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Fault friction parameters inferred from the early stages
of afterslip following the 2003 Tokachi-oki earthquake
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[1] We use subdaily GPS time series of positions in the first 5 hours following the 2003
Tokachi-oki earthquake (M., = 8.0) located offshore of Hokkaido, Japan, to estimate
frictional parameters for the afterslip zone on the subduction interface. The data show little
motion immediately after the earthquake with sudden acceleration at about 1.2 hours
after the main shock. This coincides with the largest aftershock (M = 7.4), followed by
gradual deceleration. We assume that early afterslip is the response of a fault patch to
instantaneous stress perturbations caused by the main shock and the largest aftershock.
Early afterslip is modeled with a spring-slider system obeying a rate- and
state-dependent friction law. We develop and apply an inversion method to estimate
friction parameters, D, ao, and (@ — b)o, where o is effective normal stress. The
estimated 95% confidence intervals of D, ac, and (¢ — b)o are 2.6 x 10 *to 1.8 x 10>
m, 0.29 to 0.43 MPa, and 0.214 to 0.220 MPa, respectively. Estimated D, is 10 to 10°
times larger than typical laboratory values. Estimated ao and (@ — b)o values suggest that
a and a — b are smaller than typical laboratory values and/or the pore pressure on the
plate boundary is significantly elevated above the hydrostatic value. Our analyses show
that the model can reproduce the observed GPS data and that the timing of the rapid
acceleration of postseismic deformation is controlled by the frictional properties of the
fault and stress change from the main shock, not by the timing of the largest

aftershock.
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1. Introduction

[2] The 2003 Tokachi-oki earthquake (M., = 8.0) ruptured
the plate boundary along the Kuril trench, offshore Hok-
kaido island, northeastern Japan, where the Pacific plate
subducts beneath Hokkaido (Figure 1). The plate interface is
strongly coupled with a slip deficit rate of about 80 mm/a
[Suwa et al., 2006]. The main shock occurred at 19:50
(UTC) on 25 September 2003 and was followed by the
largest aftershock (M = 7.4) at 21:08 on the same day. The
rupture area of the main shock is close to that of the 1952
Tokachi-oki earthquake (M = 8.1) [Yamanaka and Kikuchi,
2003]. Following the main shock, postseismic deformation
was recorded by a continuous GPS network, GEONET.
This postseismic deformation has been interpreted as a
result of afterslip on the plate interface [Miura et al.,
2004; Miyazaki et al., 2004; Ozawa et al., 2004; Baba et
al., 2006]. Miyazaki et al. [2004] and Ozawa et al. [2004]
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estimated the space-time evolution of afterslip using daily
GPS station positions and found that decaying afterslip
distributed around the rupture region can fit the data well.
Miyazaki and Larson [2008] estimated GPS station posi-
tions every 30 seconds for the first 4 hours following the
main shock and inverted the station positions to infer space-
time evolution of afterslip. Their results show that post-
seismic deformation immediately after the main shock can
be explained by afterslip.

[3] Recently, Larson and Miyazaki [2008] estimated
subdaily GPS station positions after the 2003 Tokachi-oki
earthquake using an improved GPS analysis technique that
separated postseismic deformation in the first 24 hours
following the main shock from displacements caused by
the main shock and the largest aftershock. Figure 2 shows
the GPS station positions every 12 minutes for the first
5 hours following the main shock. The data show little
motion immediately after the main shock with sudden
acceleration at about 1.2 hours following the main shock
at the time of the largest aftershock, suggesting acceleration
of afterslip at this time.

[4] Most previous frictional afterslip studies have mod-
eled afterslip using a rate- and state-dependent friction law
or a simplified rate-dependent, velocity-strengthening ver-
sion of the friction law [Marone et al., 1991; Linker and
Rice, 1997; Hearn et al., 2002; Montési, 2004; Perfettini
and Avouac, 2004, 2007; Perfettini et al., 2005]. The
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Figure 1. (a) Tectonic setting of the Japanese islands. Solid lines indicate plate boundaries. AM, PH,
PA, and NA denote Amurian, Philippine Sea, Pacific and North American plates, respectively.
(b) Magnified map of rectangular area in Figure la. Solid squares show GPS stations used in this study.
Solid and open stars denote epicenters of the 2003 Tokachi-oki earthquake and its largest aftershock,
respectively. Color scale and vectors show cumulative afterslip for 5 hours following the main shock.
Contours with 1-m interval represent coseismic slip distribution of the main shock estimated by Miyazaki
and Larson [2008]. Thick arrow shows the relative motion of the Pacific plate with respect to the North
American plate computed based on the work of DeMets et al. [1994].
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Figure 2. GPS time series at the five stations shown in Figure 1. See Figure 1 for station locations. Left
and right plots show east and north components, respectively. GPS solutions are shown with open circles.
Error bars denote 20 uncertainties for east component and 1o uncertainties for north component. Each
solid curve denotes predicted surface displacements from a Monte Carlo sample of the posterior PDF

shown in Figure 7.
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“slowness law”’ version of rate- and state-dependent friction
law [Dieterich, 1979, 1981; Ruina, 1983] is

TzU{/L*+aln(Vl*)+bln<lg(cg)} (1)

EZI_D_C’ (2)

where 7 is shear stress, V is slip velocity, 6 is a state
variable, @« and b are dimensionless constants, D, is a
characteristic slip distance for the evolution of 6, o is
effective normal stress that is assumed to be independent of
time, V« is a reference velocity, and p« is the friction
coefficient at steady state velocity V.

[5] If60doesnot vary with time (i.e., d0/dt=0), equations (1)
and (2) reduces to the simpler steady state expression

Tos :a{u*+(a—b)ln(l/£)}, (3)

*

where 7y is the steady state frictional stress. a — b
represents the velocity dependence of the steady state
frictional stress. For a — b > 0, 7, evolves to a higher value
when the velocity increases and for a — b <0, 74 evolves to
a lower value. These conditions are referred to as velocity
strengthening friction and velocity weakening friction,
respectively. Velocity strengthening portions of a fault are
nominally stable, that is, they do not spontaneously rupture.
Velocity weakening portions of a fault can undergo
spontaneous rupture under appropriate conditions [e.g.,
Ruina, 1983; Gu et al., 1984; Ranjith and Rice, 1999]. The
velocity-strengthening friction law given by equation (3)
with @ — b > 0, which is effectively a nonlinear viscous
rheology, predicts logarithmic time evolution of afterslip, or,
equivalently, 1/t decay of slip velocity in response to a
sudden coseismic stress increase [Marone et al., 1991,
Perfettini and Avouac, 2004]. Models incorporating this law
are able to fit decaying postseismic deformation measure-
ments [Marone et al., 1991; Linker and Rice, 1997; Hearn
et al., 2002; Montési, 2004; Perfettini and Avouac, 2004,
2007; Perfettini et al., 2005].

[6] Numerical simulations using the full rate- and state-
dependent friction law generate afterslip on velocity-
strengthening regions of faults [e.g., Tse and Rice, 1986;
Marone et al., 1991]. Johnson et al. [2006] showed that a
numerical model incorporating this law can fit postseismic
deformation measurements after the 2004 Parkfield earth-
quake. In contrast to the velocity-strengthening friction law,
the full rate- and state-dependent friction law generates an
acceleration phase of afterslip after a sudden stress increase
for sufficiently compliant systems [Rice and Gu, 1983;
Perfettini and Ampuero, 2008] and predicts time evolution
of slip similar to that predicted by the velocity strengthening
friction law after the acceleration phase [Perfettini and
Ampuero, 2008]. Perfettini and Ampuero [2008] showed
that the duration of the acceleration phase is dependent on
frictional properties on the fault. This suggests that the
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acceleration of afterslip following the 2003 Tokachi-oki
earthquake may be explained by a model incorporating
the rate- and state-dependent friction law and that the
observations recording the acceleration of afterslip may
provide constraints on frictional properties on the subduc-
tion interface.

[7] The rate- and state-dependent friction law has been
used in numerical simulations of generic earthquake cycles
to model slip behavior including seismic slip, earthquake
nucleation, afterslip, and transient aseismic slip [Tse and
Rice, 1986; Rice, 1993; Kato, 2004; Liu and Rice, 2005].
Numerical simulations with the friction law have also been
applied with observational constraints for specific faults such
as the Parkfield segment of the San Andreas fault [Stuart and
Tullis, 1995], the Suruga and the Nankai troughs, southwest-
ern Japan [Stuart, 1988; Kato and Hirasawa, 1999; Hori et
al., 2004], and the Sanriku region along the Japan trench
[Kato, 2008] to understand complex seismic and aseismic
slip histories and preseismic slip. These numerical simula-
tions require specification of values of the friction param-
eters D, a, and b which control frictional properties on
faults and thus determine temporal and spatial slip behavior.

[8] Friction parameters D., a, b, and @ — b have been
inferred from laboratory measurements [e.g., Blanpied et
al., 1995, 1998; Paterson and Wong, 2005]. Postseismic
geodetic data have also been used to infer (¢ — b)o [Hearn
et al., 2002; Perfettini and Avouac, 2004, 2007; Miyazaki et
al., 2004; Perfettini et al., 2005; Hsu et al., 2006] and D,
aoc, and bo [Johnson et al., 2006]. Laboratory measure-
ments show a strong dependence of @ — b on temperature,
and consequently, depth. Blanpied et al. [1995] used experi-
ments on wet granite gouge to infer @ — b of order 10~ for
temperatures below 400°C and of order 102 and increasing
roughly linearly with temperature above 400°C. Many
numerical simulations adopt a depth distribution of a — b
consistent with the laboratory results [e.g., Kato and
Hirasawa, 1999; Lapusta and Rice, 2003; Liu and Rice,
2005]. Studies utilizing postseismic geodetic data and the
velocity strengthening friction law consistently report (a — b)o
values in the range 0.2—0.7 MPa [Hearn et al., 2002;
Perfettini and Avouac, 2004, 2007; Miyazaki et al., 2004;
Perfettini et al., 2005; Hsu et al., 2006], which corresponds
to a — b of order 10~*~107> on faults with hydrostatic pore
pressure at subseismogenic depths. This is about an order of
magnitude smaller than laboratory values, suggesting a — b
for real faults is actually smaller than for laboratory samples,
and/or elevated pore pressure in real faults. Laboratory
measurements of the characteristic slip distance, D,, are
generally in the range 10~°—10~* m [Marone, 1998; Paterson
and Wong, 2005]; however numerical limitations preclude
the use of such small D, in simulations. Numerical simu-
lations typically adopt D, values of order 10> to 10~" m.

[09] There has been much discussion regarding the range
of characteristic slip distance, D,, for real faults. It is argued
that laboratory measurements of the characteristic slip
distance must be scaled appropriately to obtain values for
real faults [Marone, 1998]. It has been proposed that the
characteristic slip distance for real faults is several orders of
magnitude larger than the laboratory-measured range based
on considerations on contact topography of fault surface
[Scholz, 1988] or gouge zone thickness [Marone and
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Figure 3. Spring-slider model used to model afterslip on a
fault patch. A rigid slider with unit base area is connected to
an elastic spring of stiffness k. The spring is dragged at
constant velocity V.. V is velocity of the slider, 7 is
frictional stress applied on the base of the slider, and o is
effective normal stress.

Kilgore, 1993]. In contrast, Lapusta and Rice [2003] argued
that the characteristic slip distance for real faults is in the
laboratory-measured range based on the sizes of the smallest
carthquakes. Constraining possible ranges of the friction
parameters based on geophysical observations is important
for simulation studies, especially for simulations applied to
observations associated with slip on real faults.

[10] In this study, we model early postseismic deforma-
tion of the 2003 Tokachi-oki earthquake assuming that the
observed GPS signal is a response to afterslip on the plate
interface in order to address the following questions:
(1) Why was there a 1.2 hour delay in rapid acceleration
of afterslip following the main shock? (2) Did the main shock
or the largest aftershock trigger the afterslip? (3) What
friction parameters are consistent with the observations?
To address these questions, we model afterslip using a
single degree of freedom spring-slider model [e.g., Rice
and Gu, 1983] that is assumed to obey a rate- and state-
dependent friction law. A nonlinear inversion scheme is
developed and applied to estimate rate-state friction param-
eters. We show that the subdaily GPS data can be explained
by the spring-slider model and that the inversion places tight
constraints on the friction parameters. Furthermore, we
show that the timing of the rapid acceleration of afterslip
is largely controlled by the frictional properties of the fault
and stress change from the main shock, not by the timing of
the largest aftershock.

2. GPS Data and Forward Model
2.1. GPS Data

[11] We use the GPS station positions estimated by
Larson and Miyazaki [2008] every 12 minutes for the first
5 hours following the main shock. Position time series from
the five stations shown in Figure 1, which contain large
postseismic signals, are used in this study and shown in
Figure 2. Coseismic offsets from the largest aftershock,
estimated by Larson and Miyazaki [2008], have been
removed from the time series. Only horizontal components
are used. Vertical components are excluded because of their
low signal-to-noise ratio. These time series show little
motion immediately after the main shock and sudden
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acceleration at about 1.2 hours following the main shock.
The time of the sudden acceleration coincides with the time
of the largest aftershock.

2.2. Forward Model

2.2.1. Governing Equations

[12] We assume that afterslip is a response of a fault patch
adjacent to the coseismic rupture to instantaneous stress
perturbations caused by the main shock and the largest
aftershock. We model slip on the fault patch using the single
degree of freedom spring-slider model [e.g., Rice and Gu,
1983] shown in Figure 3. The fault patch in an elastic
medium is modeled as a rigid block with unit base area
connected to a spring of stiffness k. The spring is loaded at
constant velocity V., which represents the steady state creep
rate just before the main shock in the region of afterslip. The
frictional shear stress applied on the base of the slider, 7,
can be related to slip of the slider, assuming quasi-static slip,
as

dr
= k(o= ), 4)
where V is slip velocity of the slider. The shear stress 7 is
assumed to obey the “slowness law” version of the rate-
and state-dependent friction law given by equations (1) and
(2). Equations (4), (1), and (2) along with initial conditions
fully describe the motion of the slider.

[13] Differentiating equation (1) with respect to time and
then combining it with equation (4), we have

bo df

e LIUSE O b (5)

The system of differential equations for ¥ and 0, which
consists of equations (2) and (5), can be solved numerically
to yield the solution, ¥(¢) and 6(¢), if the parameters D, ao,
bo, k, and V., and initial conditions for J and 6 are
specified.
2.2.2. Initial Conditions

[14] We express the effect of the main shock on the
afterslip patch by applying an instantaneous shear stress
step AT to the slider at = 0. Let V; and 0, be values of V'
and 6 before the main shock, and let ¥ and 6 be those
immediately after the main shock. We assume that the
spring-slider system is in steady state (df/dt = 0) before
the main shock. Johnson et al. [2006] showed that this is a
reasonable assumption for a spring-slider system with a — b
>0 as long as a — b is of the same order of magnitude as a
and D, is on the order of 0.01 m or less. These conditions
are satisfied in the present study as shown in section 4.
Under the steady state assumption before the main shock,
0y is given by 6, = DV, . Because the main shock is
modeled as an instantaneous event, 6 does not evolve during
the main shock, i.e., 0y = 6y = D/V, . From equation (1)
and 6, = 6, the slip velocity immediately after the main
shock is given by ¥ = ¥y exp(At/ac). Therefore specifi-
cation of V5, AT, D, and ao determines V5 and 6, values of
Vand 6 immediately after the main shock. Velocity and state
between the main shock and the largest aftershock, /(#) and
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Figure 4. Time evolution of slip veloc1ty and cumulative slip of the slider in response to a shear stress
step at ¢ = 0. The parameters in the sprmg -slider model are set to D, = 1.0 x 107> m, aoc = 0.40 MPa,

bo =0.17 MPa, k= 1.0 MPa/m, V,

0(f), are obtained by solving equations (2) and (5) with
initial conditions

0(0) =05 = (©)
and
V(0) =V, =V, exp (%). (7)

[15] The effect of the largest aftershock on the afterslip
patch is also taken into consideration by imposing an
instantaneous shear stress step A7,n to the slider at the
time of the largest aftershock, ¢ = f,4. Let V() and
07 (t44) be values of Vand 6 1mmed1ate1y before the largest
aftershock, and let 7™ (ta4) and 6" (t4) be those immediately
after the aftershock. V'™ (z,;) and 0" (t,4) are determined by
solving equations (2) and (5) as described above. Slmllarly
to the case of the main shock, 6" (tap) and V' (taﬁ) are given
by 0'(tqn) = 0 (tap) and V' (tep) = V (tap) exp(ATaglao),
respectively. Velocity and state after the largest aftershock,
V(t) and 0(¢) (t > t,y), are obtained by solving equations (2)
and (5) with initial conditions

O(tap) = 0" (tap) = 0 (tap) (8)

and

V(fa/i) =yt (taﬁ) =V (;qﬂ) exp (AaTUaft)_ )

2.2.3. Simulations

[16] In this section, we show that the forward model
described in sections 2.2.1 and 2.2.2 predicts an acceleration
phase of afterslip. We then show some numerical simula-
tions to illustrate the influence of the friction parameters on
afterslip history.

=V, =0.08 m/a, AT—20MPa andATaﬁ—OOMPa

[17] Figure 4 shows the time evolution of slip velocity
and cumulative slip of the slider obtained from equations (2)
and (5) with initial conditions described above. The param-
eters in the spring-slider model are set to D, = 1.0 x 107> m,

ac = 0.40 MPa, bo = 0.17 MPa, k = 1.0 MPa/m, V,
Vo = 0.08 m/a, and AT = 2.0 MPa. We neglect the effect of
the largest aftershock in Figure 4, i.e. A7,z = 0.0 MPa.
Figure 4 shows that slip accelerates very slowly immedi-
ately after the main shock, and then accelerates rapidly at
about 1.6 hours after the main shock. The time evolution of
slip is qualitatively consistent with the observed evolution
of postseismic deformation shown in Figure 2. This simu-
lation indicates that an imposed instantaneous stress change
at t = 0 can produce delayed acceleration of slip without
imposing stress changes at ¢ > 0.

[18] Perfettini and Ampuero [2008] showed that a
single degree of freedom spring-slider model and a two-
dimensional fault governed by the rate- and state-dependent
friction with velocity strengthening frictional properties
(a — b > 0) under initial conditions similar to equations (6)
and (7) generate an acceleration phase of afterslip which is
analogous to that shown in Figure 4 under appropriate
conditions. Perfettini and Ampuero [2008] found that the
state 0 is well above the steady state value immediately after
an imposed stress step and gradually evolves to the steady
state value which is approximately reached when the velocity
attains its maximum value. They obtained approximate
analytical expressions for the maximum velocity, V.« and
the time when the maximum velocity is reached, ., for a
spring-slider model with spring stiffness sufficiently smaller
than bo/D,

Vo Vi e (10)

=

a D, AT
Imax ~ Z V(; eXp _E .

(11)
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