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Abstract

A strength profile across the NE Japan interplate megathrust was constructed in the source region of the 2011

Tohoku-oki earthquake (Mw9.0) using friction, fracturing, and ductile flow data of the oceanic crustal materials

obtained from laboratory experiments. The depth-dependent changes in pressure, temperature, and pore fluid

pressure were incorporated into a model. The large tsunamigenic slips during the M9 event can be explained by a

large gradient in fault strength on the up-dip side of the M9 hypocenter, which was located 17 to 18 km beneath sea

level. A large stress drop (approximately 80 MPa) induced by the collapse of a subducted seamount possibly triggered

the M9 earthquake. In the deep (>35 km) part of the thrust fault, where M7-class Miyagi-oki earthquakes have

repeatedly occurred, plastic deformation occurs in siliceous rocks but not in gabbroic rocks. Thus, the asperity

associated with the M7-class earthquakes was most likely a gabbroic body, such as a broken seamount, surrounded by

siliceous sedimentary rocks. The conditionally stable nature of the surrounding region can be explained by the

frictional behavior of wet quartz in the brittle-ductile transition zone. In contrast to the deep M7-class asperity, the M9

asperity (i.e., a region that was strongly coupled before the M9 Tohoku-oki earthquake) extended to a large area of the

plate interface because shear strength is relatively insensitive to lithological variation at intermediate depths.

However, the along-arc extension of the M9 asperity was constrained by fluid-rich regions on the plate interface.
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Background
Before the 2011 Tohoku-oki earthquake (Mw9.0), large

earthquakes off the Pacific coast of NE Japan were thought

to occur at specific areas, named asperities, on the sub-

ducting plate interface (Yamanaka and Kikuchi 2004;

Matsuzawa et al. 2004). The term ‘asperity’ originally

refers to a real contact on a sliding surface that is strong

enough to sustain frictional stress. By analogy, seismic

asperities are defined as patchy areas on a fault sur-

face that prevent slippage during interseismic periods but

cause a large slip upon failure (Scholz 2002; Okada et al.

2005). From the viewpoint of fault mechanics, asperities

are interpreted as unstable (velocity-weakening) regions

that are associated with repeated earthquake nucleation

(Pacheco et al. 1993; Matsuzawa et al. 2004).
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In the NE Japan subduction zone, a typical asperity

was located offshore of Miyagi (the Miyagi-oki area),

where M7-class earthquakes occurred in 1936, 1978, and

2005, with a recurrence interval of approximately 37 years

(Kanamori et al. 2006; Figure 1). As the asperity was not

completely broken during the 2005 event (Okada et al.

2005), another Miyagi-oki earthquake was predicted to

occur in the near future (Iinuma et al. 2011). However,

the M9 earthquake occurred on the up-dip side of the

rupture areas of the previous M7-class Miyagi-oki earth-

quakes, where no asperities had been previously identified

during seismic and geodetic observations (Yamanaka and

Kikuchi 2004; Hashimoto et al. 2009). The slip area ini-

tially propagated trenchward and then to the deeper zones

of the thrust fault (Koketsu et al. 2011; Honda et al. 2011;

Yagi and Fukahata 2011; Yokota et al. 2011). The area out-

side of the asperity associated with the earlier M7-class

earthquakes was formerly assigned to a region of aseismic

slip (Matsuzawa et al. 2004), but this region, as well as the
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Figure 1 Index map of the Tohoku-oki subduction zone, NE

Japan. The black line shows the location of the MY102 seismic survey

line (Ito et al. 2005; Miura et al. 2005). The red star shows the epicenter

of the great 2011 Tohoku-oki earthquake (Mw9.0) on March 11, 2011,

which was determined by JMA, and green area indicates the large

coseismic slip areas of the 1978 (Mw7.4) and 2005 (Mw7.2) Miyagi-oki

earthquakes (Yamanaka and Kikuchi 2004; Okada et al. 2005). The

coseismic slip area of the 1981 (Mw7.0) earthquake (Yamanaka and

Kikuchi 2004) is outlined by a blue line. The low-V and low-VP/VS
domains observed beneath the plate interface (Matsubara and Obara

2011) are indicated by orange ellipses. Iwa, Iwate; Miy, Miyagi; Fuk,

Fukushima; Iba, Ibaraki Prefecture.

asperity itself, was ruptured during the M9 event (Iinuma

et al. 2011).

To account for the occurrence of the gigantic M9 earth-

quake on the interplatemegathrust whereM7-class events

repeatedly occur, simulation models incorporating com-

plicated interactions of asperities have been developed

based on the rate- and state-dependent friction (RSF)

law (Hori and Miyazaki 2011; Kato and Yoshida 2011;

Shibazaki et al. 2011; Mitsui et al. 2012; Noda and Lapusta

2013). The conditionally stable nature of the thrust fault

outside the M7-class asperities has been reproduced in

these numerical models. However, the large slips during

the M9 event have been explained differently within these

various models because of a lack of knowledge regard-

ing the frictional properties and state of stress at the

plate interface. This study aims to constrain the stress

states on the NE Japan interplate megathrust using a

rock-rheology-based approach. Herein, the effects of

lithology, temperature (T), and pressure (P) on the

strength of the subduction plate boundary are examined

and the differences between M7- and M9-class earth-

quake asperities are discussed.

The strength of the continental and oceanic lithospheres

has been discussed previously using the frictional law for

brittle deformation and the dislocation creep flow laws

for ductile deformation (Kohlstedt et al. 1995; Scholz

2002). This method was applied to the NE Japan sub-

duction zone by Shimamoto (1989, 1993). However, the

plate interface down to a depth of 30 km, including the

hypocenter of the gigantic 2011 earthquake, was assigned

to an a priori aseismic zone, as no distinct seismic activ-

ity had been previously identified in this region. The

present study reconstructs the strength profile across the

Tohoku-oki megathrust with special attention to the rhe-

ological properties of the oceanic crust materials, which

include siliceous and clay-rich sediments, and basic vol-

canic and plutonic rocks, which are sandwiched between

the overriding plate and the subducting slab. In subduc-

tion zones, H2O-rich fluids are continuously supplied

from the trench axis as pore water and from dehydrat-

ing zones in the subducting slab. Hence, the influence of

pore fluid pressure and the chemical effects of water were

incorporated into the present strength model.

Methods

Geophysical structures

Miura et al. (2005) and Ito et al. (2005) investigated the

velocity structure along a seismic survey line that tran-

sects the source region of the M9 Tohoku-oki earthquake

(Figure 1). Figure 2 shows a simplified structural pro-

file and interpretation of the forearc region. The upper

crust consists of accreted sediments and sedimentary

rocks including a Cretaceous-Tertiary sequence (Miura

et al. 2005; Tsuji et al. 2011). The hypocenter of the M9

earthquake was located at the base of the lower crust. Pro-

jection of the epicenter (38.103°N, 142.861°E, which was

determined by the Japan Meteorological Agency, JMA)

onto the plate interface yields a focal depth of 17 to

18 km below sea level. The epicenter relocated by Zhao

et al. (2011) is 38.107°N, 142.916°E, which is very close

to that determined by JMA. The M7-class Miyagi-oki

earthquakes occurred at the base of the mantle wedge.

The oceanic Moho is traceable to the subducting slab

(Miura et al. 2005).

The seismic reflection images revealed ‘bending’ of the

oceanic plate at the same depth as the M9 hypocenter

and at the eastern edge of the asperity of the Miyagi-

oki earthquake (Ito et al. 2005). These bending structures

are most probably subducted seamounts, as gravity data

show a positive anomaly at the M9 hypocentral zone

(Figure eleven(a) of Miura et al. 2005). Three-dimensional

(3D) tomography of P- and S-wave velocities (VP and VS,

respectively) identified low-velocity (V ) and low-VP/VS

anomaly zones beneath the plate interface (Matsubara and
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Figure 2 Simplified structural model of the forearc region offshore of Miyagi prefecture. The model is based on the density structure and the

seismic reflection images obtained along the black line shown in Figure 1 (Miura et al. 2005; Ito et al. 2005). Numbers in parentheses indicate the

densities in gram per cubic centimeter. UC, upper crust; LC, lower crust; MW, mantle wedge; OC, oceanic crust; SW, seawater. Numbers on the

subducting plate denote dip angles between reference points (o to e). The location of the asperity of the 1978 Miyagi-oki earthquake, the epicenter

of the 2011 Tohoku-oki earthquake (M9), and the trench axis are shown above the cross section. The ‘bending’ structures in segments d-e and b-c

(Ito et al. 2005) are interpreted as broken and unbroken seamounts, respectively (see text for details).

Obara 2011; Figure 1). Kennett et al. (2011) and Tajima

and Kennett (2012) also detected a VS anomaly on the

trenchward side. The presence of pore fluids and serpenti-

nite (e.g., Watanabe 2007; Peacock et al. 2011) is a possible

cause of the low-V anomaly, but the low-VP/VS anomaly

is more likely explained by partial melting and/or a heat

source associated with volcanic activity at seamounts. The

convex configuration of the seafloor geography at the

southern part of the trenchward anomaly zone offshore of

Fukushima also suggests that this zone has been the site of

seamount subduction (Matsubara and Obara 2011). The

landward velocity anomaly zone is located slightly to the

west of the deep bending structure identified by Ito et al.

(2005). It is possible that this deep bending is a faulted

seamount that is stuck at the base of the mantle wedge

and that the low-V zone represents a vent, as shown

schematically in Figure 2.

The NE Japan subduction zone is characterized by rapid

subduction of the old (approximately 130 Ma) Pacific

plate (Wada and Wang 2009). The thermal gradient

along the plate interface is comparable to that of a high-

P/low-T metamorphic path, and the deep parts of the

fault zone beneath the island-arc Moho correspond to

lawsonite-blueschist facies metamorphism (Hacker et al.

2003; Omori et al. 2009). Field studies in high-P/low-T

metamorphic belts suggest that basaltic lavas and pyro-

clastic rocks that constitute oceanic layer 2 are largely

replaced by metamorphic minerals such as glaucophane,

lawsonite, and chlorite, whereas coarse-grained pyroxene

is well preserved in gabbros and dolerites that consti-

tute oceanic layer 3 and subducted seamounts (e.g., Agata

1994). The total thickness of the subducting oceanic crust

is about 7 km and the lower 5 km is oceanic layer 3

(Miura et al. 2005). In the rheological model described

below, oceanic layer 3 and broken seamounts are repre-

sented by gabbroic layers with thicknesses of 5 and 7 km,

respectively.

Frictional and fracture strengths

The shear strength (τ ) of rocks under dry or water-

saturated conditions that contain pre-existing fault planes

is generally expressed as

τ = τ0 + μ(σn − αPp) (1)

where τ0 is the cohesive strength, σn is the normal stress

on the fault surface, μ is a constant, Pp is the pore pres-

sure, and α is a factor between 0 and 1 (Paterson and

Wong 2005). In the case of perfectly brittle deformation,

α = 1 can be applied and the above equation reduces to

τ = τ0 + μσ ′
n (2)

where σ ′
n (= σn − Pp) is the effective normal stress.

The steady-state friction coefficient (τ/σ ′
n) of quartz

gouge under water-saturated conditions ranges from 0.65

to 0.75 at 25°C to 200°C (Chester and Higgs 1992; Chester

1995; Nakatani and Scholz 2004a) and that of wet gran-

ite gouges is about 0.7 at temperatures up to 300°C and
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σ ′
n = 400 MPa (Blanpied et al. 1991, 1995). Hydrothermal

experiments of gabbro gouge conducted by He et al.

(2007) yield τ/σ ′
n = 0.70 to 0.75 at temperatures up to

581°C (Figure 3a). These values are slightly smaller than

μ = 0.85 of dry rocks (Byerlee 1978). In this study,

τ0 = 0 MPa and μ = 0.7 at σ ′
n < 500 MPa (3)

and

τ0 = 50 MPa and μ = 0.6 at σ ′
n > 500 MPa (4)

Figure 3 Brittle strength of rocks and gouges at various pressures and temperatures. (a) Frictional strength of dry rocks (upper) and gouges

(lower) plotted in the dotted rectangular area of the upper diagram. The dotted blue line represents the frictional strength model given by

Equations 3 and 4. (b)Mohr circles and fracture strength of intact rocks. The thick green line is the fracture strength model given by Equation 5. RT,

room temperature; S, Stesky et al. (1974); H, He et al. (2007); B, Blanpied et al. (1995); Ch, Chester (1995); NS, Nakatani and Scholz (2004a); T,

quartz+montmorillonite (Mont) mixtures at a shear displacement of 2.2 mm after Takahashi et al. (2007). The clay contents in weight percentage

were given by Takahashi (personal communication). Cr, quartz+kaolinite (Kao) mixtures at 5% shear strain after Crawford et al. (2008); dH13,
quartz+muscovite (Msc) mixture (den Hartog et al. 2013); dH12, illite-rich shales (den Hartog et al. 2012); WB, Wong and Biegel (1985); K, Kato et al.

(2003).
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are used for both siliceous and basic rocks. The frictional

law defined by Equations 2 to 4 is shown as a dotted blue

line in Figure 3a.

Laboratory experiments indicate that clay and serpen-

tine minerals have friction coefficients smaller than a

μ of approximately 0.7 for ordinary minerals (Byerlee

1978; Moore et al. 1997; Takahashi et al. 2011); swelling

clays (smectite) and a low-T serpentine polymorph of

chrysotile have especially low friction coefficients (0.1 to

0.2). The friction coefficients of clay-rich gouges depend

on the total amount of clay and the clay mineralogy.

Figure 3a plots the strength of mixed gouges of quartz

and montmorillonite, a swelling clay of the smectite

group, and of quartz and kaolinite at room temperature

under water-saturated conditions (Takahashi et al. 2007;

Crawford et al. 2008). Smectite-rich clays have extremely

low friction coefficients (0.1 to 0.2). At deep parts of accre-

tionary prisms, however, smectite becomes unstable and

transforms to illite at temperatures above 100°C to 150°C

and then to muscovite at higher temperatures (> 300°C).

High-pressure hydrothermal experiments using a rotary

shear apparatus suggested that the friction coefficients of

illite- and muscovite-rich gouges are considerably larger

than those of clay-rich gouges under low-σn conditions

(den Hartog et al. 2012, 2013). In their experiments, how-

ever, μ of quartz-phyllosilicate gouges increased with

shear displacement and the steady-state values of μ were

not attained in most runs, although the final displace-

ments were very large (25 to 74mm). Progressive crushing

of quartz grains and preferential squeezing out of phyl-

losilicates are the possible causes of this slip-hardening

behavior (den Hartog and Spiers 2013). The effects of

serpentine minerals were neglected in the present study

because chrysotile is metastable and not significant under

the P-T conditions of the mantle wedge (Evans 2004). In

addition, the velocity structures obtained from the region

offshore of Miyagi suggest that the mantle wedge in this

area is not intensively serpentinized (Miura et al. 2005;

Yamamoto et al. 2008).

Shear failure of intact rocks can also be described by

Equation 2. In this case, Equation 2 represents the Mohr-

Coulomb criterion under water-saturated conditions, and

μ is an internal friction. The failure criterion of intact

gabbro (Wong and Biegel 1985) at room dry conditions

(shown by the dark green line in Figure 3b) is approxi-

mated by Equation 2 and

τ0 = 100 MPa and μ = 0.6 (5)

The failure conditions of intact granite under high-

pressure hydrothermal conditions (Kato et al. 2003) are

well approximated by Equations 2 and 5 (shown as a

thick green line in Figure 3b). In the absence of exper-

imental data for gabbro under the water-saturated con-

ditions, these parameters and Equation 2 were used to

describe the fracture strength of gabbro in subduction

zones.

Plastic strength

Dislocation creep

High-temperature dislocation creep of rocks andminerals

is generally described by a power law relationship:

ε̇ = A(σ1 − σ3)
n exp

(

−
Q

RT

)

(6)

where ε̇ is the strain rate, σ1 and σ3 are the maximum

and minimum principal stresses, respectively, Q is the

activation energy, R is the gas constant, and A and n

are material constants. At very high stresses and rela-

tively low temperatures, the power law relationship breaks

down and the flow law is instead approximated by an

exponential law (Frost and Ashby 1982; Kohlstedt et al.

1995). However, the exact form of the exponential law has

not been established for crustal materials such as quartz.

The power-law breakdown was therefore not considered

in this section, but its influence was indirectly incorpo-

rated into the model of the brittle-ductile transition zone

described below.

Intracrystalline slip is nearly independent of the inter-

mediate principal stress (σ2). Thus, flow stress during

plastic deformation can be described roughly by Tresca’s

criterion:

τ =
1

2
(σ1 − σ3) (7)

Equations 6 and 7 yield shear strength against plastic flow:

τ =
1

2

(

A

ε̇

)
1
n

exp

(

Q

nRT

)

(8)

In studies of lithospheric strengths, rheological proper-

ties of mantle peridotites are generally represented by the

frictional and flow strengths of olivine (Kohlstedt et al.

1995). However, if the oceanic crust materials at the top

of the subducting slab are weaker than olivine, the move-

ments of the interplate thrust faults are governed by these

weak materials. The following sections evaluate the flow

strengths of the siliceous sedimentary and basic rocks

that constitute the oceanic crust. In the interplate seis-

mogenic zone (<60 km in depth) (Pacheco et al. 1993),

both the mantle wedge and the slab mantle can be treated

as rigid bodies because the dislocation creep of olivine is

not activated at temperatures below 600°C at the relevant

geological strain rates (Shimamoto 1993; Kohlstedt et al.

1995).

Wet quartz

Plastic deformation of the siliceous sedimentary layer that

constitutes the uppermost part of the subducting slab was

approximated by dislocation creep of wet quartz. Figure 4

shows the flow stress of wet quartz at a constant strain
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Figure 4 Plastic strength of wet quartz and gabbro. Extrapolation of experimentally determined dislocation flow laws of wet quartz and gabbro

to a natural strain rate (ε̇ = 10−12 s−1) are shown. LP, fine quartz aggregate synthesized from silicic acid (Paterson and Luan 1990; Luan and

Paterson 1992); MP, Mainprice and Paterson (2005); RB, fine quartz aggregate synthesized from Brazilian quartz (Rutter and Brodie 2004); GT, Black

Hills quartzite (Gleason and Tullis 1995); DD, synthetic gabbro (An50Di50, ‘wet’) of Dimanov and Dresen (2005).

rate (ε̇ = 10−12 s−1), which was estimated from flow

laws determined by gas-medium apparatuses at a 300MPa

confining pressure (Paterson and Luan 1990; Luan and

Paterson 1992; Rutter and Brodie 2004; Mainprice and

Paterson 2005) and by a Griggs apparatus with molten-

salt cells at higher Pc (approximately 1.5 GPa) (Gleason

and Tullis 1995). Large variations in flow stress arise from

differences in Pc, the starting materials used, and the

chemical environments.

To constrain Q and the water fugacity factor in the flow

law of wet quartz, Hirth et al. (2001) investigated the

deformation conditions of quartz mylonites and extrapo-

lated laboratory data of quartzite flow laws to the natu-

ral deformation conditions. The semi-empirical flow law

of Hirth et al. (2001) was, however, not used in the

present model because the tectonic setting, grain size, and

water contents of the quartzite samples are far different

from those of chert in subduction zones. Moreover, they

used a temperature-independent grain size piezometer

to estimate differential stress during natural deformation,

although considerably large effects of temperature are the-

oretically predicted (De Bresser et al. 2001; Shimizu 2008,

2012).

The pressure-dependence of dislocation creep is gener-

ally expressed in terms of water fugacity fH2O and acti-

vation volume �. The exact value of � has not been

determined for quartz, but it is expected to be on the same

order as the molar volume of quartz (vqtz = 22.7 cm3

mol−1). Taking � = vqtz, for example, then the increase

in Q coincident with a pressure increase (�P) of 1 GPa

caused by the activation volume term (��P) is 20 to 30

kJ/mol1, which is far smaller than the uncertainty in the

experimental determination ofQ for wet quartz. Thus, the

direct effect of pressure imposed by the activation volume

term was neglected in the rheological model discussed

here.

The effect of water fugacity was introduced to the pre-

exponential constant in Equation 6 as A ∝ fmH2O
, where

the exponent m is dependent on the water-related defect

species within the crystals. Assuming equilibrium rela-

tionships between dissolved ‘water’ in the crystal and

the surrounding vapor phase, Paterson (1989) derived m

values of 1 to 2 for quartz. High-PT experiments with

quartz suggested that m ≤ 1 (Chernak et al. 2009).

Under experimental conditions at temperatures higher

than 900°C, water is in a vapor phase and fH2O is nearly

equal to water pressure. Accordingly, the flow stress of

wet quartz decreases with increasing pressure. In high-

P/low-T metamorphic conditions along the subducting

plate interface, however, H2O fluids exist as liquid water

with densities of around 1 g/cm3 (Burnham et al. 1969).

Thus, the water fugacity correction is not applicable to

subduction zones. Ito and Nakashima (2002) reported

that the water content of chert gradually decreases with

increasing metamorphic grade, although fH2O increases

with increasing temperature and pressure. This means

that equilibrium concentrations of water-related species

are not attained under low-grade metamorphic condi-

tions. Ito and Nakashima (2002) also showed that most

of the water in chert is distributed along grain bound-

aries. Therefore, direct use of the flow laws of chert, or of

synthetic quartz aggregates that are similar in water con-

tents and grain size to chert, would be most suitable for

application to subduction zones.

The strength of flint determined by Mainprice and

Paterson (2005) is considerably lower than the strength
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of fine-grained synthetic quartz aggregates (Paterson and

Luan 1990; Luan and Paterson 1992; Rutter and Brodie

2004). The weakness of the flint samples may be related to

the formation of localized shear bands that were observed

in the deformed samples. The total water contents of the

synthetic quartz aggregates used by Rutter and Brodie

(2004) were relatively small (e.g., 100 to 200 H/106 Si

after deformation), and the pore fluids were not saturated

with H2O during deformation (see discussion by Shimizu

(2008)). A series of experiments conducted by Paterson

and Luan (1990) and Luan and Paterson (1992) used

starting materials that were synthesized from powders

of natural quartz, silicic acid, and silica gel; silicic-acid-

and silica-gel-origin samples have water contents (approx-

imately 104 H/106 Si) comparable to those of weakly

metamorphosed cherts (Ito and Nakashima 2002).

Luan and Paterson (1992) identified possible impu-

rity hardness effects in experiments using silica-gel-origin

samples. As such, the flow law of silicic-acid-origin sam-

ples without correcting for � and fH2O was used in this

study. Paterson and Luan (1990) presented the flow law

parameters of quartz in a modified form of Equation 6:

ε̇

ε̇′
=

(

σ1 − σ3

σ ′
1 − σ ′

3

)n

exp

[

−
Q

R

(

1

T
−

1

T ′

)]

(9)

where differential stress at a reference state (ε̇′ = 1×10−5

s−1 and T ′ = 1, 300 K) was given as σ ′
1 − σ ′

3 = 222 MPa

for silicic-acid-origin samples. Revised values of Q and n

given by Luan and Paterson (1992) are 152 kJ/mol1 and

n = 4.0, respectively.

Oceanic crust

The flow stress of gabbro appropriate for oceanic layer

3 was calculated in Figure 4 using the flow law for a

synthetic aggregate of anorthite and diopsite presented

by Dimanov and Dresen (2005). The effective viscosity

(= τ/ε̇) of synthetic gabbro is more than two orders of

magnitude higher than that of wet quartz at temperatures

less than 600°C. Plastic deformation of oceanic layer 3 was

therefore ignored in the strength model.

In subduction zones, basaltic lava and pyroclastic rocks

are recrystallized into metamorphic minerals that are

characterized by blueschists or greenschists. Currently,

little is known about the flow strength of basic schists.

In general, quartz is considered to be the weakest of the

major constituent minerals in metamorphic rocks. Nev-

ertheless, field observations of low-grade metamorphic

rocks suggest that the strain magnitudes of metabasites

are about the same as those of chert and shale in the same

area (Shimizu 1988; Shimizu and Yoshida 2004). Here, the

shear deformation of oceanic layers 1 and 2 is described

in terms of quartz rheology and an effective thickness w

(Figure 5); w = 2 km means that the composite of lay-

ers 1 and 2 with a total thickness of 2 km obeys the flow

law of wet quartz. In contrast, w = 0.3 km indicates that

the uppermost quartz-rich layer with a thickness of 0.3

km deforms identically to wet quartz, whereas the lower

basaltic layer behaves as a rigid body. Using the plate con-

vergence rate V0 = 83 mm/year (= 2.6 × 10−9 m/s)

at the Japan Trench (Wada and Wang 2009) and assum-

ing w = 1 km, for example, the strain rate of the plastic

part of the oceanic crust was calculated as ε̇ = V0/w =

2.6 × 10−12 s−1.

Rheological model

Plate boundarymodel

Subduction zonemegathrusts generally have curved inter-

faces that are not always favorably oriented to satisfy the

Figure 5 Deformation partitioning models for the subducting oceanic crust. (a) Initial state. (b) Shear deformation of the oceanic sedimentary

(OC1) and basaltic (OC2) layers at different effective thicknesses w (shown as blue bars). No deformation is considered to occur in the gabbroic layer

(OC3).
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yield criterion shown in Equation 1. Herein, it is assumed

that σ1 is horizontal and perpendicular to the trench axis

and σ3 is vertical. Then, the normal and shear stresses

on the plate boundary thrust fault with a dip angle θ are

written as

σn =
σH + σV

2
−

σH − σV

2
cos 2θ (10)

τ =
σH − σV

2
sin 2θ (11)

where σV and σH are the vertical and horizontal rock

stresses, respectively. Combining Equations 1, 10, and 11,

the frictional or fracture strength of the thrust fault can be

obtained as a function of θ :

τ = τ ∗
0 + μ∗(σV − αPp) (12)

where

τ ∗
0 =

τ0 sin 2θ

sin 2θ − (1 − cos 2θ)μ
(13)

and

μ∗ =
μ sin 2θ

sin 2θ − (1 − cos 2θ)μ
(14)

The parameters given in Equations 3 and 4 were used for

the friction of quartz-rich sedimentary rocks and gabbros,

whereas Equation 5 was applied for the fracture strength

of gabbro.

Using a simplified density model of the forearc region

(Figure 2) and the structural parameters listed in Table 1,

the distribution of σV on the plate interface was calcu-

lated (shown as a lithostatic line in Figure 6a). The density

of H2O was taken to be 1.0 g/cm3 everywhere within

the model. Assuming α = 1, the fracture and frictional

strengths of siliceous and gabbroic rocks under a hydro-

static pore pressure gradient (shown as a light blue line in

Figure 6) were calculated, and these values are shown in

Figure 7.

The thermal models of the NE Japan subduction zone

proposed by Omori et al. (2009) and Wada and Wang

(2009) yield temperatures for the plate interface of about

200°C at a depth of 30 km and 400°C at a depth of 60 km,

whereas Hacker et al. (2003) and Iwamori (2007) proposed

Table 1 Structural parameters for the thrust model

Distance Depth Thickness (km) θ
a

(km) (km) SW UC1 UC2 LC MW (deg)

o 0 7.5 7.5 0.0 0.0 0.0 0.0 -

a 30 10.0 5.0 5.0 0.0 0.0 0.0 5.5

b 80 15.0 2.0 5.0 8.0 0.0 0.0 6.7

c 120 21.5 1.5 5.0 8.0 7.0 0.0 11.1

d 145 27.0 1.0 5.0 8.0 7.0 6.0 16.7

e 200 50.0 0.0 5.0 10.0 15.0 20.0 25.3

aTo determine θ , the positions of the reference points a to e were fitted by a

sixth polynomial function. Symbols are explained in Figure 2.

higher-P/lower-T paths. In this study, a constant thermal

gradient (= 100°C per 15 km) at depths greater than 15

km (Figure 6b) was assumed based on the results of Omori

et al. (2009) and Wada and Wang (2009). This thermal

model gives conservative estimates for plastic strengths

of siliceous sedimentary rocks and subducted seamounts

(shown as pink and purple lines in Figure 7, respectively).

Brittle-ductile transition zone

A conventional way to construct a strength profile along

a fault zone is to connect frictional strength and flow

stress lines at a crossover point. However, this two-

mechanism envelope yields a steep peak that has not

been observed in laboratory studies (Shimamoto 1986).

It has been discussed that the strength in the brittle-

ductile transition zone gradually changes because of the

onset of several different mechanisms such as semi-

brittle flow, power-law breakdown, and pressure solution

precipitation (Shimamoto 1993; Hirth and Tullis 1994;

Chester 1995; Kohlstedt et al. 1995; Bos and Spiers 2002).

Whatever the deformation mechanisms at microscopic

scales are, the macroscopic changes from frictional slid-

ing to plastic flow can be expressed using two parame-

ters: τ0 and μ. The frictional strength at shallow parts

is represented by Coulomb’s criterion with τ0 = 0 and

μ > 0 (Figure 8a). Increasing pressure and tempera-

ture cause an increase in τ0 and a decrease in μ. In

fully plastic deformation, μ reduces to zero (i.e., τ =

τ0) as represented by Tresca’s criterion in Equation 8

(Figure 8b). Accordingly, τ ∗
0 increases and μ∗ decreases

with increasing depth in the brittle-ductile transition

zone.

Experimental and theoretical research suggests that

dissolution-precipitation of quartz becomes significant at

temperatures above 150°C (Shimizu 1995; Chester 1995;

Nakatani and Scholz 2004b), and this corresponds to

the base of the island-arc crust (point c) in the thermal

model (Figure 6b). Hence, in the improved rheological

profile shown in Figure 9, the down-dip side of point

c was assigned to the brittle-ductile transition zone. A

strain analysis of chert andmudstone that have undergone

lower greenschist facies metamorphism (approximately

300°C) showed the dominance of intracrystalline plastic

deformation (presumably dislocation creep) over pressure

solution (Shimizu 1988). Microstructural observations in

ductile shear zones suggest that quartz is predominantly

deformed by dislocation creep at temperatures above

300°C (e.g., Stipp et al. 2002). As a first approximation,

the plate interface at depths greater than 45 km (approx-

imately 300°C) was assigned as the perfectly plastic

deformation zone of quartz, and τ ∗
0 and μ∗ in the brittle-

ductile transition zone were varied linearly as shown in

Figure 9a. Figure 7 indicates that the temperature range of

the brittle-ductile transition of gabbro ismuch higher than
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that of quartz. Themodeling presented here therefore ten-

tatively estimates that the brittle-ductile transition depth

was 27 to 95 km; the upper limit corresponds to point b in

Figure 2.

In the fully brittle regime, stress on the fault sur-

face is supported by small solid-solid contact areas, i.e.,

‘asperities’ in the original sense (Dieterich and Kilgore

1994). In this configuration, frictional strength is reduced

with increasing pore pressure as expressed by Equation 1

with α = 1 (Figure 8a). At high temperatures and pres-

sures, solids at the real contact areas yield and pore spaces

are reduced by dissolution-precipitation processes. This

causes an increase in contact areas, which results in a

decrease in α and τ0. The fully plastic deformation regime

was associated with tube- or inclusion-like pore geome-

tries (Figure 8b). In this configuration, direct mechanical

effects of pore pressure almost disappeared and an α of

approximately 0 was attained. In the modeling presented
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Figure 7 A ‘simple’ rheological model of the Tohoku-oki megathrust assuming a hydrostatic pore pressure gradient. The green and orange

lines represent fracture and frictional strengths, respectively. The flow strengths of wet quartz and gabbro are shown by pink and purple lines,

respectively.
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Figure 8 Schematic illustrations of fault interfaces (upper) and the influence of pore fluid pressure on yield criteria (lower). (a) Frictional

slip governed by Coulomb’s criterion. (b) Ductile deformation governed by Tresca’s criterion. See text for details.

here, α was changed linearly across the brittle-ductile

transition zone (Figure 9a).

Pore fluid pressure

In the previous calculation (Figure 7), a simple case of

the hydrostatic pore pressure gradient was applied for

the frictional and fracture strengths. This model gives the

upper limit for the strength profiles in the brittle zone. In

actual accretionary zones, pore pressure and pore pres-

sure ratios λ ≡ Pp/σV are influenced by sedimentation

and compaction rates and the presence of impermeable

materials such as clay-rich sediments; hence, they gen-

erally deviate from hydrostatic trends. In the improved

model described below, the pore pressure ratio at the

base of the accretionary wedge estimated by the Coulomb

wedge model (Davis et al. 1983) was used for segment

b-c of Figure 6a. Davis et al. (1983) defined generalized

pore pressure ratios λ̃ ≡ P̃p/σ̃V at the basal thrust,

where P̃p and σ̃V are fluid and lithostatic pressures calcu-

lated from the seafloor, respectively. Applying μ = 0.85

(Byerlee 1978) to basal friction (μb) and μ = 1.03 to

internal friction (μi), they derived λ̃ = 0.5 for the NE

Japan subduction zone. The given parameters of μb and

μi are greater than the range of friction coefficients deter-

mined in laboratories; however, using friction coefficients

of wet gouges and dry rocks for basal and internal fric-

tion, respectively (i.e., μb = 0.7 and μi = 0.85), almost

the same results can be obtained in the Coulomb wedge

model (see Figure two of Saffer and Bekins 2002). Adopt-

ing λ̃ = 0.5 for reference point b (Table 1), a value of

λ = 0.53 was obtained.

The change in pore structures within the brittle-

ductile transitional zone shown in Figure 8 would be

accompanied by a reduction in porosity and a decrease in

permeability that in turn would influence pore pressure

and effective normal stress on the fault plane (Yoshida

and Kato 2011). The dissolution-precipitation of quartz

in siliceous rocks is considered to be the most effective

mechanism of porosity reduction at high temperatures

(>150°C). Herein, Pp is expressed as a simple function of

the depth (z) that gradually approaches the lithostatic level

in the brittle-ductile transition zone of quartz (Figure 6a).

The maximum strength of the thrust fault depends on

the assumed pore pressure distribution, but the general

features of the strength envelope are not significantly

changed.

Results and discussion

Strength envelope

The strength envelopes of the oceanic sedimentary layer

were outlined for the case of w = 1 km (Figure 9b)

using the parameters τ ∗
0 , μ∗, and α described above

(Figure 9a) and the Pp distribution shown in Figure 6a.

The strength of the gabbroic rocks was calculated using

the same approach. The frictional strengths of clay-

rich sediments in the shallowest zone (segment o-a)

were evaluated in Figure 10a. The friction coefficients

of quartz-montmorillonite (Takahashi et al. 2007) and

quartz-kaolinite gouges (Crawford et al. 2008) were

used for the lower limit (denoted as smectite clay) and

the upper limit (denoted as smectite-free clay), respec-

tively. These values were also applied to segment a-b



Shimizu Earth, Planets and Space 2014, 66:73 Page 11 of 21

http://www.earth-planets-space.com/content/66/1/73

  
  

0 10 20 30 40 50 60
0

200

400

Depth [km] 

0
*

 [
M

P
a
]

Fracture 

Friction 

Gabbro

Quartz, w  = 1.0 km

0 10 20 30 40 50 60
0.0

0.5

1.0

Depth [km] 

µ
*

o a b c d e
(a)

(b)

0 10 20 30 40 50 60
0.0

0.5

1.0

Depth [km] 

0 10 20 30 40 50 60
0

200

400

600

Depth [km] 

S
h
e
a
r 

s
tr

e
n
g
th

 [
M

P
a
]

Fracture,  = 0.53

Friction,  = 0.53

Flow, w  =  0.3 km

Flow, w  = 1.0 km

Flow, w  =  2.0 km

Gabbro

Quartz rock

DuctileBrittle B–D transition

Figure 9 Improved rheological model of the Tohoku-oki megathrust. Here the ‘simple’ rheological profile in Figure 7 is modified using the pore

pressure model shown in Figure 6 and considering the brittle-ductile transitional behaviors of quartz and gabbro. (a) Depth-dependent changes in

model parameters τ ∗
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(shown as dotted lines in Figure 10a), although the pres-

sure and temperature ranges exceeded the experimental

conditions.

The smectite-rich sediment with a total clay content of

approximately 90 wt.% is comparable to pelagic mud in

the décollement zone that was obtained at a drilling site

close to the trench axis (Ujiie et al. 2013). At the base of

the accretionary wedge, the main thrust fault penetrates

the horst-and-graben structure of the subducting oceanic

plate (Tsuji et al. 2011). Hence, not only pelagic sedi-

ments but also trench materials with various clay con-

tents are involved in the main thrust zone. The frictional

strength of the thrust fault at the depth of point a varies

in the range of 6 to 50 MPa. The weakest material of
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smectite gradually transforms to illite at elevated temper-

atures and it almost disappears within the temperature

range of 100°C to 150°C (Kimura et al. 2012; Saffer and

Tobin 2011), which corresponds to segment b-c on the

plate interface (see Figure 6b). The range of frictional

strength for 50 wt.% clay gouges that subducted to the

depth of point c is represented by a light blue area in

Figure 10a.

The nucleation site of the M9 earthquake would

not have been largely covered with clay-rich sediments

because both smectite- and illite-rich gouges exhibit

velocity-strengthening behaviors over a wide range of

pressure and temperature conditions (Saffer and Marone

2003; den Hartog et al. 2012; den Hartog and Spiers 2013).

It is likely that the uppermost part of the oceanic crust is

underplating at this depth and that the main thrust plane

penetrates the chert-basalt sequence. Applying μ = 0.7

for siliceous and basic rocks, the fault strength was esti-

mated to be approximately 100 MPa at the base of the

forearc upper crust (point b) and approximately 150 MPa

at the hypocenter of the M9 earthquake. Because the λ

value determined at point b was extrapolated into seg-

ment b-c in this model, the strength at the M9 hypocenter

may be somewhat overestimated.

The maximum value of τ on the interplate megathrust

was not well constrained in the present model because of

the uncertainty in rheological parameters in the brittle-

ductile transition zone and pore pressure distributions.

Future experimental studies and hydrologic modeling are

needed to determine parameters τ0, μ∗, α, and λ. In the

following sections, we only use the general features of the

brittle-ductile transition zone to discuss seismogenesis on

the M9 earthquake-generating fault.

Asperities onmegathrust faults and the Tohoku-oki M9

earthquake

A well-established concept for seismic activity in the

continental crusts is that large earthquakes nucleate at
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the deepest part of the brittle deformation zone (Sibson

1983; Scholz 1988, 2002). However, this concept has not

been successfully applied to subduction zone megath-

rusts; for example, using the rheological data of olivine,

the down-dip limit of the brittle zone has been estimated

to be around 60 to 70 km (Shimamoto 1993), whereas

the hypocenters ofM9-class earthquakes are concentrated

at shallower depths (<35 km depth) (Lay et al. 2012).

The rheological model outlined here is based on the idea

that the strength of the interplate megathrust is primar-

ily controlled by the crustal materials that are weaker

than mantle olivine. It is noteworthy that the hypocen-

ter of the M9 Tohoku-oki earthquake was located at a

deep part of the brittle zone of wet quartz (Figures 9b

and 10a).

A joint inversion model of teleseismic, strong motion,

and geodetic data (Koketsu et al. 2011) for the Tohoku-oki

earthquake demonstrated that the coseismic slip was

largest at the hypocentral area corresponding to seg-

ment b-c in Figure 2. This means that large elastic strain

accumulated in the hypocentral area before the M9 earth-

quake. Global positioning system (GPS) data indicated

that a wide area of the fault plane including the M9

hypocenter was tightly coupled before the 2011 earth-

quake (Nishimura et al. 2000; Suwa et al. 2006; Figure 11).

These observations are well explained by the brittle and

strong nature of the interplate thrust fault at interme-

diate depths (15 to 20 km). By contrast, tsunami inver-

sions (e.g., Koketsu et al. 2011; Yokota et al. 2011) and

a geodetic model including data from seafloor GPS sta-

tions (Iinuma et al. 2012) indicate that the largest slip

area was close to the trench axis. Inversion of high-rate

GPS data (Yue and Lay 2011) also indicates that the peak

slip areas were located in both shallow and intermediate

zones. This suggests that the shallow tsunamigenic zone

was deformed passively and inelastically without affecting

ground motions (Koketsu et al. 2011).

Geophysical observations suggest the existence of a

subducted seamount in the hypocentral zone of the M9

earthquake, as described above. The bending structure

of the subducting oceanic plate (Ito et al. 2005) has a

width of approximately 50 km, which is the typical size

of seamounts (Tsuru et al. 2002), and the epicenter of the

M9 mainshock event is located on the western edge of

the bending structure as illustrated in Figure 2. The shear

strength of unbroken seamounts, represented by the frac-

ture strength of intact gabbro (Figure 9b), is much higher

than the frictional strength of the surrounding sedimen-

tary rocks (Figure 10a). Hence, if subducted seamounts

remain unbroken, they would locally lock the plate bound-

ary fault. This is the case for a subducted seamount

that was observed under accreted sediments offshore of

Shikoku, SW Japan; this seamount worked as a barrier

against the rupture of the 1946 Nankaido earthquake
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Figure 11 Relationship between interplate coupling and the

velocity structure within the overriding plate. The area of strong

interplate coupling (Nishimura et al. 2000) is colored pink. The light

blue areas show the low-V and high-VP/VS domains above the

interplate megathrust (Zhao et al. 2011). Brown lines show the

distribution of the low-velocity sedimentary units observed by Tsuru

et al. (2002). The blue line indicates the low-velocity part of the mantle

wedge (Miura et al. 2003). Other symbols are explained in Figure 1.

(Kodaira et al. 2000). Collapse of a seamount results in a

local static stress drop (from fracture to frictional strength

level) of about 80 MPa (shown as a dashed green arrow in

Figure 10). It is possible that the breaking of an unruptured

part of the seamount triggered the M9 Tohoku-oki earth-

quake. Strong-motion waveforms (Kumagai et al. 2012)

and a simulation of seismic wave propagation (Duan 2012)

support this idea. The average stress drop (�τ ) over the

faulted area of the Tohoku-oki earthquake was estimated

to be 7 MPa by Lee et al. (2011), approximately 20 MPa

by Hasegawa et al. (2011) and Yagi and Fukahata (2011),

and 40 MPa by Kumagai et al. (2012) using seismic or

geodetic methods. All these estimates are considerably

larger than �τ ∼ 3 MPa of ordinary interplate earth-

quakes (Kanamori and Anderson 1975). The large local

stress drop associated with breaking of a locked part of a

seamount might have partly contributed to the observed

large �τ .

Close relationships between subducted seamounts and

the hypocenters of large earthquakes have been identi-

fied in many other subduction zones (e.g., Scholz and

Small 1997), although the roles of seamounts in seis-

mic rupture propagation were not the same for all the
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cases (Mochizuki et al. 2008; Wang and Bilek 2011). At

a shallow part of the accretionary wedge, overriding soft

sediments easily deform and seamounts would behave as

rigid objects (Dominguez et al. 1998) or barriers (Kodaira

et al. 2000; Hirata et al. 2003). However, beneath the

island-arc lower crust and mantle, there are no signifi-

cant differences in yield strength between seamounts and

overriding crystalline rocks (Figure 3b). Wang and Bilek

(2011) stated that faulting or ‘decapitation’ of seamounts

is unlikely, but the common occurrence of fossil frag-

mented seamounts in outcrops of high-pressure meta-

morphic belts (e.g., Agata 1994; Terabayashi et al. 2005)

indicates that breaking of seamounts did occur in ancient

subduction zones.

Elastic strain accumulated in the frontal part of the

accretionary wedge (segment o-a) would not have been

large in the period preceding the Tohoku-oki M9 event

because the imposed shear strain could be accommodated

by the deformation of unconsolidated sediments. Clay-

rich pelagic sediments that constitute the basal thrust

of the accretionary wedge have velocity-strengthening

frictional properties. Hence, the shallowest part near

the trench axis is assigned to be a stably sliding zone.

However, once the intermediate part (segment b-c) of

the megathrust is broken, fault slip can easily propa-

gate trenchward as demonstrated by the ‘strong patch

model’ of Kato and Yoshida (2011). Because the fric-

tional resistance is weaker at shallower levels due to the

smaller overburden and the presence of clay-rich sedi-

ments (Figure 10a), fault movements would be accelerated

to the point of inducing large tsunamigenic slips.

Kato and Yoshida (2011) assumed that the strength of

interplate megathrusts was maximized at intermediate

depths (approximately 20 km) close to the nucleation site

of the M9 earthquake. The thrust fault on the down-dip

side (>20 km) was thought to be weak as a result of

increasing pore pressure (Yoshida and Kato 2011). The

pore pressure distribution considered in Figure 6a is sim-

ilar to Figure five(a) of Yoshida and Kato (2011), but the

result of the model calculation using the parameters in

Figure 9a shows that the shear strength was higher on

the down-dip side of the M9 hypocenter because of the

increasing importance of plastic deformation. The mech-

anism of rupture propagation to the down-dip side is

discussed in the next section.

Most seamounts beneath the island-arc Moho would be

faulted at their base, as the flexure force of the overrid-

ing plate resists the subduction of the seamounts (Cloos

1992; Scholz and Small 1997). Hence, the frictional plas-

tic strength of gabbro was applied to the deep seamounts

in Figure 10a. Quartz-rich sedimentary rocks become

ductile at depths greater than 35 km, whereas gabbro

is still brittle and strong at this depth. The deep regu-

lar asperity of the M7 Miyagi-oki earthquake is therefore

considered to represent a subducted seamount, which

was surrounded by sedimentary rocks. Geophysical evi-

dence supports the existence of subducted seamounts at

this depth as detailed above. The differences in shear

strength and rheological behavior between quartz and

gabbro offer an explanation for why deep earthquakes

repeatedly occurred in such a limited area.

In contrast to the deep thrust zone, the shear strength

of siliceous sedimentary rocks in the intermediate zone

(segment b-c in Figure 6a) is almost the same as that of

basic rocks. In addition, the difference in the friction coef-

ficient between clay-rich and siliceous sedimentary rocks

is not very large as the smectite-illite transition proceeds

at this depth. The huge asperity associated with the M9

event can be understood as a consequence of the material-

independent nature of the fault strength at intermediate

depths. Heterogeneity within the M9 asperity, as repre-

sented by the distribution of small repeating earthquakes

(Uchida and Matsuzawa 2011), and the slip areas of the

1981 Miyagi-oki earthquake (Figure 1) and the M7.3 fore-

shock event on 9 March 2011 (Ando and Imanishi 2011;

Kato et al. 2012) may reflect physical conditions other

than material properties, such as the topography of the

fault surface and the distribution of H2O fluids.

The depths of the M9- and M7-class asperities corre-

spond to domains B and C of Lay et al. (2012), respectively

(Figure 10a). Domain B is a source region for large-slip

earthquakes characterized by large seismic regions (asper-

ities), whereas isolated patches (asperities) in domain C

generate modest-slip earthquakes. These domains corre-

spond to the low- and high-frequency radiation zones

of Tajima and Kennett (2012), respectively. The bimodal

depth distributions of thrust-type earthquakes in subduc-

tion zones (Pacheco et al. 1993) possibly reflect these

two types of asperities. The high shear strength of deep

seamounts is consistent with the strong seismic wave

radiation observed in domain C.

Depth variations in frictional parameters

The stability of fault slip in the RSF law is described by

the parameter a − b. At a high slip rate (V > 10−2 m/s),

several lubrication mechanisms such as frictional melting

and thermal pressurization take place and a − b becomes

negative irrespective of rock types (Di Toro et al. 2011). In

contrast, a−b at low-to-intermediate slip rates varies with

the experimental conditions and the materials involved.

This section focuses on a − b at the low slip rates (V ≤

10−6 m/s) that control earthquake nucleation processes.

At low pressures (σn < 30 MPa) and low to intermediate

slip rates, dry quartz rocks and quartz gouges show a weak

negative dependence of μ on V (i.e., a − b < 0) (Di Toro

et al. 2011). Amorphization of quartz (Nakamura et al.

2012) is one of the possible velocity-weakening mech-

anisms under these conditions. Nakatani and Scholz



Shimizu Earth, Planets and Space 2014, 66:73 Page 15 of 21

http://www.earth-planets-space.com/content/66/1/73

(2004a) suggested neutral or negative a − b for the

frictional law of quartz gouges that were healed under

hydrothermal conditions (Pc = 60 MPa, T < 200°C).

At temperatures above 300°C, wet quartz deforms plas-

tically (Figure 9b). Obviously, the zone of fully plastic

deformation is a stable region (a − b > 0). Shimamoto

(1986) demonstrated for halite gouge that a transition

from velocity-weakening to velocity-strengthening occurs

within the brittle-ductile transition zone. Application of

this result to the strength envelope of wet quartz yields a

transition depth around 30 km (Figure 10b). The temper-

ature of the plate interface at which a−b becomes neutral

is about 200°C (Figure 6).

High-pressure (σ ′
n = 400 MPa) experiments of granite

gouge conducted at water-saturated conditions revealed

a change in frictional behaviors from velocity-weakening

(a − b < 0) at low-T (< 300°C) to strengthening

(a − b > 0) at a temperature around 300°C (Blanpied

et al. 1995). The frictional law of quartz gouge at high-

pressure (Pc = 250 MPa and Pp = 100 MPa)

hydrothermal conditions suggests that there is a similar

change at lower temperatures between 150°C and 300°C

(Chester and Higgs 1992; Chester 1995). The tempera-

ture range of the unstable-stable transition for wet quartz

estimated above is consistent with these experimental

results.

At the depth of the M7-class asperity (35 to 45

km), a − b for quartz rocks becomes positive, whereas

gabbro is brittle and likely to have a negative a − b

(He et al. 2007). Therefore, a ruptured seamount sur-

rounded by the siliceous sedimentary crust would behave

in a manner typical of seismic asperities (Figure 10b);

however, during the main shock event on 11 March 2011,

both theM7-class asperity and its surroundings were rup-

tured. The initial 60 s of the event were associated with

the fault slip to the up-dip side of the hypocenter; the

rupture propagation to the down-dip side was observed

60 to 90 s after the initiation of rupturing (Koketsu et al.

2011; Yokota et al. 2011). A possible explanation for the

observed rupture propagation is as follows: siliceous sed-

imentary rocks surrounding the M7-class asperity were

resistant to slip propagation in the initial 60 s because a−b

was positive at the plate convergence rate (Figures 10b

and 12a); then with increasing slip velocity, the unsta-

ble region of wet quartz expanded to the down-dip side

(shown as an orange line in Figure 10b), and the out-

side of the M7-class asperity was converted to an unstable

region. This was followed by a gradual acceleration in

fault movement to seismic slip rates (Figure 12b,c). In con-

trast, if earthquakes are nucleated at the deep asperity,

a drastic change in slip velocity is needed for the sur-

rounding siliceous rocks to convert to velocity-weakening

behavior. Hence, slip propagation would be prevented by

the highly viscous resistance of the surroundings. As a

result, fault movements at deep asperities cease within

the asperities and do not evolve to generate gigantic

earthquakes.

In contrast to quartz-rich sediments, illite-rich gouges

show velocity-hardening behaviors up to 250°C at

V = 10−6 m/s (den Hartog and Spiers 2013). Hence,

the nucleation site of the M9 earthquake would not have

been largely covered by clay-rich sedimentary rocks as

mentioned above. However, the parameter a − b turned

to negative in the temperature range of 250°C to 400°C,

which corresponds to a depth of 35 to 60 km on the

Tohoku-oki megathrust. Hence, the slow slip region with

C

B

(a) (b) (c)

A

a-b>0

a-b<0

M7 asperity

a-b<0

M9 asperity

Locked

seamount

a-b<0a-b>0

a-b<0 Static slip

Dynamic slipDynamic slip
Ruptured

Figure 12 Frontal view of the interplate megathrust and possible scenario for slip propagation during gigantic earthquakes. A to C,

rupture domains defined by Lay et al. (2012). (a) Plate boundary structure during an interseismic period. The asperities associated with M9- and

M7-class earthquakes are indicated by broken lines. A part of the M9 asperity is tightly locked by an unruptured seamount. The color gradation from

red to blue represents the velocity dependence of shear strength. (b) Triggering of a gigantic earthquake (red star) by breakdown of the locked part

of the seamount. The M9 asperity is broken by dynamic rupture. The slow slip region propagates downward. (c) Rupture propagation to the

down-dip side of the megathrusts. See text for details.
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negative a − b (Figure 12b) can extend to clay-rich sedi-

mentary rocks as well as siliceous rocks. Overall, the tem-

perature range of the velocity-weakening regime varies

with slip velocity, effective normal stress, the ratios of

quartz and clays, and the compositions of clays or phyl-

losilicates (den Hartog and Spiers 2013; den Hartog et al.

2013).

Another important parameter involved in the constitu-

tive equations of friction is the slip weakening distance Dc

(Ohnaka 2003) or the length scales analogous to Dc in the

RSF laws (herein, denoted as ‘Dc’ despite the small differ-

ence in definitions). Ohnaka (2003) and Perfettini et al.

(2003) discussed the fact that Dc in natural fault systems

is a scale-dependent parameter rather than a material

property. If this is the case, any large asperities at inter-

mediate depths would have a large Dc. This speculation is

consistent with the results of the numerical simulations,

which suggest that Dc in the M9 asperity needs to be

much larger than those in the M7-class asperities (Hori

and Miyazaki 2011; Kato and Yoshida 2011; Shibazaki

et al. 2011).

The depth and material-dependent changes of τ , asper-

ity size, a − b, and its velocity dependence are essential

features of subduction zone megathrusts. Hence, incor-

poration of all these features will be needed to model

earthquake cycles and rupture propagation during gigan-

tic earthquakes in the future.

Megathrust shear strength and influence of pore fluids

The absolute shear stress (τ0) just before seismic events

is equals to or slightly higher than the static strength τ

during interseismic periods. Hasegawa et al. (2011) and

Yagi and Fukahata (2011) discussed the fact that τ0 on

the large slip area of the M9 mainshock event was about

the same as the stress drop (�τ ) in the same area, which

was estimated to be about 20 MPa in their works. This

means that the strength of the thrust fault before the

earthquake was about 20 MPa, which is far smaller than

the shear strengths estimated in the present rheological

model (over 100 MPa in the hypocentral zone of the M9

event). τ0 values of about 20 MPa were also obtained in

heat flow (Furukawa and Uyeda 1989) and force balance

models (Lamb 2006; Seno 2009; Wang et al. 2010) for the

Tohoku-oki megathrust. The weakness of the thrust fault

was thought to be a consequence of the extremely high

pore pressure ratio (λ ≥ 0.95) at the plate interface (Seno

2009). This section focuses on the absolute stress level and

the role of high-pressure fluids on seismogenesis in the

Tohoku-oki megathrust.

Yagi and Fukahata (2011) considered that the shear

stress that accumulated on the plate interface was com-

pletely released during the M9 mainshock event because

aftershocks in the coseismic slip area were predom-

inantly the normal-fault type. However, in most of

the focal mechanism data they analyzed (except for

three data points), three were taken from the shal-

low (>10 km) parts of the accretionary prism. Asano

et al. (2011) suggested that the focal mechanisms of the

aftershocks that occurred at the shallow parts of the

forearc region were different from those at the deeper

parts.

Hasegawa et al. (2011) applied the near-field stress

change model of Hardebeck and Hauksson (2001) to the

Tohoku-oki megathrust and concluded that a nearly com-

plete stress drop (�τ/τ0 = 0.9 to 0.95) occurred dur-

ing the M9 mainshock event, although reverse-fault type

events were still dominant for aftershocks at depths close

to the plate interface. Their results must be interpreted

carefully because the raw data of the principal stress axis

directions (Figure three(a) and three(c) of Hasegawa et al.

2011) show considerably large scatter. Yang et al. (2013)

showed that the stress states in the fore-arc crust was het-

erogeneous and depth dependent. Their estimates yield

τ0 values of approximately 40 MPa at depths of 5 to 15

km and 50 to 180 MPa at depths of 15 to 20 km. Chiba

et al. (2012) examined the focal mechanism distributions

before and after the M9 mainshock event in more detail

and concluded that the principal stress directions were

unchanged at the deepest part of the overriding plate.

One possible explanation for the simultaneous occur-

rence of normal faulting within the accretionary wedge

and reverse faulting along the basal thrust is the extru-

sion of the accretionary front, as shown in Figure one

of McKenzie and Jackson (2012), although their calcula-

tion was made for a specific case of the stress-free basal

thrust.

Furukawa and Uyeda (1989) expressed the relation

between the heat production rate (q) at the plate boundary

and the plate convergence rate as

q = τV0 (15)

and derived τ = 10 to 20 MPa for the seismogenic zone

of the plate interface. Equation 15 implicitly assumes that

the Pacific plate is stably sliding without slip deficits. How-

ever, the occurrence of the 2011 Tohoku-oki earthquake

revealed that slip deficits had accumulated on the plate

interface over a long interseismic period. The interplate

coupling coefficient (c) before the earthquake was 0.5 to

0.8 on average (Uchida and Matsuzawa 2011), and is was

close to 1 (i.e., back slip rate of approximately 80mm/year)

around the hypocenter of the M9 earthquake (Nishimura

et al. 2000; Suwa et al. 2006). Modifying Equation 15 as

q = τ(1 − c)V0 (16)

and applying c ≥ 0.8 to the large coseismic slip area,

the apparent discrepancy between heat flow data and the

frictional strength in Figure 10 is almost diminished.
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Lamb (2006) assumed that the region behind the

Tohoku-oki megathrust beneath the volcanic arc was in

a neutral stress state (i.e., zero deviatric components in

backstop stress). This assumption is inconsistent with

the geodetic observations that show rapid compressional

deformation of the Japanese Islands; rheological stud-

ies suggest that considerably high stress is required to

deform the island-arc crust (Shimamoto 1993; Muto and

Ohzono 2012). Ductile deformation in the aseismic part of

the plate boundary was incorporated into the model, but

simulated values of activation energy (36 to 37 kJ/mol1)

were one order of magnitude less than that of man-

tle olivine. Seno (2009) employed a simple force balance

model that makes no assumptions about the backstop

stress and the failure criterions except for the frictional

law at the base of accretionary prisms. The absolute

value of τ was not exactly determined in this model

but inferred from the focal mechanisms within the over-

riding plate; τ was set to positive (or negative) for the

regions of compression (or tension). The distribution of τ

in the forearc region offshore of Miyagi was poorly con-

strained because of the absence of neutral points. Wang

et al. (2010) considered that the stress states in erosional

margins are fluctuating during earthquake cycles and pro-

posed a ‘dynamic’ Coulomb wedge model. Application of

the dynamic Coulomb wedge model to the NE Japan sub-

duction zone yields λ̃ > 0.95 and a friction coefficient

(τ/σn) of 0.03 in the hypocentral area (Kimura et al. 2012);

however, the change of the stress field in the accretionary

prism postulated in the model (i.e., extensional during

interseismic periods but converts to compressive after a

large earthquake) was the opposite of what was observed

upon the M9 Tohoku-oki earthquake.

Using the classical Coulomb wedge theory (Davis et al.

1983), the pore pressure ratios at the base of the accre-

tionary wedges can be derived without knowing the back

stress distribution. The theoretical prediction is well sup-

ported by direct fluid pressure measurements in different

types of subduction zones, although the hypothesis of

the critical Coulomb failure states can be only justified

in shallow parts of the forearc crust. It is noteworthy

that the pore pressure ratio (λ̃ = 0.5) estimated for the

Tohoku-oki megathrust is the smallest among 12 accre-

tionary wedges analyzed by Davis et al. (1983). Geologic

evidence of overpressurized fluids such as mud volca-

noes has not been reported from the forearc region of NE

Japan.

Generation of overpressurized fluids in subduction

zones is related to several geological factors such as the

permeability of water in the fault zone and wall rocks and

volumes of incoming sediments (Saffer and Bekins 2002).

In the case of erosional margins like NE Japan (Von Huene

and Lallemand 1990), the net volume of incoming sed-

iments would not be significantly large. Dehydration of

hydrousminerals in subducting slabs is another important

factor that can increase Pp (Peacock et al. 2011; Saffer and

Tobin 2011), but its influence would be moderate in cold

subduction zones such as NE Japan because the specific

volume of H2O fluids along the plate boundary is small;

for example, 0.9 to 1.0 cm3/g at 50°C to 150°C and 100 to

400 MPa according to Burnham et al. (1969).

Kimura et al. (2012) considered that opal-quartz transi-

tion in the pelagic sediments has led to the generation of

high pore pressure fluids along the Tohoku-oki megath-

rust. In a strict sense, the opal-quartz transition is not a

‘dehydration’ reaction, as water is included in opal as H2O

molecules (not as hydroxyls). Whether or not this dewa-

tering reaction generates excess pore pressure depends

on the change in solid and fluid volumes and the per-

meability of the fault zone. Biogenic sediments consisting

of amorphous or microcrystalline silica have large inter-

granular pore spaces, and additional pores are produced

during transformation of low-density (approximately 2.1

g/cm3) particles of opal to denser (2.65 g/cm3) crystals of

α-quartz:

SiO2 · nH2O (Opal) → SiO2 (Quartz) + nH2O (17)

If 10 wt. % of the H2O molecules contained in opal-A

or opal-CT (Graetsch 1994) are totally released during the

opal-quartz transition, then more than 28 vol. % of opal

is converted to pores, whereas the liquid water produced

is 21 vol. %. Because the net volume change is nega-

tive, overpressurized fluids are unlikely to be generated

by silica diagenesis alone. A highly permeable zone pro-

duced by the opal-quartz transformation would become a

fluid pathway. Hence, permeability along the oceanic sed-

imentary layer would increase and pore pressure would

decrease. Similarly, generation of high pore pressure flu-

ids by the smectite-illite transition (Kimura et al. 2012)

is questionable because smectite contains water as H2O

molecules as in the case of opal.

Strong reflectors observed to the east of the M9

hypocenter (Kimura et al. 2012) and in the northern

region offshore of Iwate (Fujie et al. 2002) suggest the

presence of H2O fluids along the plate boundary; how-

ever, the fluid pressures beneath the strong reflectors

are not necessarily high. To date, low-V and high-VP/VS

anomalies indicative of high-pressure fluids and serpen-

tinites (e.g., Watanabe 2007; Peacock et al. 2011) have not

been reported from the region offshore of Miyagi (Miura

et al. 2005; Ito et al. 2005; Yamamoto et al. 2008). In con-

trast, the mantle wedge in the southern area (offshore of

Fukushima) shows a low-VP(= 7.4 km/s) (Miura et al.

2003; denoted by a blue bar in Figure 11) and a high-VP/VS

anomaly (Yamamoto et al. 2008). Tomographic imaging of

the hanging walls of the plate interface revealed domains

of low-V and high-VP/VS anomalies to the north (offshore

of Iwate) and to the south (offshore of Fukushima and
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Ibaraki) of the M9 hypocenter (Zhao et al. 2011; shown

as light blue areas in Figure 11). Silent earthquakes have

episodically occurred in the northern domain (Kawasaki

et al. 2001). Tsuru et al. (2002) and Miura et al. (2003)

identified high-porosity sedimentary units with values of

VP = 2 to 4 km/s at the base of the forearc crust along

the trench axis (shown as brown bars in Figure 11). These

porous sediments are widely distributed in the north-

ern and southern parts of the Tohoku-oki megathrusts.

These observations strongly suggest that the regions out-

side the M9 asperity are fluid-rich regions and that the

interplate coupling was weakened by high-pressure flu-

ids, serpentinite, and unconsolidated sediments in these

regions.

Conclusions
The strength of the interplate megathrust that gener-

ated the 2011 Tohoku-oki earthquake was investigated

based on the velocity structures offshore of Miyagi Pre-

fecture and high-PT rheological properties of oceanic

crustal materials. A new theoretical method was pro-

posed to describe the change in shear strength in the

brittle-ductile transition zone, in which the pore pressure

increased to the lithostatic level. Noting the many simpli-

fying assumptions made in constructing the model, and

the uncertainties inherent in these assumptions, and in

parameter values employed, the main results predicted by

the model and their implications are as follows:

1. The frictional strength at the M9 hypocentral zone

was likely much higher than the clay-rich sediments

in the along-trench zone. The large gradient in

frictional strength on the trenchward side of the M9

hypocenter offers a viable explanation for the large

tsunamigenic slips during the M9 event.

2. Geophysical observations suggest that a subducted

seamount existed at the hypocentral area of the M9

earthquake. A collapse of an unruptured part of the

seamount would result in a local stress drop of about

80 MPa. This large stress drop is considered to be

one of the possible causes of the gigantic earthquake.

3. Available data imply that wet quartz shows plastic

deformation at depths greater than 35 km, whereas

gabbro is brittle and strong at the same depth. Thus,

the M7-class asperity associated with the Miyagi-oki

earthquakes is most likely a broken seamount that is

surrounded by siliceous sedimentary rocks. The

conditionally stable nature of the surroundings can

be explained by the brittle-ductile transitional

behavior of wet quartz.

4. The shear strength of the thrust fault may be

relatively insensitive to rock types at intermediate

depths (15 to 35 km in depth). Hence, large asperities

can likely be formed in the intermediate zone of the

interplate megathrusts. The M9 asperity on the

Tohoku-oki megathrust occupied a fluid-poor region

in the intermediate zone.
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