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Important issues with regard to the generation processes of large inland earthquakes include how the stress
concentrates and how nucleation starts in the deeper part of the seismogenic zone prior to the mainshock. We
propose a model of earthquake generation processes that uses a constitutive law combining friction and flow
processes. Using this law, we can represent fault behavior in which frictional slip coexists with flow processes
at the frictional-viscous transition zone. We consider a limitted region where viscous deformation is high along
the frictional-viscous transition zone, and investigate the role of this region in the nucleation process. During
the interseismic period, slip velocity due to flow is much larger than frictional slip velocity in the region of low
viscosity in the deeper part of the seismogenic zone. Large slip due to flow in this region is thought to cause stress
to concentrate in the surrounding regions, and nucleation starts just above the low-viscosity region. Our numerical
simulations indicate that the location of the nucleation process is determined by the nonuniform distribution of

the depth of the frictional-viscous transition zone.

Key words: Nucleation process, a constitutive law combining friction and flow, frictional-viscous transition,

low-viscosity region.

1. Introduction

It is widely recognized that the lithosphere consists of
three different regimes in terms of their deformation style:
the brittle regime controlled by friction law, transition from
brittle regime to viscous regime, and the viscous regime
controlled by dislocation creep (e.g., Chester, 1995). In
the frictional regime, there exist three different regions: the
unstable seismogenic region, the unstable-stable transition,
and the deeper stable region. At the deeper frictionally sta-
ble region, plastic deformation of asperities on frictional
surfaces is thought to be dominant (e.g. Sholz, 1990). This
region can be regarded as a part of the brittle-viscous tran-
sition zone. At the viscous region below this region, bulk
viscous deformation of rock is thought to occur in shear
zones.

This structure of the lithosphere plays a significant role
in the control of earthquake generation processes. The sce-
nario of the generation processes of inland earthquakes is as
follows (e.g., lio and Kobayashi, 2002; Tio et al., 2002): (I)
a localized shear zone exists at the deeper extension of the
seismogenic fault in the lower crust, (II) a stationary slip
proceeds at the deeper extension of the seismogenic fault
during the interseismic period which results in stress con-
centrating at the bottom of the seismogenic zone, and finally
(III) the slip accelerates widely in and below the deeper part
of the seismogenic zone.
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To investigate the mode of shear localization in the lower
crust (e.g., Tanaka et al., 2002), we need to investigate vol-
umetric deformation by using a method such as the finite
element method. For this purpose, Garatani et al. (2005) de-
veloped a finite element code for non-linear visco-elasticity,
plasticity, and faulting.

On the other hand, to model the processes of slip ac-
celeration and nucleation, we need to investigate the fault
model by using frictional constitutive laws. In this case,
a boundary integral equation method is widely used. In
previous studies (e.g. Tse and Rice, 1986; Kato and Hira-
sawa, 1997), to model the slip processes below the seis-
mogenic zone, the frictional property was simply changed
from velocity-weakening to velocity-strengthening. How-
ever, frictional behavior in the transition zone seems to be
more complex. Shimamoto (1986) examined the depen-
dence of steady state friction on slip velocity v by using
halite around the unstable-stable transition zone. He found
that at very low velocity (v <« 107% m/s) the steady state
friction 7, increases with slip velocity v; at low velocity
(v &~ 107° m/s), 7, decreases with v; and at high slip ve-
locity (v > 107° m/s), 7, increases with v. This experi-
mental study implies that, around the brittle-viscous transi-
tion zone, there are three different mechanisms, depending
on the slip velocity: (I) the flow process is dominant at very
low slip velocity; (II) velocity-weakening friction is dom-
inant at low slip velocity; and (IIT) velocity-strengthening
friction is dominant at high slip velocity.

We have two possible kinds of constitutive laws for the
frictional-viscous transition zone. The first law is the con-
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Fig. 1. Strike-slip fault plane in an elastic-space. The length and width of the fault plane are taken to be 48 and 24 km, respectively. Cell size is taken
to be 400 m. The depth of the brittle-viscous transition is set to be around 12 km. A low-viscosity region is located at —8 (km) < x < 8 (km), and

z > 12 (km).

stitutive law combining flow process and friction. Using
this law, around the transition zone from frictional regime
to viscous regime, at very low slip velocity viscous flow is
dominant and at high-slip velocity frictional slip is domi-
nant. Shibazaki ef al. (2002) examined 1-D and 2-D mod-
els by using a constitutive law combining friction and flow
processes. The second law is the constitutive law that ex-
hibits velocity weakening at low slip velocity and velocity
strengthening at high slip velocity. Using this law, slip ac-
celeration below the deeper part of the seismogenic zone
can been reproduced (Shibazaki and lio, 2003; Kato, 2003).
In the present study, given the spatial variation of param-
eters in the first law on the fault in 3-D elastic half-space, we
investigate the role of the frictional-viscous transition zone
on the nucleation process of large earthquakes. Recently,
Shigematsu et al. (2003) investigated deformation styles
along the Hatagawa fault zone and proposed a model in
which a highly deformed region exists along the frictional-
viscous transition zone. We discuss the role of this highly
deformed region from a theoretical point of view.

2. Model of Nucleation Using Constitutive Law
Combining Friction and Flow

2.1 Constitutive law
Multi-mechanism friction laws have been proposed
by several authors (e.g., Chester 1995; Reinen, 2000).
Shibazaki et al. (2002) investigated a fault model in which a
rate- and state-dependent friction law coexists with a power
law creep that has a threshold stress. The constitutive equa-
tion which they used is the following:
T=TF =14, (1)
where 7y is frictional stress and 1 is shear stress due to flow
processes. Total fault displacement is the sum of frictional

slip and slip due to flow processes,

U=ur+ Wey 2)

where u ; is frictional slip, W' is the width of the fault zone,
and g, is the strain due to the flow processes. Frictional
stress is written as:

7 =0y, 3)

where o,ff " is the effective normal stress defined as differ-
ence between lithostatic pressure and pore-fluid pressure,
and u is the frictional coefficient.

There are two kinds of flow processes: power law dislo-
cation creep and exponential law creep due to thermal ac-
tivation process in which the strain rate increases exponen-
tially with increasing shear stress. At the greater depth in
the lower crust, power law dislocation creep is thought to
be dominant. The physical interpretation of the direct effect
in a rate- and state-dependent friction law is thermal acti-
vation creep between microasperities of contacting surfaces
(e.g. Nakatani, 2001). Therefore, exponential law creep due
to thermal activation process is thought to be included in a
rate- and state-dependent friction law. In the present study
we will consider power law creep with the threshold stress
7, which obeys the following function:

Ta = Tu + dfiow(€a)"/" exp(Q/nRT). )

where ajfo, is the constant, Q is the activation energy,
n is the power law exponent and T is temperature. In
some cases, a threshold stress (internal stress) t;, is required
to properly explain the experimental results (e.g. Poirier,
1985).

There are various forms of the frictional constitutive law,
such as the Dieterich-Ruina friction law and the Ruina-
Dieterich friction law (e.g. Marone, 1998). It would take
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Fig. 2. Depth-distribution of constitutive law parameters a, b, and a — b (a), critical weakening displacement D, (b), and pore fluid pressure P (c).

too long for us to calculate fault slip using the constitutive
law combining flow law and a Dieterich-Ruina constitutive
law. Therefore, we use the Ruina-Dieterich friction law, as
expressed by the following equations:

= 0 (s + aln@/v,) +b¥) ©)

where . is the base friction for steady-state slip at refer-
ence velocity v,, v is a slip velocity, and W is a state vari-
able. In the Ruina-Dieterich friction law, the state variable
W can be written as

dV/dt = —v/D AV + In(v/v,)} ()

where D, is a characteristic displacement scaling the evolu-
tion of the state variable.
2.2 Tectonic loading process

Let us consider a quasi-static analysis that assumes a ver-
tical strike-slip fault in 3-D elastic half-space, as illustrated
in Fig. 1. The fault plane is located on the y = 0 plane in
the Cartesian coordinate system (x, y, z). The free surface
is located on the z = 0 plane. A fault plane is divided into
rectangular cells with a length Ax of and Az. The ij-cell
occupies theregion  — NAx <x <iAx (@ =1,..., M),
(j— DAz <z < jAz (j =1,...,N). The slips are as-
sumed to be constant within each cell. For simplicity, we
allow slips only in the x direction. The shear stress 7; ; on
the ij-cell on the fault is accumulated by the delay of the
fault slip p;,; from the long-term average slip of the fault,

G dbl,',j

Ty =) ki s (Vi — i o) — 28 dr
isjs

. (D

where V; is the long-term average slip velocity of the fault,
G is the rigidity, B is the shear wave velocity, and k;_; j_

is the elastostatic kernel, which is the stress at the center of
the i j-cell caused by the uniform slip over a rectangular dis-
location of the ig js-cell. The first term represents tectonic
loading due to the long-term average slip of the fault. The
second term represents the seismic radiation damping intro-
duced by Rice (1993) in order to consider the approximate
effect of inertia. We used the program coded by Iwasaki and
Sato (1979) to calculate the kernels. We solve Egs. (1), (2),
and (4)—(7) using the Runge-Kutta method with an adap-
tive time step size control which Kato and Hirasawa (1997)
originally used.

3. Numerical Analysis

Recently, Shigematsu et al. (2003) investigated deforma-
tion styles along the Hatagawa fault zone and proposed a
model in which a highly deformed region exists along the
frictional-viscous transition zone. It is thought that stress
concentrates around this region and that the nucleation of
dynamic rupture starts there. We consider the region where
viscous deformation is high along the frictional-viscous
transition zone, and investigate the role of this region in the
nucleation process.

We used the same depth distributions of constitutive law
parameters as those used by Shibazaki et al. (2002). The
depth distribution of constitutive law parameters a, b, a — b,
D., and P; are shown in Fig. 2. The effective normal
stress is calculated from the difference between lithostatic
pressure and pore-fluid pressure P, in Fig. 2(c). We set
the long-term average slip velocity V; of the fault to be 0.5
cm/year.

First, we consider the case (Case 1) in which a low-
viscosity region is located at the center of the fault zone
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Fig. 3. Changes of frictional slip velocity distribution (left) and slip velocity distribution due to flow (right) with time for case 1. Numbers shown in
each panel is the time in years. A low-viscosity region is located at —8 (km) < x < 8 (km), and z > 12 (km).

and below a depth of 12 km. We set the value of Q to be
131.75 kJ/mol at the low-viscosity region. In the surround-
ing region we set the values of the threshold stress t;;, the
activation energy Q, n, and W are set to be 0.9 ,u,*a,ff ! , 155
kJ/mol, 3, and 10 m to make the depth of brittle-viscous
transition about 12 km. The depth distribution of tempera-
ture given by lio and Kobayashi (2002) is used.

Frictional slip velocity distributions and slip velocity dis-
tributions due to flow at each time step from the nucleation
process to the cessation of rupture are shown in Fig. 3.
During the interseismic period, slip velocity due to flow is
much larger than frictional slip velocity at the low-viscosity
region (Fig. 4(a)). In the surrounding region, frictional
slip velocity is dominant during the interseismic period
(Fig. 4(b)). However, slip velocity due to flow in the low-
viscosity region (Fig. 4(a)) is larger than frictional slip ve-
locity in the surrounding region (Fig. 4(b)) during this pe-
riod. Thus, the large amount of slip due to flow in the
low-viscosity region during the interseismic period seems
to cause the stress to concentrate in the surrounding regions,
and nucleation starts just above the low-viscosity region.
During the coseismic period (Fig. 4(a)), frictional slip ve-
locity in the low-viscosity region increase rapidly and then
decreases to a very low value. Coseismic rupture propa-
gates to the deeper part of the fault zone, where power law
creep is dominant during the interseismic period (Fig. 4(c)).
In a case where parameters of constitutive law are uniform
in the horizontal direction, nucleation tends to start at the

center of or the edge of the fault zone. To confirm that the
location of the nucleation zone is determined by the loca-
tion of the low-viscosity region, we change the location of
the low-viscosity region (Case 2). The location of the nu-
cleation zone is changed and nucleation starts just above the
low-viscosity region (Fig. 5(a)).

The pore-fluid pressure also controls the depth of the
brittle-viscous transition. Shear stress is in proportion to the
effective normal stress 0, — Py; 74y = (0, — Py)p. Shear
stress decreases with the increase in the pore-fluid pres-
sure. If there is a region of high pore-fluid pressure in the
deeper part of the seismogenic zone, the depth of the brittle-
viscous transition zone is thought to increase. In the case
of the 1995 Hyogo-ken Nanbu earthquake, the existence
of high-pressure fluid around the nucleation zone has been
pointed out by Zhao et al. (1996). The nucleation area of
the Hyogo-ken Nanbu earthquake was significantly deeper
than the cut-off depth of seismicity in the rupture area of the
northeastern section. We examine a case (Case 3) in which
a region of high pore-fluid pressure exists at the center of
the fault zone and below a depth of 12 km. In this region,
40 MPa is added to the fluid pressure distribution shown in
Fig. 2(c). The values of the threshold stress t;;, the acti-
vation energy Q, n, and W are set to be 0.9 u*a,fff, 180
kJ/mol, 3, and 10 m. Figure 5(b) shows the frictional slip
velocity distributions and the slip distributions due to flow
just before dynamic rupture. The nucleation zone is located
just above the region of high pore-fluid pressure.
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Fig. 4. Time changes in slip velocity due to flow (dashed line) and frictional slip velocity (solid line) at points (x,z) = (—0.2 km, 12.2 km) (a),
(x,z) = (—12.2 km, 12.2 km) (b), (x, z) = (—0.2 km, 14.2 km) (c).

4. Discussion

portion of the seismogenic layer and where sharp changes

4.1 Slip and nucleation processes at the deeper part of occur in the depth of the seismic-aseismic boundary. The

the seismogenic zone

depth of the seismic-aseismic boundary corresponds to the

Ito (1990) examined the initiation process of several large  depth of the transition zone from frictional unstable zone to
inland earthquakes and found that they start at the deepest viscous zone. Observations by Ito (1990) suggested that the
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Fig. 5. Frictional slip velocity distribution (left) and slip velocity distribution due to flow (right) just before dynamic rupture for the case 2 (a), and
case 3 (b). In case 2, a low viscosity region is located at —12 (km) < x < —4 (km), and z > 12 (km). In case 3, a high-pore fluid pressure region is

located at —8 (km) < x < 8 (km), and z > 12 (km).

nucleation process is determined by the nonuniform distri-
bution of the depth of the frictional-viscous transition zone.
Our numerical results are consistent with observations. The
depth variations of the frictional-viscous transition zone
could be caused by a nonuniform thermal structure or het-
erogeneity in the pore fluid distribution or properties of rock
involved. From actual observations of the exhumed fault
zone, Shigematsu et al. (2003) found that a degree of duc-
tile deformation changes along the frictional-viscous transi-
tion zone. Their observations indicate that there exist large
depth variations of the frictional-viscous transition.

Shigematsu et al. (2003) also pointed out that a catacl-
asite zone coexists with a mylonite zone. In our model,
dynamic rupture extends to the deeper part of the fault zone
where viscous flow is dominant during interseismic period.
Our numerical results suggest that coexistence of the my-
lonite zone and the cataclasite zone can occur.
4.2 Constitutive law at high slip velocity for ductile

material

lio et al. (2002) reported observations in which large pre-
cursory slips occurred below the deeper part of the seis-
mogenic zone just before the main event. In the case of
modeling where friction coexists with power law creep,
we can reproduce both stationary aseismic slip below the
deeper part of the seismogenic zone during the interseis-
mic period and a local precursory slip associated with the
nucleation process in the deeper part of the seismogenic
zone just before the main event. However, we can not re-
produce precursory slips that occur below the deeper part
of the seismogenic zone before the main event. There-
fore, to investigate precursory slips below the seismogenic
zone, we need to consider other mechanisms. From the
experimental study by Shimamoto (1986), we expect that,

around the brittle-ductile transition zone, at very low veloc-
ity (v < 107° m/s) the flow process is dominant; at low ve-
locity (v & 10~° m/s), 7, decreases with v; and at high slip
velocity (v > 107° m/s), 7, increases with v. To model
slip acceleration below the deeper part of the seismogenic
zone, we need to consider the frictional behavior from low
slip velocity to high slip velocity: i.e. velocity-weakening
at low slip velocity and velocity-strengthening at high slip
velocity.

Shibazaki and lio (2003) investigated a friction law
that exhibits velocity-weakening at low slip velocity and
velocity-strengthening at high slip velocity, following the
model of static aging proposed by Estrin and Bréchet
(1996). Shibazaki and Iio (2003) used the Dieterich-Ruina
friction law with cut-off velocity (Okubo, 1989):

n(,v) = py +aln(/vy) +bn(w /D +1)  (8)

where v is an instantaneous slip velocity, v; is a reference
velocity to a direct effect, v, is a cut-off velocity to an evolu-
tion effect, i is a state variable that characterizes the evolv-
ing state of the sliding surfaces, and D, is a characteristic
displacement that scales the evolution of the state variable.
In the Dieterich-Ruina friction law, a state variable can be
written as

dy/dt =1—yv/D, ©)

In this friction law du/(dInv) =a —b < 0 forv K< v,
but duss/(dInv) = a > 0 for v > v,, where ug(v) =
Wy +aln(w/vy) + bln(vy/v + 1) is the steady state fric-
tion. Shibazaki and Iio (2003) obtained the numerical re-
sults showing that slow slip events occur several ten years
before instability and that a slow precursory slip occurs in
the deeper part of the seismogenic zone prior to instability.
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Kato (2003) also investigated a 2D fault model more pre-
cisely using a friction law that exhibits velocity weakening
at low slip velocity and velocity strengthening at high slip
velocity; they found that a slow precursory slip can occur
below the deeper part of the seismogenic zone.

There are very few experimental studies investigating
the constitutive law around the frictional-viscous transition
(e.g. Masuda et al., 2002). Therefore, in future, we need to
investigate this and to confirm that velocity strengthening
due to flow at very low slip velocity, velocity weakening
at low slip velocity and velocity strengthening at high slip
velocity can occur.

5. Conclusions

We considered a model of earthquake generation pro-
cesses using a constitutive law combining friction and flow
law. By using this law, we can represent the fault behav-
ior in which frictional slip coexists with the flow process
at the frictional-viscous transition zone. We considered the
limited region where viscous deformation is high along the
frictional-viscous transition zone, and investigate the role
of this region in the nucleation process. This large amount
of slip due to flow at low-viscosity region during the inter-
seismic period is thought to cause stress to concentrate in
the surrounding regions, and nucleation starts just above the
low-viscosity region. We also investigated a case in which
aregion of high pore-fluid pressure exists in the deeper part
of the seismogenic zone. If there is a region of high pore-
fluid pressure in the deeper part of the seismogenic zone,
the depth of the brittle-viscous transition zone is thought
to increase. Nucleation zone is located just above the re-
gion of high pore-fluid pressure. We found that the location
of the nucleation process is determined by the nonuniform
distribution of the depth of the frictional-viscous transition
zone. In future we need to model fault slip processes using a
constitutive law investigated by experimental studies under
conditions close to those of the brittle-viscous transition.
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