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Abstract

For the 2011 Tohoku earthquake, we propose a mechanical model to explain rare giant (M9-class) and frequent large
(M7-class) earthquakes on a thrust fault in the subduction zone. Observations implied, in the M9 Tohoku earthquake,
that extremely large slip on the order of tens of meters occurs in a shallower part to release a slip deficit, as well
as substantial slip about ten meters or so in a deeper part including the source area of the M7-class earthquakes.
Here, we present a model in which the extremely large slip is caused by hydrothermal weakening (dynamic thermal
pressurization of pore fluid) on the fault plane, not by contrast of frictional properties in terms of rate- and state-
dependent friction. The model explains that the Tohoku earthquake followed a M7-class earthquake in two days, but
M7-class earthquakes are not always followed by a giant earthquake. In a giant event, large coseismiostiprcan

over an area where quasistatic slip, namely, afterslip of M7-class earthquakes or spontaneous slow slip events, takes
place. Slight diferences of stress state in the shallow part can result in drastici#lyettit coseismic slip. We further

perform numerical experiments varying hydraulic parameters and the lengtfeofie hydrothermal weakening

area. The experiments imply that observations for monitoring fileeteve hydrothermal weakening area need spatial
resolution on the order of 10 km or finer.

Keywords: giant and large earthquakes, thermal fluid pressurization, thrust fault, 2011 Tohoku earthquake

1. Introduction guakes such as the 1960 Chilean and the 2004 Sumatra-
Andaman earthquake¥gmogida et al., 2011).

Whether a cycle of M9 earthquakes exists in To-
hoku has yet to be determined. Coseismic slip of

A giant earthquake d the Pacific coast of Tohoku
occurred along the subduction plate bounddfynorth-
eastern Japan on March 11, 2011. Its moment mag- ; S
nitude was estimated to be as large as Mw9.0, and its the Tohoku earthquake over the regiors liyagi—

rupture process has been studied by many researchers, Ukushima—lbaraki has never been observed by geo-
Although imaging of the coseismic slip distribution physical instruments before the 2011 M9 earthquake, al-

strongly depends on inversion methods, the estimatedNoUgh many M7-class earthquakes occurrédiiyagi
largest slip near the Japan trenttie(et al., 2011;Lay near the hypocentre of the M9 Tohoku earthquake and at

et al., 2011; Yagi and Fukahata, 2011) is highly reli- greater depth¥amanaka and Kikuchi, 2004). However,

able because of inversion analyses of tsunami genera_several studies of tsunami deposits have implied that

tion (e.g., Fujii et al. (2011)) and the large displace- there were giant ear_thquakes causing massive tsur_1amis
ment detected by GP&oustic combination measure- off Tohoku_m the ninth century a_nd another possible
ments Gato et al., 2011) and ocean-bottom pressure at€r one Minouraetal., 2001;Sawai et al., 2008).
gaugeslto et al., 2011) above the fault area. This char- Based on this situation, the rare phenomenon of the
acteristic seems fierent from the other M9-class earth- shallow earthquakes with the tsunamis can be related to
a rare M9 earthquake. Using a simple system of con-

“Corresponding author. nected springs and sliders, one studi§itéui and lio,

Email address. ymitsui@mail.sci.hokudai.ac.jp (Yuta 2011) showed that extremely large slip within a limited
Mitsui) area caused coseismic slip over the whole fault through




a conditionally stable area. Another stud§afo and convergence ratey = 10 cnyyear, and is divided into
Yoshida, 2011) proposed a possible model for multiple equal-sized cells. Elastostatic interaction between the
recurrences of rare giant (M9-class) and frequent large cells with S-wave radiation damping is assumeRidg,
(M7-class) earthquakes, assuming a “shallow strong 1993), using a Green'’s function in a homogeneous elas-
patch”. The authors set a two-dimensional fault sys- tic half-space. We set constant values of83@Pa for
tem to model the regionfb Miyagi. Friction evolu- the rigidity and 3700 s for theS-wave velocity.

tion on the low-dip-angle fault is controlled by rate- and The frictional shear stresd at each cell is equal to
state-dependent friction laviR(ina, 1983) with hetero-  u(o — p), wherey is the sliding friction cofficient, o
geneous distribution of parameters. They succeeded inis the lithostatic normal stress anis the pore fluid
simulating certain phenomena observed in the 2011 To- pressure. The friction cdiécient u evolves following
hoku earthquake: large coseismic slip in a shallower the rate- and state-dependent friction law with the ag-
part and interseismic accumulation of slip deficit in ing type of the state evolution laviRice et al., 2001);
comparison with the plate convergence rate in a deeperu depends on the slip rateand the state variableas

part including the source areas of the M7-class repeat- follows:

ing earthquakesyémanaka and Kikuchi, 2004). v Vol
However, the existence of such a very strong area in M= po+ aln(v—) + bln(T) (1)
the shallow part has not yet been confirmed by obser- 0
. : L . do )
vations. We can raise another possibility. Dynamically - i-T (2)

low friction caused by thermal pressurization (TP) of
pore fluid resulting from shear heatin§il§son, 1973; where g is a reference frictional cdcient 06, and

Bizzarri and Cocco, 2006) in the shallow part causes vy is a reference slip rate equal to the plate convergence
seismic behaviour similar to that of a shallow strong ratevy. a, b, andL are the constitutive parameters. Pos-
patch, i.e., long recurrence intervals of earthquakes via itive a — b represents a velocity-strengthening character
large coseismic stress dradi¢sui and Hirahara, 2009; of steady-state friction, and negatise- b represents a
Noda and Lapusta, 2010). Here we show that introduc-  velocity-weakening character. A large valuelof@)/L
tion of the TP mechanism is appropriate to modelling of favors stick-slip behaviouiRuina, 1983).
the Tohoku earthquake. We assume rheological parameter distributions imag-
ing the subduction plate interfac& diyagi: M7-class
: earthquakes occurred at greater depth in 1978 and 2005
2. Numerical model and methods and at shallower depth in 1981 and 2011 before the To-
hoku earthquake. We follow the parameter distributions
for the rate and state frictiors, b, andL, in a previ-
ous study Kato and Yoshida, 2011) except near the free
surface. The parameter distributionsagf= a(oc- — po)
andb, = b(oc — po), wherepg is a basal value of the
pore pressure less than the lithostatic normal stress
, are illustrated in Fig. 2. The parameter distributions are
Trench axis . .
Dip angle = 20° also described in Table 1.
””””””””””””””” The basal ffective normal stress — pg is assumed to
be low owing to fluid overpressurizatioite, 1992),
being 44.1 MPa at all cells deeper than 2.2 km. Such
weakness of the plate interface along the Japan trench
was estimated based on heat-flow ddtar((kawa and
Ueda, 1989) and force balance in the foreafero,
2009). In the shallowest patt,— pg is given by (20 MPa
km™1) x (depth in km). These distributions make two
asperities with the velocity-weakening character. We
< call the shallower asperity around a depth of 30 km As-
perity 1, and we call the deeper asperity around a depth
Figure 1: A schematic model of the subduction plate interfate o of 50 km Asperity 2. We set a velocity-strengthening
patch between the two asperities, reflecting the exis-

Miyagi. The thermal pressurizatiorffect works in a shallow part
(shadow), independent of asperities. tence of a region without coseismic slip in M7-class

A schematic model of the subduction plate interface
off Miyagi is presented in Fig. 1. To model the subduct-
ing fault, we use a two-dimensional elastic syst&at¢
and Hirasawa, 1997). The line fault extends from the
ground surface at an angle®2@riven at a constant plate
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Figure 2: Parameter distributions &f = a(o- — pp) andb, = b(o -

Po) along the subducting plate interface. The details are described
in Table 1. From the free surface to a depthDgh km, the thermal
pressurization mechanism work$eztively.

earthquakesvamanaka and Kikuchi, 2004;Miuraetal.,
2006). In the area shallower than Asperity 1, a velocity-
neutral frictiona, = by, is assumed since we do not have
suficient information about the near-trench plate cou-
pling. We set a constarit of 0.05 m over the whole
fault.

The pore pressurpincreases by thermal pressuriza-
tion only in the shallow area, referred to as the TP area,
from the free surface to a depih,. In the deeper part,

®3)

v

-(u(«r - p)v)

wherey is the temperature fiusivity, @ is the difu-
sivity of pore pressure, and is the non-dimensional
material parameter containing the fluid thermal expan-
sivity, the fluid pressure compressibility, the bulk den-
sity, and the bulk specific heat. We assume 0.02 m,

A =0.18, andy =1.1x10"% m?%s, as typical values for
underground rocksWibberley and Shimamoto, 2003;
Noda and Shimamoto, 2005).

The size of the numerically divided cells must be
smaller than certain critical sizes within the framework
of the continuum limit Rice, 1993). In particular,
for an aging type of state evolution law without pore
pressure evolution, the cell size must be smaller than
GL/(b, — a,). For the distribution of the parameters
shown in Fig. 2, the least value of the critical length
GL/(bn — a,) is approximately 10700Q In this study,
we set the cell size equal to 200 m. It is one or more
orders of magnitude smaller than the critical length.

As initial values, we assume steady-state conditions
at all cells:v = 0.9v, 6 = L/(0.9v%), p = po, and
7 = 7% To solve the equation system, we first use the
RK45 algorithm Press et al., 1992) with adaptive step-
size control to obtain the evolution af 6, andv by
solving the ordinary dferential system odir/dt, d6/dt,
anddv/dt. The constitutive equations allow us to ob-
tain a tentative value gb. Then, all of the variables are

the pore pressure remains constant during whole earth-recalculated using a fourth-order Runge-Kutta method.

quake cycles.

In our TP model, the fluid-infiltrated fault is subject
to homogeneous one-dimensional shear with frictional
heating within finite thickness (Cardwell et al., 1978).
The pore pressurp evolves via frictional heating, heat
flow, and fluid flow, i.e., the law of energy conservation,
the Fourier law, the law of mass conservation, and the
Darcy law. The fluid and heat flows are assumed to be
one-dimensional and perpendicular to the fault. With-
out a discrete assumption for thefdsions Gegall and
Rice, 2006), the pore pressupeat timet on the centre
of the fault Bizzarri and Cocco, 2006;Mitsui and Hi-
rahara, 2009;Bizzarri, 2010;Mitsui and Cocco, 2010)
is given by

X
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When the slip rate does not exceed), the memory of
the shear heating term is not storéditsui and Hira-
hara, 2009).
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Figure 3: Evolution of thefective normal stress — p at a depth of 5
km, when we setr = 1072 m?/s andDyp = 10 km. The giant events
marked by the lowestftective normal stress repeat at an interval of
487 years.
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Figure 4: Evolution of the slip during one cycle of a giant event at several depths, when ave-st2 m?/s andDyp = 10 km. Depths of 0 and
10 km are both in the TP area, 20 km is at the upper edge of Asperity 1, 50 km is in Asperity 2, and 60 km is in the deeper area.

3. Results Asperity 1 is not always followed by a giant earth-
quake.

We perform a set of model calculations for the ther-
mal pressurizationféect by varying two parameters: the
hydraulic difusivity @ and the depth limit for the ther- . i iR
mal pressurizationféect Dy,. In particular, we examine €Nt since the TP area with the largest coseismic slip in
three cases for the pore pressurgiivity @ in the TP this study is not frictionally un;table to nucleate spon-
area:w = 102 m¥/s, 103 m¥s, and 10* m¥/s, with taneously (i.e.a, — by not negatlve)_. I_n the studyK@to
Dip varying in the range of 4 12 km. The system and Yoshida, 2011), the largest sllp_ is {issumed to oc-
behaves as a limit cycle for the giant events, after the CUr at the strong patch, most of which is locked during
disappearance of thefect of the initial condition. interseismic periods of the giant earthquakes. By con-

First, we show an example of the results, when we trast, our model does not have this characteristic. For

setw = 102 m¥s andDy, = 10 km. Fig. 3 presents example, Fig. 4 shows that even the cell at a depth
the evolution of the #ective normal stress — p at a

Points 1 and 2 are the same as presented in a previous
study Kato and Yoshida, 2011) but point 3 is dier-

depth of 5 km. After the disappearance of tikeet of Without giant With giant

the initial condition, giant events with the lowedfez- earthquake earthquake

tive normal stress, which means the most intense fluid 10 ‘ ‘ 10 ‘ ‘

pressurization during coseismic slip, repeat at an inter- okm — Okm —

val of 487 years. The pore pressure also increases very g 10km — 10km —

slightly for smaller events. a 20km =— 20km —
For the same case, the slip evolution during one cycle @

of giant events is shown in Fig. 4, at several depths. Q 5 N 5 N

Depths of 0 and 10 km are in the TP area, 20 kmis at

the upper edge of Asperity 1, 50 km is in Asperity 2, &’

and 60 km is in the deeper area. / /
Several key points can be made: 0 ] ‘ 0 L

1. Giant coseismic slips, including earthquakes at As- 3 0 3 6 3 0 3 6
perities 1 and 2, repeat themselves. Relative time Relative time
2. Earthquakes at Asperities 1 and 2 do not fully re- [day] [day]

lease the slip deficit expected from the plate con-

vergence rate, which is released by a giant earth- Figure 5: Temporal evolution of the slip around an earthquake at As-
quake perity 1, without and with a following giant earthquake, for= 10-2

i . . m?/s andDyp = 12 km. Time and slip are measured from the occur-
3. A giant earthquake immediately follows an earth- rence of an earthquake at Asperity 1. Depths of 0 and 10 km are both

quake at Asperity 1 (Fig. 4), but an earthquake at inthe TP area, and 20 km is at the upper edge of Asperity 1.

4



of 0 km can slip aseismically, in particular as afterslip
of the earthquakes at Asperity 1. If we assume nega-
tive but smallla, — b,| (weak character of the velocity-
weakening) in the TP area, slow-slip events would oc-
cur during interseismic periods of the giant earthquakes.
Because TP is a strongly nonlineaieet of positive
feedback for fault weakening, it can notablffext the
nucleation processSégall and Rice, 2006). Our results
show that the nonlineaffect of TP enhances the nucle-
ation of slip instability triggered by stress perturbations.

In the parameter ranges we examine, the time lags be-

tween an earthquake at Asperity 1 and the following gi-
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ant earthquake are from several hours to several days. In

Fig. 5, we compare the slip evolution around an earth-
quake at Asperity 1 that is, respectively, not followed
or followed by a giant earthquake. These simulated slip
histories look similar, but they are slightlyftérent in

the amounts of afterslip. The large and slowly decaying

Max depth for TP [km]

Figure 6: Calculated recurrence intervals of giant earthquakes for dif-
ferentw in the thermal pressurization arear (= 102 m?/s, 103
m?/s, and 10* m?/s) with Dy, varying in the range of 4 12 km.

afterslip is due to higher shear stress in the TP area. For

example, in the cases of Fig. 5, five days after the event
at Asperity 1, the shear stress values at a depth of 10
km differ by the order of 100 kPa. The larger afterslip
resulting from stress accumulation in the TP area may
be a sign of the following giant earthquake; of course
we must distinguish between the sign, for example, im-
plied by a GPS data inversion studu{to et al., 2011),

and “ordinary” large afterslipHeki et al., 1997) as a
regional characteristic.

4, Discussion

4.1. Effect of hydraulic parameters on stress drop and
recurrence interval

Fig. 6 shows the recurrence intervals of giant earth-
quakes for dierent parameters. Smallerw leads to
longer recurrence intervals because of larger stress dro
owing to smaller friction during coseismic slip({tsui
and Hirahara, 2009). LargeDy, also causes longer re-
currence intervals owing to an increase of the area with.
large stress drop by TP. Fluctuations of the hydraulic
condition in actual faultsSibson, 1992) can cause no-
table change of the recurrence intervals of giant earth-
quakes. These may correspond to large fluctuations of
the recurrence intervals of the giant earthquakes esti-
mated from tsunami depositSsfvai et al., 2008).

To check the fiect of stress drop on the recurrence in-
terval, we measure the mean stress drop within the “TP
area” (depthc Dyp) and the “seismogenic area” (defined
as depth< 55 km, including Asperities 1 and 2 from

and the minimal shear stress. Sindebelow a depth

of 2.2 km is 06 x 44.1 ~ 26 MPa, the stress drop at
each cell does not exceed 26 MPa. We plot the mean
stress drop for the recurrence interval in Fig. 7. The re-
currence interval of giant earthquakes strongly depends
on the value of the stress drop. In particular, the recur-
rence interval over 600 years, which may be adequate
for the Tohoku earthquake, is characterized by a mean
stress drop of over 6 MPa within the seismogenic area
and over 20 MPa within the TP area. It is also character-
ized byDyp > 10 km, namely the length of the TP area
> 30 km along the fault. This fact implies that obser-
vations for monitoring the near-trench TP area should

900
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Figure 7: Calculated recurrence intervals of giant earthquakes for the
mean values of the stress drop in the TP area (defify, from the

the free surface), where we approximate the stress dropiree surface) and the seismogenic area (depB5 km from the free

at each cell by a dierence between® = puo(o — po)

surface).



have spatial resolution on the order of 10 km or finer.

assumption (lowr — po) is based on low permeability

The low residual stress after the giant earthquake nearin a deeper partice, 1992), that implication bylitsui

the trench in our model corresponds to frequent occur-
rences of normal-fault-type aftershocks of the 2011 To-
hoku earthquake. More quantitatively, a nearly com-
plete stress drop in the source region of the 2011 To-
hoku earthquake was proposéthtegawa et al., 2011)

using a stress-tensor inversion method. Stress drop val-

ues were also investigated by a slip inversion stoélgi(

and Fukahata, 2011). They estimated typical stress
drop values of about 20 MPa near the trench and 0-10
MPa in the down-dip source area. Their estimated val-
ues are almost consistent with our results (Fig. 7), al-
though our definition of stress drop is not identical to
theirs.

4.2. Validity of the shallow TP area hypothesis

We assume that the TP area is near the free sur-
face, and causes unusual stress drop with large slip in
the shallow part and propagation of seismic slip to the
deeper part. Here, we consider the validity of the as-
sumption that TP works only in the very shallow area.

For dfective TP, both of dficiently strong shear
heating and small hydraulic filisivity are necessary
(Bizzarri and Cocco, 2006). Indeed, in the Chi-Chi
earthquake of 1999, TPffectively worked near the
Earth’s surface in the northern fault zon@afikawa
and Shimamoto, 2009). Furthermore, at the Nobeoka
thrust fault, Japan, evidence of dynamic changes of fluid
state caused by temperature changes was repofded (
maguchi et al., 2011). Thus ffective TP in a shallow
part is not a peculiar assumption for the 2011 Tohoku
earthquake fault.

However, there is little evidence to support the as-

and Cocco (2010) can explain the absence dfeetive
TP at greater depth.

4.3. Comparison with observations

Before the occurrence of the 2011 Tohoku earth-
guake, seismic slip of M7-class earthquak&a\iyagi
did not fully release the slip deficit expected from the
plate convergence rat&gmanaka and Kikuchi, 2004;
Kanamori et al., 2006). Several geodetical studies us-
ing GPS data also revealed the same tenddnagt(al .,
2000;Nishimura et al., 2004;Suwa et al., 2006). These
studies all mentioned the noticeable slip deficit, in the
deeper part. However, in the shallow part near the
trench, there was little information. Since the near-
trench slip and plate coupling are poorly constrained by
on-land GPSl(oveless and Meade, 2011), observations
of ocean-bottom deformation are definitely important.

If our model is appropriate to model the subduction
zone, giant earthquakes could occur without a shallow
strong patchKato and Yoshida, 2011) with higher ef-
fective normal stress and a large value of characteristic
slip distancd.. A giant earthquake is likely to preceded
by a rather pronounced afterslip than previous ones at
the same place. Our study further implies that ocean-
bottom observations should befBciently dense (on the
order of 10 km or finer) to monitor the plate interface.

5. Conclusions

We showed that quasistatic slip events near a trench
can grow to extremely large seismic slip by TP, once the

sumption of the absence of TP at greater depth becausestress state in the TP area is prepared. Even a slight dif-
of the lack of information about underground fault con- ference in shear stress on the order of 100 kPa can cause
ditions. One possible explanation is the counteraction entirely dissimilar results, owing to the strongly nonlin-

of pore dilatation to the pore pressure increase by TP ear dfect of TP. This explains why the M7.3 event at
(Suzuki and Yamashita, 2007). The pore dilatation in-  Asperity 1 on March 9, 2011, was followed by the 2011
creases féective normal stress — p during slip accel- Tohoku earthquake on March 11, but the M7.1 event at
eration phases. The dilatancy itself leads to higher rate Asperity 1 in 1981, was not followed by a giant earth-

of heating production. In contrast, the dilatancy has a quake (Fig. 4). The propagation velocity and slip veloc-

fault stabilizing éfect to brake slip acceleratiofRd-
nicki and Chen, 1988), leading to lower rate of heat-
ing production. Thus the role of pore dilatation in fric-
tional instabilities depends on circumstances. In par-
ticular, one study Nlitsui and Cocco, 2010) proposed
that the latter restrainingfect of porosity evolution on
thermal pressurization is stronger in more impermeable
cases (i.e., largew/wyy, wherew is the slip zone thick-
ness andwy is the characteristic length of fluid féli-
sion (Mitsui and Cocco, 2010)). Since the weak fault

6

ity of afterslip in the TP area depend on the stress field,
and they can be greater than those in ordinary afterslip.

We further performed numerical experiments varying
the hydraulic parameters and the length of the TP area.
The experiments implied that observations for monitor-
ing the plate interface around the near-trench TP area
need spatial resolution on the order of 10 km or finer. In
addition, temporal fluctuations of the hydraulic condi-
tion may possibly explain the fluctuations of the recur-
rence intervals of the giant earthquakes.
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Table 1: Detailed parameter distributionsagf= a(o- — po) andbyn = b(o- — po) along the plate interface.

Depth range [km] a, [MPa] b, [MPa]

0-22 0-0.882 (linear change) 0 0.882 (linear change)
22-20 0882 0882

20-25 0882 0882- 1.235 (linear change)
25-32 0882 1235

32-33 0882 1235- 0.529 (linear change)
33-42 0882 0529

42-43 0882 0529- 1.235 (linear change)
43-50 0882 1235

50-55 0882 1235- 0.529 (linear change)
55-70 0882- 1.764 (linear change) .829- 0 (linear change)
70-120 1764- 4.41 (linear change) 0

120- 441 0




