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S U M M A R Y
Pressure solution creep (PSC) is an important elementary process in rock friction at high
temperatures where solubilities of rock-forming minerals are significantly large. It signifi-
cantly changes the frictional resistance and enhances time-dependent strengthening. A recent
microphysical model for PSC-involved friction of clay–quartz mixtures, which can explain a
transition between dilatant and non-dilatant deformation (d-nd transition), was modified here
and implemented in dynamic earthquake sequence simulations. The original model resulted
in essentially a kind of rate- and state-dependent friction (RSF) law, but assumed a constant
friction coefficient for clay resulting in zero instantaneous rate dependency in the dilatant
regime. In this study, an instantaneous rate dependency for the clay friction coefficient was
introduced, consistent with experiments, resulting in a friction law suitable for earthquake
sequence simulations. In addition, a term for time-dependent strengthening due to PSC was
added which makes the friction law logarithmically rate-weakening in the dilatant regime. The
width of the zone in which clasts overlap or, equivalently, the interface porosity involved in
PSC plays a role as the state variable. Such a concrete physical meaning of the state variable
is a great advantage in future modelling studies incorporating other physical processes such
as hydraulic effects. Earthquake sequence simulations with different pore pressure distribu-
tions demonstrated that excess pore pressure at depth causes deeper rupture propagation with
smaller slip per event and a shorter recurrence interval. The simulated ruptures were arrested
a few kilometres below the point of pre-seismic peak stress at the d-nd transition and did not
propagate spontaneously into the region of pre-seismic non-dilatant deformation. PSC weak-
ens the fault against slow deformation and thus such a region cannot produce a dynamic stress
drop. Dynamic rupture propagation further down to brittle-plastic transition, evidenced by
geological observations, would require even smaller frictional resistance at coseismic slip rate,
suggesting the importance of implementation of dynamic weakening activated at coseismic
slip rates for more realistic simulation of earthquake sequences. The present models produced
much smaller afterslip at deeper parts of arrested ruptures than those with logarithmic RSF
laws because of a more significant rate-strengthening effect due to linearly viscous PSC. De-
tailed investigation of afterslip would give a clue to understand the deformation mechanism
which controls shear resistance of the fault in a region of arrest of earthquake ruptures.

Key words: Numerical solutions; Fracture and flow; Friction; Fault zone rheology; Earth-
quake dynamics.

1 I N T RO D U C T I O N

A fault friction law is one of the key ingredients for the modelling
of earthquakes and sequences of them. Laboratory-derived logarith-
mic rate- and state-dependent friction (RSF) laws (e.g. Dieterich
1979; Ruina 1983) have been widely used in numerical simula-
tions of earthquake sequences (e.g. Rice 1993; Lapusta et al. 2000,
among many others) in which dynamic rupture propagation and

interseismic stress accumulation accompanied by aseismic fault
motion are both simulated in a single framework. In logarithmic
RSF laws, shear stress on a fault τ is usually given by

τ (V, θ ) = σ eff
e (μ∗ + a ln(V/V∗) + b ln(θ/θ∗)) ,

dθ/dt = ϕ(V, θ ), (1)
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Earthquake sequence with PSC-involved RSF 1109

where σ eff
e is the effective normal stress, total normal stress minus

pore pressure, V is the slip rate, θ is a state variable, a and b are
parameters representing the amount of direct and evolution effects
and ϕ describes the state-evolution law which depends on the version
of the RSF law used. For example, among many other variations,

ϕ(V, θ ) = 1 − V θ

dc
(aging law), (2)

and

ϕ(V, θ ) = − V θ

dc
ln

(
V θ

dc

)
(slip law), (3)

where dc is the state-evolution distance, a characteristic slip scale
of evolution of θ (e.g. Ruina 1983). μ∗ is the friction coefficient at a
reference condition defined by V = V∗ and θ = θ∗ which is usually
assumed to be steady-state.

Ruina (1983) defined dc as the slip scale of exponential decay of
linearized perturbations added to steady-state sliding:

dc = −V

(
∂ϕ

∂θ

∣∣∣∣
ss

)−1

. (4)

dc in this paper is defined by eq. (4), which is a function of V in
general for an arbitrary function ϕ. Note that dc in eqs (2) and (3)
satisfy eq. (4) regardless of V.

The logarithmic RSF laws are phenomenological laws that can
explain many laboratory experiments and a set of the parameters
can be determined by fitting the model to experimental data (e.g.
Reinen & Weeks 1993; Noda & Shimamoto 2009) for a specific
deformation condition. But these parameters have often found to
depend on the deformation condition (e.g. Dieterich 1978; Marone
et al. 1990; Reinen et al. 1992; Kawamoto & Shimamoto 1997;
Blanpied et al. 1998; Saffer & Marone 2003; Niemeijer & Spiers
2005, among many others). Some of those dependencies, as well
as the functional form of the RSF laws, were interpreted to give
insights into underlying microphysics (e.g. Nakatani 2001; Rice
et al. 2001; Nakatani & Scholz 2004a,b; Nagata et al. 2012) that
dictates the frictional resistance and its fluctuation under the exper-
imental condition. Furthermore, some experimental observations
were extrapolated to natural conditions and used in modelling natu-
ral fault motion. For example, temperature-dependent steady-state
rate dependency (e.g. Blanpied et al. 1991) was applied to earth-
quake sequence simulations (e.g. Lapusta et al. 2000), and a no-
tion of cut-off velocity of state evolution (e.g. Dieterich 1978) was
applied to model slow slip events (e.g. Shibazaki & Shimamoto
2007). Whether the extrapolation is reasonable or not is a tremen-
dously important problem. The dependencies of the parameters on
variables which dynamically change during earthquake sequences
(e.g. slip rate) urge an update of phenomenological friction laws
to microphysics-based ones which are able to express the depen-
dencies, and enable us to upscale the friction laws from laboratory
experiments to natural faults.

During an earthquake sequence, the deformation condition such
as the slip rate changes spatio-temporarily by many orders of magni-
tude, and the dominant deformation mechanism most likely changes
accordingly. For example, among others, the deformation mecha-
nism changes with the strain rate in brittle-plastic transition (e.g.
Scholz 1988), and high-velocity coseismic slip causes drastic weak-
ening of a fault by various mechanisms, many of which are trig-
gered by frictional heating (e.g. Sibson 1973; Lachenbruch 1980;
Tsutsumi & Shimamoto 1997; Rice 2006; Di Toro et al. 2011).
Implementation of those mechanisms into numerical simulations
of earthquake sequences (e.g. Noda & Lapusta 2010; Shimamoto

& Noda 2014) enables us to discuss earthquake dynamics in terms
of fault-materials science and microphysical processes that can be
studies in laboratories.

Pressure solution creep (PSC; e.g. Rutter 1976; Shimizu 1995)
is one of the important elementary processes in rock friction at a
high temperature where solubilities of rock-forming minerals are
significantly large. It was experimentally shown that PSC increases
the friction coefficient for pure NaCl fault gouge (Bos et al. 2000b),
decreases the friction coefficient for mixtures of phyllosilicate and
NaCl (Bos & Spiers 2002b; Niemeijer & Spiers 2005, 2006, 2007)
and enhances time-dependent strengthening of a fault (Bos & Spiers
2002a; Nakatani & Scholz 2004a,b; Niemeijer et al. 2008). Micro-
physical models for the effects of PSC on the frictional behaviour of
halite-phyllosilicate and quartz-phyllosilicate mixtures have been
developed by Bos & Spiers (2002b), Niemeijer & Spiers (2007)
and den Hartog & Spiers (2014). In this study, the recent micro-
physical model by den Hartog & Spiers (2014, H&S hereafter) is
modified to be suitable to be coupled with an elastic medium and
implemented into dynamic earthquake sequence simulations using
a spectral boundary integral equation method (Lapusta et al. 2000).

2 F R I C T I O N L AW A C C O U N T I N G
F O R P S C

2.1 Microphysical model by H&S

In this section, the microphysical model developed by H&S is
briefly described. For detailed explanation and the original deriva-
tion, please see H&S and den Hartog (2013).

H&S modelled friction experiments on illite–quartz mixtures un-
der hydrothermal conditions around the transition between dilatant
and non-dilatant deformation, which is caused by a transition from
dilatant slip on anastomosing phyllosilicates operating in competi-
tion with compaction due to PSC of quartz clasts, to non-dilatant
slip on the phyllosilicates accommodated by shear deformation of
the quartz clasts via PSC (Niemeijer & Spiers 2005, 2006, 2007).
For convenience, this transition will be denoted by d-nd transition
hereafter. Fig. 1 (modified figures from H&S) illustrates the mi-
crostructure assumed by H&S for a shear zone consisting of quartz
grains and supporting clay matrix. They divided the shear zone into
two types of zones, clast body zones and clast overlap zones (width
x), and considered pervasive deformation within these zones as well
as slip on the wavy foliation anastomosing around the clasts. The
slip on the wavy foliation opens up pores at the extensional quartz-
matrix interfaces which close by pressure solution compaction creep
driven by the effective normal stress σ eff

n .
The shear zone is assumed to have a 2-D body-centred squared

lattice structure at zero interface porosity. Note that this assumption
is not essential, but reduces one degree of freedom in the parameter
space. A rectangular unit cell was considered by H&S which in-
cludes 1 quartz grain (Fig. 1a). Given the quartz fraction fQ and the
diameter of the quartz clast grains D, the width of the clast overlap
zone at zero interface porosity x0 and the periodicity parallel to the
shear zone L were expressed as (eqs 2 and 1 in H&S)

x0 = D

(
1 −

√
π

8 fQ

)
, (5)

and

L = 2(D − x0), (6)

respectively. Note that fQ must be in a range π/8 ≤ fQ ≤ π/4 in order
for the clast overlap zones to exist and for the clasts not to touch
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1110 H. Noda

Figure 1. (a) Microstructure assumed by H&S for a shear zone composed of a clay–quartz mixture. Modified from fig. 3(a) in H&S by changing the amplitude
of wavy foliations to the true scale. (b) A mechanical analogue diagram indicating an idealization of the clay–quartz mixture illustrated in panel (a). Modified
from fig. 4 in H&S.

each other, as mentioned by H&S. The fault-normal dimension of
the unit cell is D − x which takes a value of D − x0 at the zero
interface porosity limit. w denotes the width of the shear zone at
zero interface porosity so that the number of the unit cells across
the shear zone ncell is given by

ncell = w

D − x0
. (7)

H&S assumed that the net slip rate within the shear zone V is par-
titioned into three types of deformation elements: clast body zones
(subscript B), clast overlap zones (subscript O) and dilatant defor-
mation (subscript dil) accommodated by slip on the wavy foliation
(Fig. 1b). Note that the former two types of elements account for

linearly viscous PSC of the quartz clasts. The slip rate contributions
by the three types of the elements are denoted as VB, VO and Vdil:

V = VB + V O + Vdil. (8)

The elements have different constitutive laws, and support the same
applied stresses τ , that is,

τ = τB(V B, x) = τO(V O, x) = τdil(Vdil, x). (9)

x is a state variable for which an equation of time evolution was
derived by H&S.

The constitutive law for the clast body zone was derived by H&S
and takes the form (eq. 5 in H&S):

τB(V B, x) = FB(x)μBσ eff
n + ηB(x)V B, (10)
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where μB is the friction coefficient of clay matrix in the clast
body zone, FB(x) is a geometrical factor and ηB(x) is a factor rep-
resenting viscosity [(stress)/(speed)] of thermally activated PSC.
Dissolution/precipitation-controlled PSC of quartz was assumed.
Specific expression of these factors and similar ones appearing later
in this section were derived by H&S and are shown in Appendix A
for completeness.

Similarly, the constitutive law of the clast overlap zone was de-
rived by H&S and takes a form (eq. 6 in H&S):

τO(V O, x) = FO(x)μOσ eff
n + ηO(x)V O, (11)

where μO is friction coefficient of clay matrix in the clast overlap
zone, FO(x) is a geometrical factor and ηO(x) is a factor representing
viscosity [(stress)/(speed)] of thermally activated PSC.

The constitutive law of the dilatant deformation was also derived
by H&S (eq. 10 in H&S) and is given by

τdil(Vdil, x) = Fdil(x, μdil)μdilσ
eff
n , (12)

where Fdil(x) is a non-dimensional factor modestly larger than unity,
accounting for waviness of the foliation. H&S presented a case with
rate-independent clay friction. In such a case, μdil and τ dil do not
depend on Vdil. This is discussed in the next section where the
notation is simplified to τ dil(x).

The evolution of x is expressed in terms of Vdil and x by H&S as

ẋ(Vdil, x) = −Fx
x

D
Vdil + 1

ηxc

(
D(x0 − x)

x0(D − x)

)n

σ eff
n . (13)

The first and second terms represent dilatation due to slip on the
wavy foliation and time-dependent compaction due to PSC, re-
spectively. Fx is a geometrical factor, ηxc is a factor representing
viscosity [(stress)/(speed)] of thermally activated pressure solution
compaction creep at critical porosity (x = 0), and n is a power

exponent that represents the dependency of the compaction rate on
the interface porosity. Note that at a steady-state x = xss and,

ẋ(Vdil, xss) = 0. (14)

At a limit Vdil = 0, the first term in eq. (13) is zero, and the second
term is positive if x < x0. In this case x would increase with time
without slip, which is called aging. However, x cannot exceed x0,
meaning that this aging and associated strength change saturates at
large enough time, since the factors introduced above do not diverge
at x = x0.

H&S presented analyses of steady-state behaviour with a constant
friction coefficient for μB, μO and μdil. In this case, the friction law
has zero instantaneous rate dependency during dilatant deformation,
as explained in the next subsection. This may cause a problem
in simulating the coupling of a fault with the surrounding elastic
medium (Rice et al. 2001). Therefore, rate-dependent clay friction
for μB, μO and μdil was used here. The need for a rate-dependent
friction for the clay foliation was already recognized by H&S based
on the consideration of experimental data. In the following sections,
the characteristics of the friction law are presented.

2.2 Instantaneous rate dependency

2.2.1 Rate-independent clay friction

H&S presented analyses of steady-state behaviour with a constant
kinetic friction coefficient μ∗ for μB, μO and μdil. In this a case,
τB and τO are linear functions of VO and VB, respectively, and τ dil

is constant for fixed x. Fig. 2(a) shows those functions as solid
lines with the same physical parameters as used by H&S (Table 1)
assuming x = x0 as an example. The relation between τ and V is
also indicated by the dashed line.

If the applied shear stress τ is smaller than or equal to τB(0, x),
all the slip rate contributions are zero, and thus V = 0. If

Figure 2. Rate dependency of each element and that of the shear zone at a fixed state variable x = x0. Physical properties are listed in Table 1 unless indicated
otherwise. (a) Rate-insensitive clay friction (a = 0). (b) Rate-dependent clay friction (a = 0.01).

Table 1. Physical parameters used in H&S.

Quartz clast diameter D 9.3 × 10−7 m
Quartz fraction fQ 0.56
Clay friction at reference μ∗ 0.303 + 5.375 × 10−4 (T − 297.15 [K])
Power exponent of interface porosity n 0.3
Effective normal stress σ eff

n 170 MPa
Shear zone thickness w 5.7 × 10−4 m
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1112 H. Noda

τB(0, x) < τ ≤ τO(0, x), then VB is the only non-zero slip rate
contribution. While this regime was included in the mechanical
analogue diagram representing the original model by H&S, it was
not included in their plots of friction versus V. If τO(0, x) < τ <

τ dil(x), then VB and VO are non-zero and thus V = VB + VO.
At τ = τ dil(x), VB and VO take their maximum values which are

functions of x:

VBmax(x) = τdil(x) − μBσ eff
n FB(x)

ηB(x)
,

(15)

VOmax(x) = τdil(x) − μOσ eff
n FO(x)

ηO(x)
.

Kinetic friction determines the maximum shear stress that can be
supported by a frictional surface. Thus τ is limited by τ dil(x), and
larger values are not allowed. The instantaneous stress response to
slip rate perturbations at this condition is completely flat as shown
in Fig. 2(a).

Vdil can be written as a function of V and x by

Vdil(V, x) = max {0, V − VBmax(x) − VOmax(x)} . (16)

Then the state-evolution law ϕ(V, x) can be constructed by

ϕ(V, x) = ẋ(Vdil(V, x), x). (17)

The relation between τ and V shown in Fig. 2(a) by a dashed
line can be constructed for any given value of x between 0 and
x0. Therefore, this law can be regarded as a RSF law. It should be
pointed out that the instantaneously rate-independent characteristic
for Vdil �= 0 may cause a problem. H&S demonstrated that the law
is rate-weakening in terms of steady-state behaviour in the dilatant
regime (i.e. Vdil �= 0). Rice et al. (2001) considered interaction of
a fault governed by a linearized RSF law and surrounding elas-
tic medium, and analysed the behaviour of linearized perturbation
added to a steady-state solution. They showed that if a steady-state
rate-weakening fault does not have instantaneous rate dependency,
which is the case here, then the perturbation grows irrespective
of the wavenumber, and high-wavenumber perturbation propagates
near the elastic wave speed. This means that numerical spatial reso-
lution of frictional instability may be quite difficult, and there is no
quasi-static regime. As pointed out by Rice et al. (2001), both rate-
and state-dependencies are necessary in coupling a friction law with
the surrounding elastic medium.

2.2.2 Rate-dependent clay friction

H&S (also see den Hartog et al. 2012) observed positive steady-
state rate dependency in their experiments at temperatures below
250 ◦C and argued that positive rate dependency of clay friction,
which is ubiquitously observed, probably explains such behaviour.
Introduction of instantaneous rate-dependent clay friction causes
instantaneous rate dependency of the friction law in the dilatant
regime. The original model of H&S is therefore modified here to
include such rate dependency. In the numerical simulation shown
later, similar logarithmic rate dependency on local shear strain rate
was assumed for μB, μO, μdil. The thickness of the elements are
D − 2x, x and wf for the clast body zone, the clast overlap zone and
the wavy foliation, respectively. Note that wf is the local thickness
of the foliation measured normal to it, not the amplitude x. In addi-
tion, the wavy foliation is oblique to the fault in an absolute sense
by tan−1(2x/L) on average. Then μB, μO and μdil are expressed as

μB = μ∗ + a ln

(
V B

ncell(D − 2x)γ̇∗

)
, (18)

Table 2. Newly introduced physical parameters for rate-dependent clay
friction.

Instantaneous rate dependency of clay a 0.01
Reference shear strain rate γ̇∗ 10−3 s−1

Thickness of wavy foliation wf 10−8 m

μO = μ∗ + a ln

(
V O

ncellx γ̇∗

)
, (19)

μdil = μ∗ + a ln

(
Vdil

√
L2 + 4x2

ncell Lw f γ̇∗

)
. (20)

μ∗ is the friction coefficient at a reference shear strain rate γ̇∗, a
represents the logarithmic instantaneous rate dependency of clay.

The newly introduced physical parameters are listed in Table 2.
den Hartog et al. (2012) reported the instantaneous rate dependency
of illite-rich gouge (fig. 3b there). At temperatures below 300 ◦C,
it takes the value around 0.01 with some data scattering and does
not show a clear temperature dependency, despite the notion that the
instantaneous rate dependency should be proportional to absolute
temperature (Nakatani 2001; Rice et al. 2001) based on considera-
tion of a microscopic slip process at asperity contacts which requires
thermal activation. In the current study, a = 0.01 is adopted which
is independent of temperature. γ̇∗ was assumed to be 10−3 s−1,
which corresponds to typical experimental conditions (a slip rate
of 1 µm s−1 for a 1 mm thick shear zone). wf = 10−8 m was used,
which is roughly 10 times as thick as the spacing of (001) planes of
illite.

Fig. 2(b) is a similar plot to Fig. 2(a), but with rate-dependent
clay friction. The relation between τ and V was calculated by nu-
merically solving eq. (8) and (9). They were rearranged and non-
dimensionalized to

1 − τO(V O, x)/τB(V B, x) = 0,

1 − τO(V O, x)/τdil(Vdil, x) = 0, (21)

(V B + V O + Vdil)/V − 1 = 0.

If V and x are specified, there are three equations with three un-
knowns (VB, VO, Vdil). This set of equations was numerically solved
with the Newton-Raphson method for a 3-D function. Since the slip
rate contributions vary logarithmically, log(VB), log(VO), log(Vdil)
were treated as the variables. This treatment prevents the slip rate
contributions from taking negative numbers, making the numerical
convergence from an initial guess much more robust.

The increasing functions for the clay friction (eqs 18 to 20) being
incorporated, τ becomes an increasing function with respect to V
as shown in Fig. 2(b) by the dashed line. Vdil can be regarded as a
function of V and x similarly to the case with rate-independent clay
friction. Its analytic expression is difficult, but graphical expression
is quite straightforward (grey arrow in Fig. 2b). The state-evolution
law ϕ(V, x) is then defined by eq. (17). Therefore, the friction law
by H&S becomes a RSF law with a positive direct effect after
introduction of positive rate dependency for clay friction.

2.3 Steady-state behaviour and introduction of a b-term

Fig. 3(a) shows the steady-state friction coefficient with rate-
independent clay friction, reproduced from fig. 5(a) in H&S and
corrected by adding a regime for VO = 0. The steady-state rate
dependency approaches zero at low enough and high enough slip
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Earthquake sequence with PSC-involved RSF 1113

Figure 3. Steady-state shear stress and slip rate partitioning for the physical parameters listed in Table 1 at temperatures from 100 ◦C to 600 ◦C. (a) Modified
figure from fig. 5(a) in H&S [2014] in which the friction coefficient of clay is rate-insensitive (a = 0). (b) Steady-state friction coefficients with rate-dependent
clay friction. The direct-effect parameter a is 0.01. (c) Slip rate partitioning for 300 ◦C. (d) A plot for the case with 300 ◦C in panel (b) with a linear horizontal
scale. Two linear parts are recognized (also see Fig. 2b).

rates. At low enough slip rates, the flow stresses of quartz grains
are so small that the shear stress is mostly supported by the clay
matrix. At the other extreme, dilatant deformation occurs at critical
state porosity and the strength is governed by frictional sliding on
horizontally aligned clay foliation. The temperature-strengthening
tendencies in these regimes are due to the positive dependency of
clay friction on T in the experiments cited by H&S (den Hartog &
Spiers 2013; see Table 1).

At a steady-state, eq. (14) is satisfied in addition to eqs (8) and
(9). Those equations were rearranged and non-dimensionalized to

1 − τO(V O, xss)/τB(V B, xss) = 0,

1 − τO(V O, xss)/τdil(Vdil, xss) = 0,

(V B + V O + Vdil)/V − 1 = 0, (22)
ẋ(Vdil, xss)

−Fx xssVdil/D
= 0.

The denominator in the last equation represent dilatancy due to slip
on the wavy foliation. If V is specified, there are four equations with
four unknowns (VO, VB, Vdil, xss). Note that τ ss = τB = τO = τ dil

at the solution. The set of equations was solved with the Newton-
Raphson method for a 4-D function. Similarly to the calculation of
Fig. 2(b), log(VB), log(VO), log(Vdil) were treated as variables. If a
wide range of V is investigated, xss becomes very close to 0 at large
V, and so does x0 − xss at small V. If one adopts log(x) as the forth
variable (logarithmic transformation to avoid negative x), then the

solution search fails due to loss of significant digits at small V. In
order to avoid this problem, in every step of the solution search, the
smaller of log(xss) and log(x0 − xss) was used as the forth variable
to be updated.

Introduction of rate dependency of the clay causes an overall
steady-state rate-strengthening trend (Fig. 3b). At a large V limit,
the rate dependency dμss/dln(V) is given by a, which agrees better
with the experimental results by H&S than their original analyses
with rate-independent clay friction. In addition, gradual onset of the
dilatant deformation makes the d-nd transition smooth which would
benefit numerical simulations.

The slip rate contributions from the 3 types of elements are shown
in Fig. 3(c) for the steady-state condition at 300 ◦C. The clast body
zone has the largest slip rate contribution at small V. With increasing
slip rate, the contribution of the clast overlap zone VO increases
and becomes the largest at 8.76 nm s−1. This transition causes a
change in the viscosity as shown in Fig. 3(d). Because of the smooth
onset of shear deformation of the clast overlap zone, this change is
gradual, while rate-independent clay friction causes a singular point
(see Fig. 2).

VO/V reaches its maximum value at 59.1 nm s−1 (vertical grey
dashed line in Figs 3b–d), and then decreases. At this point, the
contribution of the dilatant deformation Vdil starts to become sig-
nificant and τ ss(V) deviates from a linear trend (Fig. 3d). Note
that rate-independent friction caused a singular on-off behaviour
of the dilatant deformation. This makes the deviation from the
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1114 H. Noda

Figure 4. The state variable at steady-state xss with the physical parameters
listed in Table 1 at different temperatures. Dashed lines represent 1/V de-
pendency given by eq. (25). Grey horizontal lines represent the maximum
value x0 and the thickness of wavy foliation wf.

linear trend singular even without state-evolution (Fig. 2a). With
a rate-dependent clay friction, the friction law consists of smooth
functions, and this deviation is also smooth.

As shown here, the constitutive behaviour is quite complex. The
model by H&S was constructed in order to explain the positive-
negative-positive trend in the steady-state rate dependency around
the d-nd transition. However, there is no experimental evidence for
the transition associated with the change in viscosity at the onset
of deformation within clast overlap zone (Fig. 3d) to the author’s
knowledge. It may be possible to reduce the number of elements in
the microphysical model for simplicity while keeping the ability to
express the d-nd transition, but I would like to stick to the published
model by H&S.

Fig. 4 represents the steady-state state variable xss. It stays close
to its maximum value x0, and then decreases approximately as 1/V
as V increases. If x � x0, eq. (13) can be approximated by

ẋ(Vdil, x) ≈ −Fx
x

D
Vdil + σ eff

n

ηxc
. (23)

At steady state (eq. 14),

xss ≈ D
σ eff

n

ηxc Fx Vdill(V, xss)
. (24)

In addition, if V ≈ Vdil, which is the case at high enough slip rate as
shown in Fig. 3(c), then

xss ≈ D
σ eff

n

ηxc Fx V
. (25)

Note that xss approaches zero as V increases (critical state be-
haviour). The dashed lines Fig. 4 are estimates given by eq. (25)
which give an excellent fit to the calculated xss at high enough slip
rates.

It should be mentioned that as V increases the value of x be-
comes smaller than the assumed thickness of the shear zone on
wavy foliation wf or even smaller than the basal (001) spacing of
illite. Since the wavy foliation is assumed to be within the clast
overlap zone (Fig. 1), such a small value of x is unrealistic. The
model by H&S successfully explained the d-nd transition and asso-
ciated change in the sign of rate dependency qualitatively. But its

Figure 5. Steady-state friction for different values of b ranging from 0 to
0.02 at 300 ◦C. The other physical parameters are listed in Table 1.

direct applicability to deformation well inside the dilatant regime
was not considered, where conventional logarithmic RSF laws (e.g.
Dieterich 1979; Ruina 1983) were established. For example, the
steady-state rate dependency in the dilatant regime in Fig. 3(b) is
eventually given by the assumed a for the clay friction. This indi-
cates the absence of an evolution effect in the dilatant regime, which
contradicts with experimental results by den Hartog et al. (2012)
for illite-rich gouge.

Pure phyllosilicate has evolution effect [e.g. pure muscovite by
den Hartog et al. (2013), and near-pure (94 per cent) illite by den
Hartog et al. (2014)], and Y-shear foliation (x � x0) may be approx-
imated by pure illite. The experiments of the near-pure illite yielded
the steady-state rate dependency from −0.005 to 0 at 350 ◦C. The
enhancement of rate-weakening by the onset of dilatant deforma-
tion is significant in a rather narrow range of deformation conditions
and cannot solely explain the experimentally observed wider range
of deformation conditions for rate-weakening (see figs 1 and 7 in
H&S). In the earthquake sequence simulations shown later, the clay
friction of the wavy foliation, which dictates the shear resistance
well inside the dilatant regime, was modified by adding a term for
the state-evolution effect in the logarithmic RSF laws,

μdil = μ∗ + a ln

(
Vdil

√
L2 + 4x2

ncell Lw f γ̇∗

)
+ b ln

(
x

x0

)
, (26)

motivated by the approximate 1/V dependency of xss on V (eq. 25).
It has to be mentioned that the assumed constitutive law for clay,
particularly the b-term, is phenomenological although the effect of
PSC was introduced with a concrete physical basis.

Fig. 5 shows steady-state friction as a function of V at 300 ◦C
for different values of b from 0 to 0.02. The case with b = 0 is
identical to one of the cases plotted in Fig. 3(b). The high-velocity
part is approximately rate-neutral with b = a = 0.01 and shows
logarithmic rate-weakening with b > a, being similar to logarithmic
RSF laws (e.g. Ruina 1983).

2.4 State-evolution slip distance dc

In the present friction law, the characteristic state-evolution slip dis-
tance dc defined by linearization of the friction law (e.g. eq. 4) is not
an externally given parameter like for conventional RSF laws, but a
function of the assumed microphysical parameters and deformation
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Earthquake sequence with PSC-involved RSF 1115

conditions. It may change with time as slip rate changes during
earthquake sequences. In simulating them, an adaptive control on
the length of a time step is inevitable (e.g. Lapusta et al. 2000), and
estimation of dc and a corresponding timescale of state-evolution
is required at every computational time step. We can define the
rate-dependencies (A and A − B) by

A = V
∂τ

∂V

∣∣∣∣
ss

, (27)

and

A − B = V
dτss

dV
, (28)

and dc by,

dc = −V

(
∂ϕ

∂x

∣∣∣∣
ss

)−1

, (29)

similarly to eq. (4). They can be used to determine the maximum
time step allowed to avoid numerical instability at least for near-
steady-state situations (Lapusta et al. 2000).

The black lines in Figs 6(a) and (b) show dc and the corresponding
timescale dc/V, respectively, as a function of V, using the physical
parameters listed in Tables 1 and 2, with b = 0.01 (=a), and at T =
300 ◦C. In the non-dilatant regime, dc is smaller for a smaller value of
V, and so is dc/V. Note that dc/V vanishes as V approaches zero. This
means that a shorter time step is required for temporal resolution of
state-evolution during slower deformation. In earthquake sequence
simulations, long interseismic periods must be simulated with much
longer time steps than short coseismic periods because of restricted
computational resources. Therefore, the vanishing timescale dc/V
is a critical problem.

The derivative of ϕ with respect to x is

∂ϕ

∂x
= ∂ ẋ

∂x
+ ∂ ẋ

∂Vdil

∂Vdil

∂x
, (30)

and from eq. (13), the first term is given by

∂ ẋ

∂x
= −Fx

1

D
Vdil − 1

ηxc

nDn(D − x0)

xn
0

(x0 − x)n−1

(D − x)n+1
σ eff

n . (31)

This diverges for n < 1 at the limit where x0 − x approaches zero,
which causes the problem of the vanishing timescale. H&S adopted
n = 0.3. Figs 6(a) and (b) represent the effect of n and show that
a larger n causes a milder decrease in dc, and n = 1 yields almost
constant dc/V at low enough slip rates (an inset in Fig. 6b), which
makes simulations of interseismic processes much easier. Note that
for conventional RSF laws with a constant dc, the timescale would
increase as V decreases proportianally to 1/V, allowing longer time
steps for slower slip processes.

n = 0.3 < 1 was selected by H&S in order to express a large
length-to-width ratio of the pores at the onset of dilatation (i.e. at
the debonding of the interface) and a decrease in it as the pores
expand. But the resulting rapid compaction at low interface poros-
ity cannot be resolved in earthquake sequence simulations. This
problem could be resolved by introducing, for example, trunca-
tion of state-evolution at low porosity or a minimum size of pores
comparable to the thickness of an absorbed water layer. This point
deserves further study. In the simulations shown later, n = 1 is
adopted.

τ ss(V) with different n from 0.3 to 2 overall traces each other
(Fig. 6c). At the d-nd transition, a larger n causes a less significant
peak (Fig. 6c). It should be pointed out that the rate-independent clay
friction used by H&S predicts a jump in the rate dependency while

Figure 6. (a) dc derived from linearization of the friction law around steady
state (eq. 29) at T = 300 ◦C, with b = 0.01, and for various n. The other
parameters are listed in Table 1. (b) A timescale of state evolution dc/V for
the same conditions as in panel (a). For n < 1, the timescale vanishes as
V approaches zero. An inset shows that the timescale stays almost constant
with V at n = 1. (c) The effect of n on the steady-state friction coefficient.
An inset is a magnified view around the d-nd transition.

the experimental results show a rather smooth change in the rate
dependency fig. 1a in H&S. The choice of n = 1 reduces the peak in
the plot of τ ss(V) in better agreement with the experiments discussed
by H&S but also produces less-marked velocity weakening than
seen in the same experiments.
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1116 H. Noda

Figure 7. (a) Steady-state (the thick black line) and instantaneous (dashed
coloured lines) responses of the friction coefficient with b = 0.015 (a − b
= −0.005) and at 300 ◦C. x of each instantaneous dependency is the steady-
state value at the labelled slip rate indicated by circles of the same colour.
(b) A colour plot of the friction coefficient as a function of V and x.
The black line indicates steady state. Black dashed lines divide the plot
area into ‘O’, ‘B’ and ‘dil’ regimes defined by the maximum of the slip
rate contributions VO, VB and Vdil, respectively. White dashed squares are
trajectories of simulated velocity steps in Figs 8(a) and (b).

2.5 Transient behaviour

Fig. 7(a) shows the steady-state friction coefficient as a function
of V as a thick black line, and instantaneous responses in dashed
coloured lines which were calculated by solving eq. (21). b = 0.015
and n = 1, and T = 300 ◦C were assumed and the other parameters
are listed in Tables 1 and 2. In the dilatant regime, a series of straight
lines for the instantaneous responses with positive slope intersect
the steady-state line. This is exactly similar to the characteristic
of conventional logarithmic RSF laws (e.g. fig. 3 in Ruina 1983).
Fig. 7(b) shows the friction coefficient τ/σ eff

n in a (V, x) space. The
space was divided by black dashed lines delineating the largest slip
rate contributions, and xss as a function of V is indicated by a black
solid line. A velocity step is expressed by a trajectory parallel to the

coloured dashed lines in Fig. 7(a) and a horizontal line in Fig. 7(b),
and state-evolution at a constant slip rate is expresses as a vertical
line in both figures.

Mechanical responses following ideal velocity steps are sim-
ulated to see the transient behaviour of the present friction law.
Initially, a steady-state at a certain slip rate was assumed, and
then V was abruptly changed. After a velocity step, the state vari-
able was evolved by integrating eq. (13) in time with a second-
order accurate exponential time-differencing method with a con-
stant time step 0.01dc/V where dc was estimated at the post-step slip
rate.

Velocity-steps in the dilatant regime are characterized by peak-
decay behaviour (Fig. 8a) similarly to conventional logarithmic RSF
laws. In this regime, large x and thus small interface porosity cor-
relates with large τ .

The opposite is the case when the clast body zones control has
the largest slip rate contribution (V < 10−8 in Fig. 7); large x causes
small τ . In the microphysical model adopted here, a thinner clast
overlap zone is associated with a higher porosity, causing a larger
clay fraction in the clast body zone, which in turn causes a higher
shear resistance. In the author’s opinion, the correlation between
porosity and shear resistance is a bit counter-intuitive, and exper-
imental validation of this point and a potential update of the mi-
crophysical model may deserve future study. Note that as long as
deformation is applied in the non-dilatant regime, the instantaneous
responses and the steady-state line trace almost each other (Fig. 7a),
and the friction law may be approximated well by a pure rate-
strengthening law. In the non-dilatant regime, significant porosity
cannot be generated because xss is very close to x0. The porosity
effect discussed here is the case when a fault experiences transition
from the dilatant regime to the non-dilatant regime, but the poros-
ity collapses rapidly since dc (Fig. 6a) is vanishingly small in the
non-dilatant regime.

Because of the different correlations between τ and x in the di-
latant and non-dilatant regimes, velocity-steps across the d-nd tran-
sition show qualitatively non-symmetric behaviour (Fig. 8b). The
upward step into the dilatant regime yields a peak-decay behaviour
similar to conventional RSF laws, while the downward step into
the non-dilatant regime yields a monotonic decay to the steady-
state value with a much shorter state evolution distance dc (see
the last section). Velocity steps down to the transitional regime (V
from 10−8.5 m s−1 to 10−7 m s−1) are shown in Figs 8(c) and (d).
They indicate that between the dilatant and non-dilatant regimes,
downward velocity-steps show the behaviour which could be ‘ex-
plained’ by a logarithmic RSF law with 2 state variables with pos-
itive and negative b-values, in spite of the fact that the present
friction law has only one state variable. Such behaviour was exper-
imentally observed at hydrothermal conditions (e.g. Blanpied et al.
1998). Indeed, den Hartog et al. (2012) sometimes used a nega-
tive second state variables to fit a conventional RSF law to their
experiments.

In this section, consequences of the model by H&S was anal-
ysed and modifications made were explained in order to use the
model in earthquake sequence simulations. But it should be pointed
out that some of the characteristics shown do not have concrete
experimental evidence (e.g. the scaling between dc and V, and com-
plex behaviour after velocity steps). Comparisons of experiments
and microphysical models not only in steady-state characteristics,
but also in transient behaviours are important future study towards
improvement in the microphysical models and physics-based fault
constitutive laws.
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Earthquake sequence with PSC-involved RSF 1117

Figure 8. Simulated velocity steps with b = 0.015 (a − b = −0.005) and at 300 ◦C. The other parameters are listed in Table 1. The grey lines represent abrupt
jumps. The amount of simulated slip after the steps are labelled. (a) Velocity steps within the dil-regime, between 1 µm s−1 and 10 µm s−1. (b) Interregime
velocity steps, showing qualitatively non-symmetric behaviour. (c) Downward velocity steps from the dil-regime to O- or B-regimes. (d) A magnified view of
panel (c) closely after the velocity steps.

3 M E T H O D O L O G Y O F E A RT H Q UA K E
S E Q U E N C E S I M U L AT I O N S

3.1 Solution techniques

The friction law explained and investigated in Section 2 was im-
plemented in 2-D earthquake sequence simulations using a spectral
boundary integral equation method (Lapusta et al. 2000). In this
method, shear stress on a fault τ is expressed as

τ = τ0 + φ − G

2cs
V = τ0 + φ − G

2cs
(VB + VO + Vdil), (32)

where τ 0 is the shear stress on the fault which would be achieved if
there were no slip on the fault, φ is a functional term depending on
the previous spatio-temporal distribution of the slip rate V and on
the current distribution of the slip, cs is the shear wave speed, and
G is the shear modulus.

The solution technique is overall identical to Noda & Lapusta
(2010); the functional term is calculated with a mid-point rule, the
state variable x (or x0 − x if x > x0/2) is updated with a second-
order accurate exponential time-differencing method, and the time
step is varied adaptively following Lapusta et al. (2000) with a
safety factor of 2. There are a few differences in detail which may
be worth noting.

At every time step x and φ are updated, and then eqs (9) and (32)
were solved simultaneously for VB, VO and Vdil by looking for a

solution to the following non-dimensionalized equations:

1 −
(

τ0 + φ − μ

2cs
(V B + V O + Vdil)

)/
τB(V B, x) = 0,

1 −
(

τ0 + φ − μ

2cs
(V B + V O + Vdil)

)/
τO(V O, x) = 0, (33)

1 −
(

τ0 + φ − μ

2cs
(V B + V O + Vdil)

)/
τdil(Vdil, x) = 0.

Again, the Newton-Raphson method for a 3-D function was used,
while treating log(VB), log(VO) and log(Vdil) as the variables to be
updated. Once the solution search converged, (τB + τO + τ dil)/3 was
adopted as the estimate of τ . Even if an explicit analytical expression
for τ (V, x) is unknown, it is possible to implement an implicit form
of the friction law into earthquake sequence simulations.

In the adaptive stepper proposed by (Lapusta et al. 2000), the
rate-dependencies (A and A − B) and the state-evolution distance dc

(eqs 27–29) are used. Those values are constants for many conven-
tional RSF laws, but vary in the present friction law as demonstrated
in previous sections. They are estimated every time step at all nodes
around the steady-state at the current value of V.

3.2 Model setting

Similarly to Lapusta et al. (2000), a strike-slip fault was assumed
and discretized in depth (z-direction). This is an anti-plane problem

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/205/2/1108/687505 by Library,Faculty of Agriculture/G

raduate School of Agriculture,Kyoto U
niversity user on 07 April 2025



1118 H. Noda

Figure 9. Model setting of the present earthquake sequence simulations. (a)
Distributions of T (dashed line) and σ eff

n (solid lines). Lithostatic pressure
distribution is also shown by a grey line, indicating the assumed pore pressure
distribution at depth. (b) Parameters a, b and a − b.

with a mirror located at the ground surface. A periodic boundary
condition, which is required in the adopted method, is assumed by
setting another mirror at the depth of z = 25.6 km. The deep portion
of the fault z < 20 km is assumed to be sliding steadily by V = Vpl

= 10−9 m s−1.
The host rock had a shear wave speed cs = 3 km s−1 and a shear

modulus G = 30 GPa. The temperature T was assumed to be 20 ◦C
at the ground surface, and to increase with depth by 20 ◦C km−1 (the
dashed line in Fig. 9a). Two different distributions of the effective
normal stress σ eff

n were tested (solid lines in Fig. 9a). In Model A,
a hydrostatic pore pressure distribution and lithostatic total normal
stress distribution were assumed so that σ eff

n increases with depth
by 16.66 MPa km−1. In Model B, excess pore pressure at depth was
considered and an upper limit for σ eff

n was set at 50 MPa, similarly
to Lapusta et al. (2000). In addition, a lower limit for σ eff

n was set
at 10 MPa to avoid zero-normal stress at z = 0.

It should be noted that complex structure of natural fault zones
(e.g. distribution of different fault rocks, grain size distribution,
mineral assemblage and strain localization) causes difficulty in es-
timating relevant values for the physical parameters. They may well
be distributed heterogeneously along a fault, and fluctuate with
time if the actively deforming shear zone thickness changes during
a sequence of earthquakes. Obtaining reasonable constraints on the
parameters is an important future study.

Table 3. Physical parameters used in earthquake sequence simulations. Also
see Fig. 9. For parameters not listed here, the values in Tables 1 and 2 were
used.

Evolution effect in dilatant regime b 0.007 to 0.014
Shear wave speed cs 3 km s−1

Quartz clast diameter D 10−4 m
Quartz fraction fQ 0.6
Shear modulus G 30 GPa
Power exponent of interface porocity n 1
Shear zone thickness w 10−2 m

Physical parameters used in the simulations that are different
from the previous section are listed in Table 3. In this study, in order
to minimize the complexity and to investigate the consequence
of the present friction law, most of the parameters were assumed
uniform. Some of them were selected in order for the simulations
to produce earthquakes in a realistic depth range. The shear zone
was assumed to consist of mixture of 60 per cent quartz (diameter
D = 100 µm) and 40 per cent clay forming the matrix. The grain
size was selected to make the earthquake sequence simulations
comparable with a standard model by Lapusta et al. (2000) with a
logarithmic RSF law so that the effect of implementation of PSC is
illuminated. The shear zone width w was assumed to be 1 cm which
corresponds to the typical width of an ultra-cataclasite (or clayey
gouge if unconsolidated) layer (e.g. Chester & Chester 1998). The
rate dependency parameter of clay a was assumed to be 0.01, as in
the previous sections, and the amount of the evolution effect inside
the dilatant regime b was set 0.007 at the ground surface, increasing
linearly with depth, and kept constant at 0.014 below z = 4 km
(Fig. 9b). In the seismogenic depth range, the rate dependency in
the dilatant regime a − b was −0.004, identical to that in the model
by Lapusta et al. (2000). Based on the discussion in the previous
section, n = 1 was assumed.

It should be noted that the stable clay mineral changes with depth
[e.g. smectite-illite transition (Elliott & Matisoff 1996) and illite-
muscovite transition (Hunziker 1986)]. Implementation of a realistic
clay mineralogy distribution and associated clay friction deserves
future study. In this study, the constant value a = 0.01 was adopted,
motivated by the illite data, and the focus was put on the effect of
PSC on the fault behaviour.

Fig. 10 shows profiles of fault properties defined around steady-
state sliding at V = Vpl. They are, strictly speaking, not realized
in the actual history of fault motion unless the fault creeps at a
constant slip rate Vpl, but they may be useful in illustrating the basic
characteristics of the models.

The strength profiles (i.e. τ ss(Vpl)) are shown in Fig. 10(a). As
discussed in previous studies, there was a peak in the strength near
the d-nd transition (e.g. Bos & Spiers 2002b). It was located at
the depth of 10.6 km and 12.0 km for Model A and B, respectively,
being deeper with a smaller σ eff

n (larger pore pressure). Accordingly,
the deeper limit of steady-state rate-weakening (dτ ss/dln(V) < 0)
at V = Vpl was deeper with a smaller σ eff

n (Fig. 10b). Immediately
adjacent to the rate-weakening portion, at greater depth, there was
a gigantic positive peak in the rate dependency due to the large rate
dependency of PSC, which is almost linearly viscous. In addition,
there was another peak in the rate-dependencies at the transition
corresponding to the change in viscosity (Fig. 3d).

In many simulations using RSF laws, the state-evolution slip
distance dc was the most poorly constrained parameters and thus
a parameter study on it was often conducted (e.g. Lapusta & Rice
2003). In the present model, dc was determined as a consequence
of the microphysical model (Fig. 10c). With the parameter values
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Figure 10. Steady-state and near-steady-state characteristics of the simulated strike slip faults. (a) Strength profile τ ss(Vpl), (b) rate dependencies (steady-state
dependency in solid and the direct effect in dashed lines), (c) state-evolution slip distance dc and (d) critical wavelength λcr. Note that Models A and B have
different distribution of σ eff

n (Fig. 9a). The inset in panel (b) is a magnified plot of the rate dependencies in the shallow part of the fault.

adopted here, the critical wavelength λcr for the impossibility of
steady-state sliding at Vpl (Rice et al. 2001):

λcr = −π
μ

dτss/dln(V )

∣∣∣∣
V pl

dc, (34)

took the minimum value 475 m and 1.41 km for Model A and B,
respectively (inset in Fig. 10c).

τ 0 was assumed to be consistent with steady-state uniform slip
at Vpl (Fig. 10a),

τ0 = τss(Vpl) + μ

2cs
Vpl. (35)

The initial value of x was set as the steady-state value at V = Vpl/2,
xss(Vpl/2).

4 R E S U LT S O F E A RT H Q UA K E
S E Q U E N C E S I M U L AT I O N S

Calculated cumulative slip distributions are plotted in Fig. 11. Earth-
quakes were defined by a threshold of 0.1 m s−1 for the spatially
maximum slip rate. Both models produced earthquakes on a regular
basis, and the recurrence intervals of earthquakes were 157 yr and
81.3 yr in Model A and B, respectively. The ruptures were nucle-
ated at around 7.7 to 8.5 km depth in Model A, and at around 7.7
to 9.9 km depth in Model B, and propagated in both upward and
downward directions in both models. The downward extension of

the ruptures in which V exceeded 0.1 m s−1 were deeper in Model B
(z = 13.7 km) than in Model A (z = 11.6 km). High pore pressure
causes more frequent earthquakes with less slip per event and deeper
penetration of ruptures. This is consistent with the expectation from
the steady-state profiles (Fig. 10).

Before an earthquake, the peak shear stress at the d-nd tran-
sition was at depth of 9.66 km and 11.1 km for Model A
and B, respectively (Fig. 12). It was slightly shallower than the
steady-state case (Fig. 10a) because of a pre-seismic creep rate
slower than Vpl. Earthquake ruptures propagated deeper than the
peak shear stress, and were arrested with about a 1 to 1.5 km
wide region of negative static stress drop within the ruptured
area.

Interseismic spatio-temporal distributions of V and x are shown
in Fig. 13. Note that x is linearly dependent on the void ratio e
as e = (x0 − x)/(D − x0). Two interseismic periods are shown
in each panel, and the earthquakes indicated by yellow filling in
Fig. 11 occurred in the middle of the plotted period, being recog-
nized as horizontal discontinuities in the plots of V and sharp valleys
in those of x. Interseismically, creeping motion invaded from both
the shallow and deeper side of the locked region. The shallower
creep motion is rarely observed on natural fault, and the condi-
tion for its occurrence was systematically studied by Kaneko et al.
(2013). In the latter half of interseismic period, creeping regions
produced aseismic transients. Earthquakes were nucleated at near
the boundary of the locked region and the deep creeping region.
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1120 H. Noda

Figure 11. Cumulative slip distribution of (a) Model A (without excess pore pressure) and (b) Model B (with excess pore pressure) plotted in the same scale.
Blue lines are plotted every 5 yr and red lines, every 1 s during earthquakes. The events with yellow filling are plotted in Figs 12 and 13.

Figure 12. Shear stress distributions at initiation (solid lines) and termi-
nation (dashed lines) of earthquakes. The plotted events are indicated by
yellow filling in Fig. 11.

After earthquakes, afterslip took place mainly below the ruptured
area.

Rapid coseismic slip reduced the clast overlap zone width x,
which increased due to time-dependent compaction by PSC more
rapidly at a deeper part of the ruptured area because of higher
T and σ eff

n . Fault rocks below 6.2 km in Model A and below
7.3 km in Model B experienced significant compaction such that
x/x0 reached 0.99. The downward penetration of shallow creep trun-
cated the time-dependent compaction (Fig. 13c). Acceleration of the

deep creep caused a decrease in x there, causing a non-monotonic
depth-distribution of x. Aseismic transients in this region produced
temporal oscillation in x in Model B (Fig. 13d). The earthquakes
were nucleated within this region of decreased x (i.e. increased
porosity).

5 D I S C U S S I O N

5.1 A friction law based on a microphysical model

It was demonstrated in the above that the rather involved micro-
physical model proposed by H&S can be implemented in dynamic
earthquake sequence simulations after modification to include a
positive direct effect and an evolution effect. A great advantage of
the existence of a microphysical model is that parameters and vari-
ables in it can be compared with fault zone structures. This means
that the law can be scaled from laboratory experiments to natural
faults with a concrete physical picture although the selection of the
parameter values may not be straightforward due to idealization of
the model.

In conventional RSF laws, the state variable θ represents recent
slowness (1/slip rate) of the fault motion. In the aging law, for
example, it is averaged slowness with a fading-memory weighting
function (Ruina 1983). Although the mathematical definition of
θ is clear, what it exactly correlates with in terms of fault zone
microstructure is obscure. In the present friction law, x is the state
variable which is related to interface porosity or void ratio given by
(x0 − x)/(D − x0). Therefore, the spatio-temporal distribution of
the state variable x (lower row of Fig. 13) may be able to be coupled

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/205/2/1108/687505 by Library,Faculty of Agriculture/G

raduate School of Agriculture,Kyoto U
niversity user on 07 April 2025



Earthquake sequence with PSC-involved RSF 1121

Figure 13. Spatio-temporal distributions of interseismic V (upper) and x or void ratio e (lower) for Model A (left) and B (right). The earthquakes indicated
by yellow filling in Fig. 11 occurred in the middle of the plotted period. Black-white dashed ellipses indicate locations of earthquake nucleation. Note that x
decreases (i.e. porosity increases) during aseismic transients and before nucleation.

with other physical processes such as pore pressure fluctuation and
fluid flow.

In the present simulations, the parameters (Table 3) are selected
as characteristic values for an ultracataclasite layer with a thickness
of 1 cm. This works for the purpose of demonstration of the fric-
tion law by H&S and of qualitative discussion, but deserves further
examination. Evidence of pressure solution in much wider zones of
foliated cataclasite and phillonite [e.g. about 10 m in Median Tec-
tonic Line fault zone exposed in Miyamae, Mie prefecture Japan
(Jefferies et al. 2006)] may suggest a much larger effective value
of w. On the other hand, a very thin submillimetre thick principle
slip plane is often recognized within or at the boundary of an ul-
tracataclasite layer (e.g. Chester & Chester 1998; Heermance et al.
2003; Rice 2006). One way to account for such a complex fault
zone structure would be connecting elements with different proper-
ties (e.g. D, w and fQ). This deserves further investigation although
the friction law would become much more complicated.

The microphysical model by H&S successfully described the
d-nd transition, but there are limitations and further development
deserves future study. First, the applicable range of fQ is restricted
from π/8 to π/4, as noted by H&S. At lower fQ, the clast over-
lap zone disappears. At higher fQ, the approximation to cylindri-
cal clasts is no longer valid, and an approximation to other shape
(e.g. lenticular ‘fish’ Bos & Spiers 2002b) may be more appropri-
ate which would yield a different geometrical factor and depen-
dency on x compared with the present model. Second, the current
model by H&S cannot express the evolution effect well inside the

dilatant regime. To account for this, a modification was applied in
this study by introducing the b-term to the friction of wavy foliation
for practical purposes, but a microphysically based modification
would be more suitable. Third, connections to different deforma-
tion regimes (e.g. crystalline plasticity at higher temperatures, and
dynamic weakening at coseismically high slip rates) are important
as discussed in following sections. This issue was partly studied
using phenomenological conventional RSF laws (e.g. Noda & La-
pusta 2010, 2013; Shimamoto & Noda 2014), but the existence of
the microphysical model and extension of it presumably help us
build up more concrete understanding. Fourthly, evolution of fault
structures other than x should be incorporated towards more real-
istic modelling. Localization of strain rate and reduction in w may
be the case under conditions that the friction law is rate-weakening.
Grain size distribution and its heterogeneity across a fault zone may
evolve by grain crushing and solution-precipitation processes. Es-
tablishing a fault model which yields realistic fault zone structure
is an important future challenge.

5.2 Strong barrier beneath the seismogenic zone

One of the most significant differences of the presented models
from those simulated using logarithmic RSF laws is the existence
of the strong barrier directly beneath the seismogenic zone. As an
example, one of the models by Lapusta et al. (2000) is shown in
Fig. 14. In this case, the critical wavelength λcr (=4h∗ where h∗
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Figure 14. One of the models of earthquake sequences using a logarithmic
RSF law (the aging law) modified from fig. 5 in Lapusta et al. (2000). The
plate rate Vpl is 35 mm s−1 (= 1.110 × 10−9 m s−1). In the seismogenic
zone, σ eff

e = 50 MPa, steady-state rate dependency a − b = 0.004. The con-
dition is comparable to Model B in this study. The solid lines represent slip
distribution every 5 yr, and the dashed lines are plotted during earthquakes
every 1 s. The time intervals of the lines are identical to Fig. 11.

is the critical cell size in a spectral basis) in the seismogenic zone
is 3.76 km, and the steady-state rate dependency dτ ss/dln(V) is
−0.2 MPa from 4 to 13.5 km and increases to about 1 MPa around
20 km. In Model B, λcr is in a similar range to that of Lapusta et al.
(2000) within the seismogenic zone except in a locally unstable
region at the onset of the dilatant deformation (Fig. 10d), but the rate
dependency dτ ss/dln(V) at V = Vpl reaches about 10 MPa (Fig. 10b).
This large peak is because of the strong rate-strengthening effect
of PSC which is linearly viscous. It causes significantly smaller
amounts of afterslip. In Fig. 14, it is obvious that slip accumulation
around the arrested rupture front accelerates substantially after the
earthquakes. On the contrary, such acceleration is minor in the
present models (Fig. 11).

The frictional parameters adopted by Lapusta et al. (2000) are
based on friction experiments of granite gouge at hydrothermal con-
ditions (Blanpied et al. 1998) under which PSC most likely operates
(Blanpied et al. 1995). The experimental data show an increase in
the rate dependency as T increases from about 200–300 ◦C. This

is qualitatively similar to the friction law in this study, but less
remarkable. The granite gouge may have different characteristics
from the clay–quartz mixture studied by H&S or its analogue ma-
terial (e.g. Bos et al. 2000a) because of much smaller clay content
and existence of different phases such as plagioclase. Even if the
linearized characteristics (e.g. A − B) were similar, the difference
in the functional form (logarithmic versus linear) should cause a
significant difference in afterslip behaviour. Fig. 12 shows that the
stress increase near the arrested rupture front is smaller than, but
a good fraction of, the absolute value of the pre-stress. This indi-
cates that the slip rate would increase by a smaller factor than 2
for ideally linearly viscous cases. In the logarithmic RSF laws, the
rate dependency parameters a and b are typically much smaller than
the friction coefficient, and thus stress perturbation much smaller
than the absolute shear stress may cause a change in the slip rate by
orders of magnitude.

Shimamoto & Noda (2014) conducted similar earthquake se-
quence simulations accounting for a transition to power-law creep.
Their simulations also have a major peak in the rate dependency
beneath a seismogenic zone (fig. 3b in Shimamoto & Noda 2014),
and showed earthquake sequences with smaller afterslip for smaller
power exponent (fig. 10 in Shimamoto & Noda 2014). Investigation
of characteristics of natural afterslip (e.g. amplitude and decay rate)
would be important in understanding the dominant deformation
mechanism directly below the seismogenic zone.

It should be pointed out that the absolute value of frictional
resistance is not an important factor affecting the afterslip behaviour.
At the d-nd transition, PSC becomes active at the deeper region due
to larger T and σ eff

n , decreasing frictional resistance and causing
a peak in the distribution of τ . This weakened part was dragged
by shallower coseismic slip by much less than in the case of a
logarithmic RSF because of remarkable rate-strengthening owning
to linearly viscous PSC. The onset of PSC weakens the fault for
clay–quartz mixture in terms of absolute stress level, but strengthens
it in terms of response to stress perturbation.

5.3 Transition to crystalline plasticity and need for
dynamic weakening

In this study, the focus is placed on the transition between dilatant
deformation, which may be approximated by a logarithmic RSF
law, to non-dilatant deformation caused by efficiently active PSC
(d-nd transition). At a greater depth, a transition to crystalline plas-
ticity (brittle-plastic transition, BPT) is expected (e.g. Bos & Spiers
2002b, among others). Geological observations suggest that earth-
quake ruptures may reach the BPT, which produces repeated over-
print of coseismic deformation generating pseudo-tachylytes and
interseismic ductile deformation generating mylonites (e.g. Sibson
1980; Hobbs et al. 1986; Lin et al. 2005). On the other hand, in
the present simulations, the earthquake ruptures were arrested near
the d-nd transition, and could not propagate spontaneously further
down.

Spontaneous rupture propagation requires dynamic stress drop.
It is sometimes pointed out that a fault is weakened by PSC as
realized in the present models below the d-nd transition. If so,
even smaller frictional resistance at coseismic slip rates is required
there for spontaneous rupture propagation. τ ss as a function V pre-
dicted by the present friction law (Fig. 7a for example) suggests
that it is very difficult for a region of pre-seismic non-dilatant de-
formation to produce stress drop. The exercise demonstrated in
this paper has explicitly shown that implementation of dynamic
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weakening (e.g. Rice 2006) at coseismic slip rate is essential for
more realistic modelling of earthquake sequences in which dynamic
ruptures reach a regime of crystalline plasticity or the transition
to it.

5.4 Comparison with geophysical observations

In the deeper extent of plate boundary faults than the seismogenic
zone, slow earthquakes and slow slip events were observed (e.g.
Hirose et al. 1999; Obara 2002, among many). Episodic tremor
and slip events propagate in a parabolic manner (Ide 2010), which
can be explained by a linearly viscous fault constitutive law (Ando
et al. 2012). Although diffusion of pore fluid along a fault may
also explain the parabolic migration, the linearly viscous nature of
PSC is another candidate. Quantitative examination would be an
important future study.

There are some studies reporting rate dependency of a fault ob-
tained from geodetic observation of post-seismic deformation on
a strike-slip fault. But the behaviour of a deep part of the fault
is difficult to capture because stations close to the fault trace are
dominated by the behaviour of a shallow part of the fault. Johnson
et al. (2006) and Barbot et al. (2009) studied post-seismic defor-
mation of the Mw 6.0 2004 Parkfield earthquake, and reported the
steady-state rate dependency of 5–50 kPa and 0.7 MPa, respectively.
Later, Chang et al. (2013) analysed the same data set, while allow-
ing depth-variable parameters. They tested different values for the
depth-gradient of the deviatoric stress in order to estimate the pre-
stress, and reported rate dependencies beneath the coseismic slip.
The steady-state rate dependency was below 0.1 MPa for the small-
est stress gradient 5 MPa km−1, and on the order of MPa for the
other cases. At 12 km depth, the majority of their depth-dependent
models show 2–4 MPa of rate dependency.

Model A, which assumed no excess pore pressure at depth, clearly
contradicts with the example of the 2004 Park field earthquake. In
Model B, in which σ eff

n ≤ 50 MPa, the maximum rate dependency
is larger by a factor 3, which is still significantly too large. De-
tailed parameter study may deserve further study, but improvement
of the microphysical model and the friction law is probably more
important. For example, it may be the case that the d-nd transition
predicted by the model by H&S is too sharp. Niemeijer & Spiers
(2005) considered a similarly sharp transition, and pointed out that
it contradicts their experimental data for a muscovite-halite mix-
ture. They also pointed out that grain size distribution, instead of
single-sized clasts, smoothed out the transition and yielded much
milder rate-strengthening behaviour. The difference by a factor of
3 may be explained by this effect. Another example is the effect
of dynamic weakening at coseismic slip rate. It probably promotes
rupture propagation further down by generating additional dynamic
stress drop, and ruptures would be arrested at a greater depth than
in the present model. Then the rate dependency just ahead of the
arrested rupture may be much smaller than that near the d-nd tran-
sition in the steady-state picture.

6 C O N C LU S I O N S

A microphysical model for a friction law for clay–quartz mixture
accounting for PSC of quartz at low slip rates and onset of dila-
tant deformation (d-nd transition) at high slip rates (den Hartog
& Spiers 2014) was implemented in dynamic earthquake sequence
simulations (Lapusta et al. 2000) after modification. The model was
a version of RSF law, but frictional elements of clay had a constant

friction coefficient, causing zero instantaneous rate dependency in
the dilatant regime. Introduction of instantaneous rate dependency
of clay, which is ubiquitously observed, gave the law a positive direct
effect, which is important in considering coupling with the elastic
surrounding medium (Rice et al. 2001).

The characteristics of the present friction law were investigated by
numerically solving the steady-state, linearization around it and ve-
locity steps. The power exponent of the porosity dependency of PSC
compaction rate n < 1 causes a vanishingly small state-evolution
slip distance dc and state-evolution timescale dc/V as V decreases.
By assuming n = 1, the timescale dc/V stayed finite as V decreased,
and earthquake sequence simulations became affordable in terms of
computational cost. The increase in n causes milder enhancement
of rate-weakening at the d-nd transition. Velocity steps across the
d-nd transition showed qualitatively asymmetric behaviour (peak-
decay for a positive step, and almost monotonic decay for a negative
step).

2-D dynamic earthquake sequence simulations for a strike-slip
fault (Lapusta et al. 2000) were demonstrated. Two models with and
without excess pore pressure at depth were tested. The earthquakes
were nucleated in the region of enhanced rate-weakening near the
d-nd transition, and arrested at a point a few kilometres deeper than
the peak pre-stress. Higher pore pressure caused a wider seismo-
genic zone, deeper rupture propagation, smaller slip per event and a
shorter recurrence interval. One of the most significant differences
from models with conventional logarithmic RSF laws was the much
smaller amount of afterslip near the arrested rupture front at depth.
The deformation conditions directly below the d-nd transition are
associated with linear rate dependency that is much stronger than
the logarithmic one. Observation of afterslip may give a key to
understand dominant deformation mechanism directly below the
seismogenic zone.

The simulated ruptures could not propagate spontaneously in a
region of pre-seismic non-dilatant deformation. This is because the
region cannot produce a positive stress drop, owing to weakness of
the fault against slow deformation. Geological observations (e.g.
Sibson 1980) evidenced that at least some of the ruptures reached
the brittle-plastic transition. In order to realize such a model, it is
probably required to reduce the frictional resistance at coseismic slip
rates even below the level of the resistance against slow deformation
in the regime of active PSC.

A friction law derived from a microphysical model has a great
advantage over phenomenological laws in that the parameters and
variables in it can be compared with fault zone structures, but ideal-
ization of complex fault zone structures is not straightforward. For
example, the width of the shearing zone may change with time, and
so do effective structural parameters (e.g. grain size, quartz fraction
and so on). Study of earthquake sequences based on a microphysi-
cal model is a key to physical understanding of earthquake-related
phenomena, and further investigation is urged including revision
of the microphysical model through interdisciplinary collabora-
tion between experimental, theoretical, numerical and observational
studies.
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A P P E N D I X A : E X P R E S S I O N S O F
FA C T O R S I N T H E F R I C T I O N L AW

The expressions of the factors appearing in the friction law are
summarized here for completeness. They are derived by den Hartog
(2013) and presented in den Hartog & Spiers (2014).

Clast body zone

FB(x) = 1 − 1

L(D − 2x)

(
π D2

4
− 16x2(D − x) + 3x3

6
√

Dx − x2

)
(A1)

ηB(x) = RT

AHSk+�2

D

ncell L(D − 2x)2

×
(

π D2

4
− 16x2(D − x) + 3x3

6
√

Dx − x2

)
(A2)

Clast overlap zone

FO(x) = 1 − 2
√

Dx − x2

L
(A3)

ηO(x) = RT

k+�2

x

ncell L
(A4)

Dilatant deformation

Fdil(x, μdil) = L2 + x2

L2 − (μdilx)2
(A5)

State-evolution law

Fx = π D

ncell L
(A6)

ηxc = 2RT L

πk+�2 D
(A7)

AHS is a geometrical factor from 2 to π and AHS = 2 is adopted
in this study, R is the gas constant 8.314462175 J mol−1 K−1, �

is molar volume of quartz 2.27 × 10−5 m3 mol−1 and k+ is a
dissolution rate coefficient expressed as (Tester et al. 1994)

k+ = 276 exp

(
−90.1 [kJ mol−1]

RT

)
[mol m−2 s−1]. (A8)
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