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ABSTRACT The rate- and state-dependent constitutive
formulation for fault slip characterizes an exceptional variety
of materials over a wide range of sliding conditions. This
formulation provides a unified representation of diverse slid-
ing phenomena including slip weakening over a characteristic
sliding distance D., apparent fracture energy at a rupture
front, time-dependent healing after rapid slip, and various
other transient and slip rate effects. Laboratory observations
and theoretical models both indicate that earthquake nucle-
ation is accompanied by long intervals of accelerating slip.
Strains from the nucleation process on buried faults generally
could not be detected if laboratory values of D, apply to faults
in nature. However, scaling of D. is presently an open question
and the possibility exists that measurable premonitory creep
may precede some earthquakes. Earthquake activity is mod-
eled as a sequence of earthquake nucleation events. In this
model, earthquake clustering arises from sensitivity of nucle-
ation times to the stress changes induced by prior earth-
quakes. The model gives the characteristic Omori aftershock
decay law and assigns physical interpretation to aftershock
parameters. The seismicity formulation predicts large changes of
earthquake probabilities result from stress changes. Two mech-
anisms for foreshocks are proposed that describe observed
frequency of occurrence of foreshock-mainshock pairs by time
and magnitude. With the first mechanism, foreshocks represent
a manifestation of earthquake clustering in which the stress
change at the time of the foreshock increases the probability of
earthquakes at all magnitudes including the eventual mainshock.
With the second model, accelerating fault slip on the mainshock
nucleation zone triggers foreshocks.

The occurrence of earthquake faulting indicates catastrophic loss
of fault strength during an earthquake and the repetition of
earthquakes requires constitutive mechanisms for restoration of
strength after each earthquake. A variety of constitutive formu-
lations for fault slip have been used for investigation of earth-
quake processes. Some models just prescribe an idealized con-
stitutive law to accomplish the gross characteristic of repeated
fault instability and healing while others are based, to various
degrees, on detailed experimental observations of fault proper-
ties and are capable of representing additional slip phenomena.

This paper first reviews the experimental evidence for, and
characteristics of, the rate- and state-dependent constitutive
formulation for fault slip. This formulation provides a gener-
alized representation of fault friction that unifies observations
of diverse sliding phenomena and the rather disparate features
of most simplified constitutive representations. Some impli-
cations of these constitutive properties, relevant to earthquake
prediction, are then examined. These include characteristics of
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the earthquake nucleation process, possibility of detecting
precursors related to nucleation, changes of earthquake prob-
abilities after changes of stress state such as those caused by a
prior earthquake, and models of foreshock occurrence.

Rate- and State-Dependent Friction

Constitutive laws with slip-rate and state dependence repre-
sent a variety sliding phenomena observed in an exceptionally
diverse range of natural and synthetic materials (1-7). Fig. 1
illustrates the response of several materials to imposed steps of
sliding speed that we have examined (7). The top curve gives
the predicted response from the rate- and state-dependent
constitutive formulation. In each material, a step change of
sliding speed, under conditions of constant normal stress,
results in immediate jumps in frictional resistance followed by
displacement-dependent decay and stabilization at a new
steady-state sliding friction. In rocks, this frictional behavior
has been documented for bare surfaces and simulated fault
surfaces separated by a layer of gouge under the range of
conditions accessible in laboratory experiments. This includes
wet and dry conditions, the range of temperatures and pres-
sures characteristic of crustal earthquakes, and sliding rates
from mm/year to mm/s (1-9).

Several similar, essentially equivalent, formulations of rate-
and state-dependent fault strength have been employed. The
Ruina (3) approximation of the Dieterich (1) formulation for
sliding resistance is in general use and may be written as

7= o[po + A In(8/6*) + B In(6/6%)], [1]
where 7 and o are shear and effective normal stress, respec-
tively; wo, 4, and B are experimentally determined constants;
6 is sliding speed; 6 is a state variable; and 6* and 6* are
normalizing constants. g is the nominal coefficient of friction
that has values near 0.6. For silicates at room temperature, 4
and B generally have values of 0.005 to 0.015. To bound the
sliding resistance as 8 or 6 approach zero, constants are often
summed with the logarithmic terms of Eq. 1. The state variable
0 has the dimensions of time and is interpreted to be the age
of the load supporting contacts across the fault surface. State
evolves with time, displacement, and normal stress

»)
D.

where D, is a characteristic sliding distance for evolution of
state and « is a constant (6). Laboratory measurements of D,
vary from 2 to 100 wm and D, is found to increase with with
surface roughness, gouge particle size, and gouge thickness
(1-10). Values of « fall in the range 0.25-0.50 for bare surfaces
of Westerly granite (7). Alternative evolution laws are also in
use (3). Each has the property that 6 evolves over the char-

d0=dt—< [2]
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Fic. 1. Effect of velocity steps on coefficient of friction u in various materials, from Dieterich and Kilgore (7). The top curve gives the response

predicted by the rate- and state-dependent constitutive formulation.

acteristic slip, D, and seeks the steady-state value 6 = D/ S.
Under conditions of stationary contact, Eq. 2 has the property
that 6 increases with the time of stationary contact. This results
in strengthening of surfaces by the logarithm of time, which is
also observed in experiments (1, 7, 11). At constant normal
stress, 6 increases whenever & < D./#6, which provides for the
recovery of frictional strength after unstable slip events.

It is beyond the scope of this brief review to discuss the
physical mechanisms that give rise to the rate- and state-
dependent behavior. Observations of micromechanical pro-
cesses for bare surfaces are described by Dieterich and Kilgore
(7). Controlling mechanisms for gouge layers are somewhat
more problematic (10, 12).

Relationship to Other Constitutive Characterizations

A variety of other fault constitutive formulations have been
employed in analyses of earthquake processes. These include
velocity-weakening laws, displacement weakening at the onset of
slip, apparent fracture energy at a rupture front, and the rudi-
mental concept of a static and sliding friction. Each of these
representations can be described as an approximate limiting-case
characterization of the rate- and state-dependent formulation.
The dependence of steady-state fault strength on sliding
speed is obtained from Eq. 1 by taking d6/dt = 0 in evolution
law (2). Under conditions of constant normal stress, the
steady-state condition is 6 = D./8, which gives from Eq. 1,

b
Tss = 0-|:IJ~0 R % B)ln<57*):|a [3]

where the definition 6* = D./8* has been used. If the transient
evolution effects observed when sliding speed changes (Fig. 1)

are ignored, Eq. 3 represents a constitutive law for decreasing
strength with increasing slip speed (velocity weakening) pro-
vided B > A (Fig. 24).

Fig. 2b illustrates the sliding resistance as a function of slip
displacement of a fault that was previously stationary and then
is constrained to slip at a constant sliding speed. Because slip
speed is constant, only the evolution of the state variable
governs the displacement-weakening behavior. From Eq. 2,
the evolution of state at constant slip speed is
D. | D.

N L WS

5 5

where 6, is state at & = 0, and o and § are held constant.
Substitution of Eq. 4 for 6 in Eq. 1 yields displacement
weakening from the peak strength 7, to the steady-state
strength 7y (Fig. 2b). The change of resistance from 7, to 7
is governed by the evolution of state from 6 to the steady-state
value D./$,

000
Tp — Ts = 0B In ch s [51

which gives from Eq. 3

5 By
e ofwor () eon(®)].

Slip weakening comparable to that of Fig. 2b has been
documented at the front of dynamically propagating slip
instabilities where the slip speed is approximately constant (13,
14). The apparent fracture energy at a rupture front is defined
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Fi1G. 2. Limiting case responses of the rate- and state-dependent
constitutive formulation. (a) Effect of sliding speed on steady-state
friction. The minimum slip speed is 0.001. (b) Displacement weakening
from peak friction at the onset of slip to steady-state friction at
constant slip speed. The shaded area gives the apparent fracture
energy for the onset of slip.

by the shaded area in Fig. 2b. Finally, if all rate and evolution
effects are ignored, 7, and 7y define simple static and sliding
friction parameters sometimes used in modeling of earthquake
processes.

Each of these alternate characterizations has some appeal
because their use often permits simplified analytical methods
to be employed and experimental evidence can be cited in
support of their use. However, none of the simpler forms is
able to represent the full range of phenomena represented by
the rate- and state-dependent formulation and observed in
laboratory experiments. We emphasize that unconstrained
sliding histories will violate the particular conditions required
for the experimental observation of the isolated properties
illustrated in Fig. 2. Therefore, use of these more idealized
constitutive formulations can yield theoretical solutions for
sliding behaviors that are fundamentally different from the
actual phenomena.

Unstable Fault Slip

The rate- and state-dependent constitutive formulation has
been employed in modeling of various fault slip phenomena
including stable creep, earthquake slip, and earthquake after-
slip (15-18). Characteristics of sliding instabilities in systems
consisting of a single slider connected to a loading point
through a spring of stiffness K have been extensively analyzed
and applied to analysis of laboratory fault experiments (1-6,
19-21). For an instability to occur, those studies establish that
the system stiffness must be less than the critical value
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o

K. = DY [7]

where ¢ depends on loading conditions and constitutive pa-
rameters. For stiffnesses K < K., unstable slip (stick-slip) will
ensue, K > K, results in stable slip, and at K = K, the system
is neutrally stable. If shear and normal stresses are coupled
through a spring inclined at an angle to the sliding surface

B
a [1 + (Mss - a)tan‘b] ’

¢ (¢> —cot ')  [8]

where ug = 7/0 and ¢ is the angle between the spring and
the sliding surface [taken as positive if an increase of shear
stress results in an decrease of normal stress (21)]. Eq. 8 applies
to instabilities that arise from perturbations of steady-state
slip. When ¢ = 0, normal stress remains constant during slip.
If ¢ < —cot™'ug, slider lock-up or instability will occur
independent of specific constitutive properties.

Conditions for sliding instabilities on a fault patch embed-
ded in an elastic medium are obtained by combining the spring
and slider results with elasticity solutions for displacement
along a crack (22). This yields

GnD,
L.= ) [91
éo

where L is the minimum patch half-length for unstable fault
slip, G is the shear modulus (Poisson’s ratio taken to be 0.25),
and 7 is a factor with values near 1 that depends upon the
geometry of the slip patch and assumptions relating to slip or
stress conditions on the patch. L. defines a lower bound for the
dimensions of the earthquake source.

The relationship for L. has been verified by laboratory
experiments that employ a biaxial apparatus that accommo-
dates samples with simulated faults 2 m long. See Okubo and
Dieterich (13), for description of the apparatus. Fig. 3 illus-
trates an example of a confined slip event in which the region
of slip is approximately equal to L.. For the conditions of the
experiments (o = 5 MPa), measured constitutive parameters
(¢ = 0.4B = 0.004, D, = 2 wpm), and assumed model
parameters (G = 15,000 MPa, n = 0.67), L is estimated to be
75 cm. The observed region of slip for the event shown in Fig.
3is 60-90 cm long. We have observed numerous confined slip
events by using this apparatus. In all cases, the length of the
zone of unstable slip is never less than the predicted L., within
the uncertainty of the observations and model parameters. The
unstable slip event shown in Fig. 3 also illustrates an interval
of stable slip prior to the instability, which is characteristic of
unstable fault slip in the laboratory. This topic is taken up in
the following section.

Earthquake Nucleation

The process leading to the localized initiation of unstable
earthquake fault slip is sometimes referred to as earthquake
nucleation (22-24). This subject is relevant to earthquake
prediction because the nucleation process may be accompa-
nied by detectable precursors and because nucleation deter-
mines the time and place of origin of earthquakes. Also, it is
shown below that the sensitivity of the nucleation times to
stress changes may result in significant changes of earthquake
probabilities after relatively small stress perturbations, such as
occur in the vicinity of prior earthquakes.

Numerical models of nucleation on faults with rate- and
state-dependent properties indicate that the initiation of un-
stable slip is preceded by a long interval of accelerating slip
that spontaneously localizes to a subsection of the fault where
stresses, relative to 7y, are highest (24). Fig. 4 illustrates
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F1G. 3. Confined unstable slip in a large scale biaxial experiment.
(a) Diagram of sample and location of transducers. (b) Strain gage
records as a function of time and position. An unstable slip event
occurs within the central section of the fault and results in a stress drop
at gages s5, s7, and s9. The short vertical lines indicate the approximate
onset of premonitory slip.

features of the nucleation processes for a fault model with
heterogeneous initial stress. Nucleation is characterized by
development of a zone accelerating slip of length L as given
by Eq. 9 with ¢ =~ 0.4B. In simulations where slip is forced to
begin over a region L > L, the region of most active slip
contracts to L as the time of instability approaches.

The acceleration of slip speed as a function of time for a fault
patch of fixed length L > L. and 7 > 7 is found to be

. 1 Ho —+t\ Ho| ' |
o(t) = 870+77.'6Xp o ) T i ,7# 0, [10]

5(1) = ( t) 1 =0 11
(t) 8‘0 1 b b [ ]

where
D. o [12]

K is the effective stiffness of the patch, and 7 is the externally
applied rate of shear stress increase (24). 8y is the slip speed
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FI1G. 4. Numerical model of accelerating slip leading to instability
on a fault with 300 fault elements and randomized initial shear stress
from Dieterich (24) showing slip speeds at successive times in the
calculation. The interval between time steps decreases as slip speed
increases. Every 50th step is shown. §; is the assumed slip speed at
initiation of unstable slip. L. is the characteristic length from Eq. 9.

at time ¢+ = 0 and is fixed by 7 and 6. Slip speeds for the case
7 # 0 approach the asymptote formed by the 7 = 0 case as the
slip speeds become large compared to the stressing rate. Once
the shear stress on the nucleation zone exceeds the steady-state
friction, 7, external stressing of the fault is no longer needed
to drive the acceleration of slip to instability (i.e., the nucle-
ation process is self-driven). The time to reach instability from
the initial speed & is obtained directly from Eq. 10 and 11 by
solving for f when & is set to an assumed speed at the initiation
of seismic slip.

The solutions for the time to instability are plotted in Fig. 5
and compared with laboratory observations of premonitory
slip. We obtained the observations by using the previously
described large-scale biaxial apparatus. Measurement of pre-
monitory slip at 7 = 0 was accomplished by slowly loading the
fault until premonitory creep was detected. Then the hydraulic
supply used to increase stress was closed off (7 = 0 in the
absence of fault slip) and continuing self-driven accelerating
slip was observed that culminated in a slip instability. These
data are preliminary but appear to show good agreement with
the model predictions. Additional experiments are under way
to obtain data at lower stressing rates and longer intervals of
premonitory creep.

When applied to faults in nature, tectonic stressing rates and
values of 0 appropriate to earthquake recurrence intervals
give, from Eqgs. 10 and 11, an interval of accelerating slip prior
to earthquakes on the order of a year or more. We hasten to
point out, however, that for most of this time, the slip speeds
would be extremely small and most likely could not be detected
for buried fault sources. However, near the end of the nucle-
ation process the higher slip speeds may become detectable if
the dimensions of the nucleation zone L. is sufficiently large.
Hence, the scaling of the nucleation process (size of zone and
amount of premonitory displacements) bears directly on the
question of the detectability of the precursory slip. Assuming
a circular zone of accelerating slip with radius L, the moment
of premonitory creep in the interval ¢; to ¢, may be derived
from the nucleation solution of Eq. 11, giving

G3mn?AD} (tl)
n s

0.216B3¢% "\1,

My= GmL2A6 = ,
2

[13]

where ¢; and ¢, are the times remaining to instability (¢ > t2)
and A§ is the slip in the time interval. This result assumes & =
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FiG. 5. Comparison of theory and laboratory observations of the time remaining to instability and speed of premonitory slip. Experimental
data were obtained at the indicated stressing rates using the large biaxial apparatus employed for the experiment of Fig. 3. The curves give the
solutions of Eqgs. 10 and 11 at the stressing conditions of the experiments. The error bars indicate the sensitivity of the solutions to the uncertainties

in constitutive the parameters D and (B — A).

0.4B and §;' = 0 and corrects a typographical error in the
relationship given in ref. 24. Note the scaling by D3. Generally,
strains from the nucleation process on buried faults could not
be detected if laboratory values of D apply to faults in nature.
For example, using D. = 10~* m, which is the upper limit of
the of the laboratory observations, with G = 20,000 MPa, 4
= 0.006, B = 0.01, 0 = 50 MPa, and n = 1, the expected
radius of the nucleation zone is 10 m and the moment of
premonitory slip is only 2 X 103 Nm for the interval z; = 10,000
s before instability to £, = 10 s.

However, the scaling of D, to faults in nature remains an
open question. In the laboratory, D. increases with surface
roughness and gouge particle size, and possibly gouge thick-
ness. Compared to natural faults, laboratory experiments
employ exceptionally smooth faults with thin zones of fine
gouge. It appears somewhat plausible, therefore, that portions
of natural faults may have much greater values of D, which
could be sufficient to result in detectable premonitory slip for
some earthquakes. The existence of very small earthquakes
with source dimensions of 10 m or less (25) argues for very
small nucleation sources for those events that would be
extremely difficult to detect. Hence, it is also plausible that all
earthquakes originate from small nucleation zones that would
generally escape detection.

Some independent evidence pertaining to scaling of the
nucleation process is provided by high-resolution near-source
observations of earthquakes that indicate that strong ground
motions of earthquakes are frequently preceded by an emer-
gent interval of weak seismic radiation (26, 27). This interval

has been designated as a seismic nucleation phase and it
appears to be localized to a small region of a fault. In one
interpretation of Ellsworth and Beroza (27), the seismic
nucleation phase is proposed to represent the transition from
accelerating quasi-static fault slip to fully dynamic rupture
propagation. In addition they find that the source dimensions,
displacements, and duration of the seismic nucleation process
appear to scale by the moment of the earthquake. If the seismic
nucleation phase represents the transition from stable accel-
erating slip to dynamic rupture propagation, the dimensions of
the quasi-static nucleation process may also scale by the
moment of the eventual earthquake.

Effect of Stress Changes on Seismic Activity

It is evident from laboratory observations and the rate- and
state-dependent formulation that small changes of shear stress
or normal stress will result in large changes in slip speed.
Because the time to nucleate an earthquake depends on slip
speed (Egs. 10 and 11 and Fig. 5), earthquake rates and
probabilities may be very sensitive to stress changes. This effect
can be evaluated by treating seismicity as a population of
nucleation events in which the distribution of initial conditions
(slip speeds) over the population of nucleation sources and
stressing history control the timing of earthquakes (28). This
approach yields

R=—1, [14]
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where rate R is the rate of earthquake production for some
magnitude interval, r is a constant steady-state background
rate at the reference shear stressing rate 7, and vy is a state
variable that depends on the stressing history. Evolution of y
is given by

1
d7=Afg{dt— ydT + y(é— a)dcr}, [15]

where o is the effective normal stress. For positive shear
stressing rates with ¢ = 0, Eq. 15 has the property that y seeks
the steady-state value, ys = 1/7, with the characteristic
relaxation time of (4o/7).

A step change of stress followed by constant stressing at rate
T gives

rT/ T

[l el
# P\ 40 P\,

where AT is the stress step, £ = 0 at the time of the step, and
t, is the characteristic relaxation time A o/ 7. At times ¢ < t,, this
solution has the form of Omori’s aftershock decay law. At ¢ >
t,, earthquake rates return to a constant background. It is
proposed (28) that aftershocks and other forms of earthquake
clustering that obey an Omori aftershock decay law arise from
stress perturbations of previous earthquakes that change the
subsequent rate of earthquake activity as given by Eq. 16. This
model assigns physical interpretation to the Omori aftershock
parameters and earthquake data appear to support a model
prediction that aftershock duration ¢, is proportional to main-
shock recurrence time. Additionally, observed spatial and
temporal clustering of earthquake pairs can be quantitatively
described by this model and arise as a consequence of the
spatial dependence of stress changes caused by the first event
of the pair.

Because of the proposed sensitivity of earthquake rates to
stress changes, there will be a corresponding sensitivity in the
probability of earthquakes to stress history. To illustrate this,
we assume a Poisson model of earthquake occurrence (non-
uniform in time) for probability of one or more earthquakes of
magnitude =M in the time interval ¢

R =

,7# 0, [16]

t
P_oy=1-— eXp(—J R>Mdt). [17]
0
By using the rate Eq. 14, this gives
t
—I'=m
P_y=1- exp[ ; j (1/v) dt]. [18]
T

Assuming the frequency distribution of earthquake magni-
tudes remains constant, the effect of stress changes on earth-
quake probability at different magnitude thresholds may be
expressed through the background earthquake rate r=j by
using the familiar Gutenberg—Richter frequency distribution
of earthquake magnitudes

N 10“™ 19
r=pm = At - At s [ ]

where At is the time interval used to define the background
rate. Fig. 6 shows an examples of the predicted effect of stress
changes on the probability of earthquake occurrence. This
result indicates that large changes in earthquake probabilities
can arise from the stress changes that commonly occur in the
earth’s crust.
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FiG. 6. Effect of stress change on earthquake probability over
cumulative time after the stress step. Parameters employed for calcu-
lation of this example are based on representative values obtained
from modeling of aftershocks by Dieterich (28) (4 = 0.01, o = 10
MPa, t, = 4 years, and 7 = 0.025 MPa/year). The background
earthquake rate is 0.01 events per year before the stress change.

Foreshocks

Faults with rate- and state-dependent properties appear ca-
pable of generating foreshocks by two mechanisms, designated
here as model 1 and model 2. Model 1 assumes mainshocks are,
in essence, aftershocks to prior earthquakes that are smaller
than the aftershock. The process is described by the aftershock
Eq. 16 combined with the stress change around the foreshock
source. With this model, aftershocks are presumed to obey the
Gutenberg—Richter frequency distribution of earthquake mag-
nitudes. Hence, there is a finite chance, determined by the
frequency distribution of earthquake magnitudes, that any
aftershock will exceed the magnitude of the mainshock. Be-
cause aftershocks rates decay with time, the likelihood of a new
mainshock also decays after every earthquake.

Model 2 assumes foreshocks are driven by the strain changes
of the mainshock nucleation process. In particular, the accel-
erating slip of the mainshock nucleation, Eq. 10, perturbs the
stressing rate at a foreshock nucleation source as given by

) ) 1 Ho —+t\ Ho|!
T = T+ C(x,,2) §O+T exp o) " A | [20]

where 7 # 0, o is assumed constant, the factor C depends
position and distance relative to the fault patch that is nucle-
ating the mainshock, and ¢ is the time remaining to the
mainshock. In areas of positive C, this accelerating stressing
rate results in increasing probability of foreshocks as the time
of the mainshock approaches. For this model to operate, the
stress change caused by the mainshock nucleation must be
large compared to the tectonic stressing rate 7 at the sites of
the foreshocks. This implies the dimensions of the mainshock
nucleation zone are much greater than the foreshock nucle-
ation sources so that (i) mainshock nucleation is able to drive
the foreshock nucleation and (if) the region of stress pertur-
bation is of sufficient size to yield an appropriate probability
of triggering a foreshock.

Fig. 7 compares predictions of the two models with the data
of Jones (29) for foreshock-mainshock pairs as a function of
the time interval between each foreshock—-mainshock pair. To
implement model 1, the spatial distribution of the stress change
caused by slip in an earthquake (the potential foreshock) is
substituted for At in Eq. 16, and the net change of earthquake
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F1G. 7. Number of main shocks yet to occur and elapsed time from
the foreshock for foreshock-mainshock pairs in southern California.
(a) Data of Jones (29). Data set consisted of 4811 earthquakes M =
3 with 287 foreshock-main shock pairs. (b) Results for foreshock
model 1. (c) Results for foreshock model 2.

rates, integrated around the source, are obtained by using the
approach of Dieterich (28). A circular source with stress drop
A is assumed. Parameters needed to compute the expected
rate of foreshock—mainshock pairs include the background rate
r at the magnitude threshold employed for compilation of the
foreshock data; the b slope for the frequency distributions of
earthquake magnitudes, which is used to obtain expected rates
at higher magnitudes; the normalized earthquake stress drop
(A1./Ao), which scales the magnitude of the spatially depen-
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dent stress changes around the potential foreshock source; and
the characteristic time ¢, appearing in Eq. 16. The computation
assumes the stressing rate before each possible foreshock
equals the stress rate after the event (i.e., T = 7;). The results
for model 1 are shown in Fig. 7b and employ ry/=3 = 93.4/year,
which is the observed rate of all events M = 3 in the catalog
used by Jones (29). The stress drop term was fixed at (A7./A o)
= 40, based on the observed relation between aftershock
duration and mainshock recurrence intervals in California
(28). Values of b and t, = (4o/7) were adjusted to scale the
solution to the data. This yielded a characteristic time of t, =
5.2 years, which is consistent with the aftershock durations of
1-10 years previously obtained for California earthquakes
(28). The b slope of —0.5 is significantly less than b = 0.75
reported by Jones (29).

The calculation for model 2 (Fig. 7c) is based on tracking the
evolution of vy for the stressing history prescribed by the
premonitory creep Eq. 20. From the time series for v, the
change of the rate of activity was then obtained from Eq. 14.
Because of uncertainties relating to scaling of the nucleation
zone sizes by magnitudes of foreshocks and mainshocks, no
attempt was made to define the spatial and dependence of
factor C, which appears in Eq. 20. Instead, a constant value of
C = 9300 was obtained by scaling the model results to the
observations. Somewhat arbitrarily, H was assigned a value of
10. Other parameters in model 2 were identical to those used
for model 1.

Discussion

The rate- and state-dependent constitutive formulation en-
compasses characteristics of rather disparate simplified con-
stitutive formulations and it describes laboratory observations
of fault healing and history dependence that are not repre-
sented in other formulations. Several features of the earth-
quake nucleation process arising as a consequence of this
constitutive formulation may be relevant to earthquake pre-
diction. These include scaling relations for the amount of
premonitory slip during earthquake nucleation, its duration,
and the dimensions of the nucleation zone; sensitivity of the
nucleation process to stress perturbations that may lead to
large probability changes for earthquake occurrence; and
physical models of foreshocks.

The long-term quasi-static nucleation process inferred from
this constitutive model is very different from predictions
obtained from the other, more idealized, constitutive formu-
lations. Faults with displacement-independent slip rate weak-
ening and faults with a simple peak strength and sliding friction
do not have a quasi-static nucleation phase or minimum
dimension for initiation of unstable slip. Earthquake nucle-
ation for faults assumed to have displacement weakening but
velocity-independent constitutive properties (30) consists of an
unstable increase in the size of the slipping region once a
critical length has been reached. In contrast the rate- and
state-dependent model for a sliding instability can occur under
conditions of constant stiffness (i.e., instability on a patch of
fixed size). In the laboratory instability shown in Fig. 3, notice
the region of premonitory slip coincides with the region of
instability, indicating that slip instability can occur without a
lengthening of the slip region. This type of instability is
incompatible with the displacement-weakening model of
earthquake nucleation. An important characteristic of nucle-
ation on faults with rate- and state-dependent properties is the
long interval of self-driven accelerating slip and its sensitivity
to stress perturbations.

The properties that establish the basis for the rate- and
state-dependent formulation have been widely investigated in
the laboratory. Because strain rates and time scales of earth-
quake processes are largely beyond the range of laboratory
investigations, the results presented here remain somewhat
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speculative. However, agreement of the rate- and state-
dependent model for seismic activity with observations of
aftershocks and earthquake clustering (28) lends support to
the use of the formulation over the time-scale aftershock
phenomena (months to years). This includes apparent confir-
mation of a predicted independence of aftershock duration ¢,
on earthquake magnitude and an inverse dependence of ¢, on
stressing rate. Alternative mechanisms for aftershocks and
clustering, based on viscoelastic stress transfer or diffusion
processes that alter fault stress, lead to characteristic after-
shock times that are insensitive to stressing rates but depend
on a characteristic length of the mainshock disturbance.

Both foreshock models provide comparable fits to the data.
Model 1 is more specific than model 2, and the parameters
used for the model 1 computation appear consistent with other
results. The value (A1./40) = 40 is based on the aftershock
analysis of Dieterich (28). Assuming a typical laboratory value
of A = 0.001 and earthquake stress drop A7e = 4 MPa, this
gives 0 = 10 MPa. In turn, these values and ¢, = (Ao/7) = 5.2
years give a stressing rate 7 = 0.02 MPa/year. Model 2 is
nonspecific and demonstrates only that the shape of the
predicted temporal decay of foreshock-mainshock pairs is
consistent with the data. The large value of the stress coupling
parameter, C = 9300, indicates strong coupling between slip
during mainshock nucleation and stresses at regions of fore-
shock nucleation. This suggests the model 2 mechanism can
work only if foreshocks nucleate at the edges of the mainshock
nucleation zone or perhaps as small patches embedded within
the slipping region for mainshock nucleation.
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