizes that are determined by elastic stiffness and gradient of
in the model fault (Figure 3) are chosen as to be Modelthe slip-weakening curve for each cell. A critical cell size
The parameters for Model-1 is shown in Table 1. for discretizationAz* for the linear slip-weakening friction

Next, we use another parameter set for Model-2, to eva-given (Bizzarri and Cocco, 2005) by
uate the effects of the initial stress. Model-1 and Model-2
have the same frictional properties, including hydraulic pa- Az* — GAzD. 2)
rameters, but they have different initial conditions in terms s At(py — pg)(o — po)

of normalized shear stres$/(o — po) as illustrated in Fig- whereAx is the numerical cell size anfit is the numerical
ure 4. Model-2 reflects only the northern and western patitse step. This critical value is related to the CFL condi-
of the stress concentration in Model-1. This model roughlipn (Fukuyama and Madariaga, 1998; Bizzarri and Cocco,
simulates the conditions after the two M7-class earthqual®®5). We confirm that the minimal value Afz* is around
occurred off Miyagi on June 12, 1978, and January 19, 198%0 km, which is two-orders larger thafiz. This fact en-

although the stress accumulation in the northern part dussi@es numerical stabilities for the linear slip-weakening part.
the 1981 earthquake was probably smaller than that due to

the March 9, 2011, earthquake because of the smaller f&ilt Results

slip in the 1981 earthquake (Yamanaka and Kikuchi, 2004). Figure 5 illustrates the evolution of coseismic slip for
To solve the nonlinear equation system, we first useModel-1.  The earthquake first ruptures in the near-

second-order Runge-Kutta algorithm to obtain evolution othypocenter area over 30 s with large slip on the order of

andr;, and obtain a value fgs from Equation (1). Then, in 15 m. Then the eastward slow rupture reaches area (f) and

the next time step, using the obtained values, all of the var&uses extremely large slip near the trench, as a result of ef-

ables are calculated again. The calculation process contirficient TP. The large slip in area (f) leads to the propagation

until the halt of seismic slip in the whole model region.  of the second rupture over the fault. The propagation of the
The actual calculation field is more than ten times largeecond rupture is fast in the previously ruptured area.

than the model fault shown in Figure 3. Since the boundaryFigure 6 exhibits the calculated final slip distribution and

moment release rate in comparison with the moment-rate
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143.86°E (the value determined by JMA).
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Fig. 7. (i) Locations of point 1 (P1) and point 2 (P2) on the fault. (ii) Evolution of the slip velacdpd the effective normal stress— p at P1 and P2.
(iii) Evolution of the frictional strengthr;;, the loading stress;,, and the shear stresg;, at P2.

function obtained by the slip inversion analyses of teleseéed in the following model with a larger fault (Model-3 de-
mic and strong-motion data (Yoshida et al., 2011). Durirsgribed in Appendix). Afterwards, the effective TP near the
the initial 10 s, the calculation does not well reproduce thrench causes a drastic moment release, although it does not
inversion results. The difference derives from the choicgst reach the inversion results. The final moment magnitude
of the parameters for the initial nucleation, e.g., nucleati®®g.9 in Model-1.

size, stress drop, and characteristic slip-weakening distanc@/e further focus on local evolution of slip velocity and
D.. We possibly need to take into account smaller-scale h&tress on the fault. Figure 7(i) shows the locations of targeted
erogeneity (Aochi and Ide, 2004) in our rupture simulatigroints, P1 in area (c) and P2 in area (f). The evolution of the
of the initial part. The calculation result well traces the irslip velocityv and the effective normal stress- p at P1 and
version in the following 10-30 s, which corresponds to the2 are presented in Figure 7(ii). When the slip velogibas
seismic slip around the hypocenter. During the period 30-d%ositive value, the effective normal stress- p decreases

s, the calculated moment release rate falls below the invde to the TP effect. After the finish of slip, the effective
sion results. It may imply the existence of another slip patolbrmal stress tends to be rapidly restored via fluid diffusion.
located in a deeper region (e.g., Ide et al., 2011; linuma efigure 7(iii) presents the evolution of the frictional
al., 2011; Meng et al., 2011), part of which will be considstrengthr;,, the loading stress;,, and the shear stresg,
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3e+22 tion decays around 50 s, which exhibit a clear contrast to the
Model-1 = | Model-1. Figure 10 illustrates the evolution of the slip veloc-
Time step double — ity and effective normal stress at P1 around the hypocenter
(see Figure 7(i)) to show the difference between Model-1 and
Model-2. In the case of Model-2, the slip velocity is totally
slower and the effective normal stress during the slip is larger
than in Model-1. The final moment magnitude for Model-2

is 8.2. This means that the M9 earthquake ends up as an
M8-class earthquake without sufficient stress concentration.
The stress changes via the recent four M7-class earthquakes
seem to have played an essential role in the occurrence of the
00 20 40 60 80 100 120 2011 Tohoku earthquake.

2e+22

1e+22

Moment release [Nm]

Ti . .
ime [s] 4. Discussion

Fig. 8. Verification of numerical accuracy: moment release in case‘})'fl Role of Qynamlc Weak.enmg . .

Model-1 and the model with doubled time .step. By comparing Model-1 with Model-2, we illuminated the
notable role of the initial stress conditions on the growth of
earthquakes (M8-class or M9-class), in which triggering the
extremely large slip owing to TP holds the key. Parametric

at P2; the meanings of the parameters were described ingkperiments with a simpler setting of the model fault (Fuka-
previous section 2.2. At the moment whepy = 7, ex- hata et al., in press) also show that the stress field before
ceedsrys, the fault starts to slip. During the fault slip,;, is  the earthquake controls the rupture propagation in the area
equal tory,. For instance, to discuss stress histories on thetween the hypocenter and the trench. It should be noted
fault, we should refer to the values of;,. The simulation that the four-direction stress accumulation occurred before
result in Figure 7(iii) shows a local dynamic undershag} ( the Tohoku earthquake, whereas only the two-direction, or
increases after the finish of fault slip). This tendency camaller stress increase, had occurred by the previous M7-
responds to an earlier result presented by Mitsui and Hiddass earthquakes at least in recent one hundred years. This
hara (2009), although their fault model with one-degree-aftudy suggests that a rare condition of the stress field as well
freedom was rather simple than that in this study. (Note ttzet TP near the trench may be necessary to the occurrence of
the definitions of the parameters are confusing.end “r;” M9 earthquakes in this region. The hydraulic parameters for
in Mitsui and Hirahara (2009) respectively correspond;to TP may also change in time. Acute sensitivity to initial stress
andy, in this study. Since the fault system with the ratesonditions prescribed by local seismic activities and change-
and state-dependent friction of Mitsui and Hirahara (2008ble TP parameters arouse a question about the concept of
does not stop slipping;s does not appear explicitly in their(quasi-)cyclic occurrences of M9 earthquakes, as discussed
system.) in Yagi and Fukahata (2011).

The equation system in our calculation includes the tem-The dynamic-weakening hypothesis is further reinforced
poral convolution with respect to the dynamic elastic interalsy observations of many normal-fault-type aftershocks (e.g.,
tion (Day et al., 2005), and the temperature and pore pressisano et al., 2011), which imply that the absolute stress in
evolution (Equation (1)). Because of the limitation of conthis region was almost completely released by the Tohoku
puter memory, we cannot store all the computed data. Téathquake (e.g., Hasegawa et al., 2011). Itis notable that the
simulation result generally depends on the numerical tirfeault-slip models utilizing the rate- and state-dependent fric-
step, but, we do not have analytical solutions to assesstiba law (e.g., Hori and Miyazaki, 2011; Kato and Yoshida,
accuracy for the non-linear friction evolution of TP. So, t8011) do not explain such phenomena, since they do not
check the computed results, we perform a simulation withclude the effects of absolute stress level. TP is proba-
the same setting as in Model-1 but the length of time stepbly a dominant physical mechanism of dynamic weakening
doubled. In Figure 8, we compare the moment release calcatsing the release of absolute stress in such a wide region,
lated with the original time step (thick line) and the doublesince frictional melting, which is another popular dynamic-
length time step (thin line). The moment release curves areakening mechanism, may act as an opposite dynamic-
similar, although there is a slight difference especially dwstrengthening mechanism due to viscous braking in shallow
ing the rupture period in the near-trench TP region. The firaines (e.g., Otsuki et al., 2003; Ujiie et al., 2009).
moments are also almost the same. This result indicates that the extremely large slip of the Tohoku earthquake in the
our calculations have sufficient numerical accuracy to allskallow part is associated with dynamic fault weakening, as
us to discuss the rupture process. demonstrated in this study, strongly locked area during inter-

In order to investigate the effects of the stress accumusaismic periods is not necessarily needed for the occurrence
tion caused by the M7-class earthquakes, we then set Modélmegaquakes. In fact, an observation study (Tohoku uni-
2 that only considers the northern and western parts of thesity, 2010) suggested occurrence of a slow earthquake in
stress concentration in Model-1 (Figure 4). 2008, whose source region was located within the large slip

Figure 9 shows the final slip distribution and the momerdrea of the Tohoku earthquake. This finding may indicate
rate function for Model-2. Since the seismic rupture doésat the fault in the whole shallow part had not been strongly
not reach the near-trench TP region, the moment-rate fulozked in an interseismic phase.
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Fig. 9. Calculated final slip distribution for Model-2 and moment release rate for Model-2 in comparison with Model-1.

4.2 Effective but moderate TP numerical studies (e.g., Suzuki and Yamashita, 2007; Mit-
As written in section 2.2, we set = 0.036 as a parametersui and Cocco, 2010; Bizzarri, 2012) have mentioned, pore
for TP, which is on the small side within the typical ranggressure decrease owing to pore dilatation could counteract
because effective but moderate TP is needed to assimilEeefficiently. In this context, one study (Mitsui and Cocco,
the moment release rate in the seismic inversions. If the 20§10) proposed that more frictionally unstable systems lead
fect of TP is stronger, the moment release in the near-tretohmore effective counteraction of porosity evolution to the
region grows too fast. Small is not the only way to re- TP effect. This result corresponds to our assumption of the
strain the TP effect in numerical calculations: Primarily, thexistence of the interseismically stable (not strongly locked)
specific amount of the moment release depends on theragion near the trench, part of which is the TP region. How-
sumed area for TP; there is a trade-off between the degeger, since the restraining effect strongly depends on the con-
of TP and the dimensions of the TP region. The degreestitutive law of porosity evolution, this issue is still under de-
TP also depends on the absolute stress level, for instat@te. More experimental support, such as that provided by
the basal effective normal stress— pg. Next, as several Tanikawa et al. (2010), is necessary to clarify this problem.
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Lastly, the effect of off-fault plastic yielding can restrain the
dynamic-weakening effect (e.g., Andrews, 2005; Dunham et
al., 2011). By contrast, the effect of material contrast across
the fault (e.g., Ben-Zion, 2001; Ma and Beroza, 2008) may
not counteract the dynamic-weakening effect in this case,
since a hanging wall in a subduction fault is considered to
be more compliant than a footwall.

Of course, the results in this study also depend on the evo-
lution of the frictional coefficient. The linear slip-weakening
law assumed in this study might be responsible for the mod-
erate TP hypothesis. For example, we found that the tem-
perature on the model fault could exceed a typical melting
temperature (120@) transiently, although the amount of the
temperature increase strongly depends on the assumed abso-
lute stress level. The melting of rock leads to viscous rhe-
ology, not the Coulomb friction (e.g., Nielsen et al., 2008;
Bizzarri, 2011b). Such complicated rheology should be im-
plemented to represent actual fault behavior more precisely.

5. Conclusion
We constructed a fault model for the dynamic rupture sim-

Fig. 10. Evolution of the slip velocity and the effective normal stressy|ation of the 2011 Tohoku earthquake_ The model included
o — patPl (see Figure 7()) for Model-1 and Model-2. the dynamic weakening mechanism of TP. It also reflected
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Based on the model, we succeeded in simulating the rypzs (Wessel and Smith, 1995) to draw figures

ture process of the Tohoku earthquake to some extent by as-
similating the moment-rate function in the seismic slip irb\ endix A. Model-3 (larger fault model)
versions and proposed a possible scenario for its generaticgJ odel-1 a'nd Model-2 were based on a simplified con-
process, as follows. The rupture around the hypocenter WAS: al fault model (Figure 3). As shown in Figure 2, the
enhanced by the stress accumulation due to the four M7-class_ = < oo changes due to the previous M7-class, earth-
earthquakes. The enhanced rupture triggered the TP me {Rkes were more complex than those included in Model-1
nism in the near-trench area resulting in extremely large sl d Model-2. Furthermore, the actual area of the ruptured
The near—tre_nch effective TP, V.Vh'Ch sho_uild be effective B i is estimated larger than that in Model-1 and Model-2
moderate, did not operate during the initial 40 s. The ru 500km quadrate), especially toward the south (e.g., Honda

ture was further promoted by the near-trench TP to pro Q'al., 2011; Yao et al., 2011). Indeed, the rupture in Model-1

gate across a wide region, including the source areas of Festrained by the artificial fault boundaries. We thus con-

) . [
M7-class earthquakes and a surrounding conditionally s Fuct more “realistic” models with a larger fault
elEigure 11 shows the larger fault modéb() km x 400

ble area. If the stress concentration around the hypocent
was insufficient, the Tohoku earthquake could end as an Mg _where areas (d), (), and (g) are enlarged, but the pa-
class earthquake. The TP effect around the hypocenter %eféeters for the frictional properties in areas (a)-(g) (Ta-
might play a major role in this process. The nonlinear effec& 1) remain unchanged from Model-1. Furthermore, area
of TP and the stress conditions on the earthquake magnitgeis added to represent the zones of increased stréss due
would heavily fluctuate the occurrence time of the followin

| thauakes. Th del implies that th the M7-class earthquakes (see Figure 2). Area (s) has
arge eartnquakes. 1nhus our model iImplies that the Concﬁ%ther static strength than area (g), because coseismic and
of (quasi-)cyclic earthquake occurrences may not be ap%

bstseismic slip of the M7-class earthquakes were arrested
in area (s). We thus set the normalized initial shear stress
7' /(¢ — po) = 0.605, the normalized static strength, =
0.65 and the normalized residual strength = 0.52.
Figure 12 presents the calculation results for Model-3.
Distance along dip [km] The calculated moment release rate corresponds better to the
150 100 75 -45 0 2540 65 100 inversion values, by enlarging the model fault. The final mo-
100 — ‘ ‘ ment magnitude is 9.0. The seismic rupture does not reach
80 the southern end of the fault (around°8blatitude), but the
slip amount in the southern part is not so small (e.g., ap-
proximately 10 m at 37N, 142E) compared with previous
(b)y T M7-class earthquakes.
) ) | @ In light of earthquake scaling, we checked the radiation
efficiency, which is defined as the radiation energy from the
whole fault divided by the seismic moment. The radiation
° d efficiency is almost9 x 10~°. This value is within the
80 range of an earthquake scaling that is valid over 17 orders
of seismic moment (Ide and Beroza (2001)).
Model-3 is more realistic than Model-1. However, in
"o e 135 terms of the scenario for the occurrence of the Tohoku earth-
150 guake, Model-1 is sufficient to represent the key points (im-
@ portance of the stress concentration around the hypocenter).

cable to M9 earthquakes in this region.
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