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Abstract In general, earthquake cycle related to earth-

quake faulting could include four major processes which

could be described by (1) fault locking, (2) self-acceleration

or nucleation (possible foreshocks), (3) coseismic slip, and

(4) post-stress relaxation and afterslip. A sudden static stress

change/perturbation in the surrounding crust can advance/

delay the fault instability or failure time and modify earth-

quake rates. Based on a simple one-dimensional spring-sli-

der block model with the combination of rate-and-state-

dependent friction relation, in this study, we have approxi-

mately derived the simple analytical solutions of clock

advance/delay of fault failures caused by a sudden static

Coulomb stress change applied in the different temporal

evolution periods during an earthquake faulting. The results

have been used in the physics-based explanation of delayed

characteristic earthquake in Parkfield region, California, in

which the next characteristic earthquake of M 6.0 after 1966

occurred in 2004 instead of around 1988 according to its

characteristic return period of 22 years. At the same time,

the analytical solutions also indicate that the time advance/

delay in Coulomb stress change derived by the dislocation

model has a certain limitation and fundamental flaw. Fur-

thermore, we discussed the essential difference between

rate- and state-variable constitutive (R–S) model and Cou-

lomb stress model used commonly in current earthquake

triggering study, and demonstrated that, in fact, the Coulomb

stress model could be involved in the R–S model. The

results, we have obtained in this study, could be used in the

development of time-dependent fault interaction model and

the probability calculation related to the time-dependent and

renewal earthquake prediction model.

Keywords Earthquake triggering � Fault friction �
Coulomb stress change (DCFF) � Clock advance/

delay � Rate-and-state-dependent friction

1 Introduction

Parkfield lies along the San Andreas Fault, one of the longest

and most active faults in the United States. The 40-km-long

Parkfield section of the San Andreas Fault was recognized

two decades ago as a promising earthquake physics labora-

tory, and an intensive experiment was established to record

the next segment-rupturing earthquake there and provide the

much-needed detailed observations (Bakun et al. 2005).

Moderate-size earthquakes of about magnitude 6 have

occurred on the Parkfield section of the San Andreas fault at

fairly regular intervals—in 1857, 1881, 1901, 1922, 1934,

and 1966 (Figs. 1, 2). While little is known about the first

three shocks, available data suggest that all six earthquakes

may have been ‘‘characteristic’’ in the sense that they

occurred with some regularity (mean repetition time of about

22 year) and may have repeatedly ruptured the same area on

the fault (Bakun and Lindh 1985; Bakun and McEvilly

1979). The times between sequences since 1857 are

remarkably uniform, with a mean interval of about 22 years.

The similarity of waveforms recorded in the 1922, 1934, and

1966 events is possible only if the ruptured area of the fault is

virtually the same for all three events (Bakun et al. 2005).

The M6 critical earthquakes in Parkfield provide an oppor-

tunity for scientists to better understand the physics of

earthquakes—what actually happens on the fault and in the

surrounding region before, during, and after an earthquake.
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By studying the faulting mechanism, magnitude, rupture

length, location, and other some cases of five M6 earth-

quake before 1966, Bakun and Lindh (1985) inferred that

the average repeat time of the characteristic earthquakes in

Parkfield is 22 years and proposed that the next earthquake

after the 1966 M6.0 earthquake occurred in 1985–1993.

However, it did not occur until September 28, 2004. The

similar amplitudes and waveforms of 1922, 1934, 1966,

and 2004 earthquakes imply the same seismic moment,

focal mechanism, and teleseismic wave path (Bakun et al.

2005). Many scholars from different perspectives give

explanations on clock delay of the 2004 Parkfield M6.0

earthquake. Ben-Zion et al. (1993) proposed that interac-

tion effects due to the distant M7.9 1906 and nearby M7.9

1857 earthquakes have modulated the timing of M6.0

Parkfield earthquakes. Toda and Stein (2002) studied the

response of the San Andreas Fault to the 1983 Coalinga-

Nuñez earthquakes, and supposed that 1983 shocks dropped

the 10-year probability of a M6 Parkfield earthquake by

22 %, which explains why the Parkfield earthquake did not

strike in the 1980s, but not why it was absent in the 1990s.

Barbot et al. (2012) developed an integrative and fully

dynamic model of the Parkfield segment of the San

Andreas Fault, giving recurrence time between 15 and

25 years, and indicated that the delay of the latest Mw6.0

2004 event at Parkfield and its unexpected change of

hypocenter may have been at least partially caused by the

smaller earthquakes in 1992–1994, a series of arrested

Mw6.0 nucleations.

How to accurately obtain the time of occurrence of the

earthquake is one of the most important and fundamental

goals in earthquake science with associated earthquake

prediction. However, the exploration is still in an elusive

stage. Nevertheless, the studies of aftershock triggering

mechanism related to its spatial–temporal evolution have

made a lot of progress. For this reason, the earthquake

triggering mechanism got a lot of attention during recent

two decades (Freed 2005). Recent studies indicate that

earthquake can be triggered both in terms of near-field

(\2–3 fault length) and the far-field. Its mechanism gen-

erally can be divided into static stress triggering and

dynamic stress triggering, respectively. Many of these

studies show a positive correlation between the spatial

distributions of aftershocks, or sequences of moderate to

large events, with modeled changes in static Coulomb

failure stresses generated by earlier nearby large earth-

quakes (Gomberg et al. 1998; Stein et al. 1997; Harris and

Simpson 1998). Static stress change calculations have also

provided a good explanation for seismicity rate increases

and decreases that occur well outside the above defined

aftershock zone (Parsons 2002). Dynamically triggered

earthquakes might also make up an important percentage of

earthquakes associated with calculated static stress

increases, particularly those that happen shortly after the

main shock. Discussion of the trigger on static or dynamic

trigger mechanism is still an important subject of current

academic research.

Calculation of static Coulomb stress change after the

mainshock (King et al. 1994) has become an effective tool

for quantitative description of aftershock activity. Positive

Coulomb stress changes generally correspond to a signifi-

cant increase in seismic activity; otherwise, negative

Fig. 2 Location of M [ 5 earthquakes in and around Parkfield from

1857 to 2005 (yellow circles). The red line represents the San Andreas

fault. Red stars are respectively 1966 and 2004 characteristic

earthquakes on the fault. In 1983, the M6.5 Coalinga and M6.0

Nuñez events struck 25 km northeast of Parkfield. Arrows shows the

two largest earthquakes

Fig. 1 M6.0, the significant earthquakes have occurred on the

Parkfield section of the San Andreas fault at fairly regular

intervals—in 1857, 1881, 1901, 1922, 1934, and 1966. The next

significant earthquake was anticipated to take place within the time

frame 1988–1993. Solid line is a linear fit without the 1934 event, and

dashed line includes it

38 Earthq Sci (2014) 27(1):37–46

123



Coulomb stress changes generally correspond to a seismic

activity decline and form a so-called seismic shadow zone.

The calculation of the Coulomb stress change can give the

most critical parameter of the time-dependent and renewal

earthquake forecasting model (Harris 1998; Toda and Stein

2002). There are several forms of rate- and state-variable

(R–S) constitutive law have been widely used to model

laboratory observations of rock friction (Scholz 1998).

Based on the R–S constitutive law and one-dimensional

spring-slider block model, Dieterich (1994) established a

theoretical model of aftershock triggering mechanism. The

theory has been used to describe the quantification of the

Omori’s law. In this article, starting from the R–S consti-

tutive law, we investigate clock advance or delay of an

earthquake related to static Coulomb stress change on the

fault and compare it with Coulomb model of elastic dis-

location theory. Furthermore, we attempt to apply research

result in this paper to the M6 earthquakes in Parkfield,

California, USA.

2 Coulomb model in elastic dislocation theory

In the Coulomb stress change model, the instability

moment of a single fault will advance or delay by the static

Coulomb stress change Coulomb Failure Function (DCFF).

It is generally called the clock advance/delay. Under the

elastic dislocation theory, clock advance/delay DtED is

related to the Coulomb stress change by

DtED ¼ DCFF

_s
¼ Ds � �lDr

_s
; ð1Þ

where Ds and Dr are respectively the shear stress pertur-

bation and the effective normal stress perturbation on the

fault, �l is the effective Coulomb friction coefficient, _s
represents a constant shear stressing rate in the far-field.

Equation (1) is widely applied in the explanation of the

causes of the seismic shadow zone and the calculation of

the time-dependent of earthquake probabilities (Harris

1998; Toda et al. 1998; Parsons et al. 2000).

As we know, although the Coulomb stress changes in

the elastic dislocation theory model have been successfully

used in many of the simulation of earthquake sequences

(King et al. 1994; Stein et al. 1997; Toda and Stein 2002),

its limitations are also obvious: The process of fault

instability caused by Coulomb stress change obeys the

simple friction kinematics, which implied slip weakening

conditions of the time predictable model. Figure 3 shows

the clock advance/delay of fault failure time DtED caused

by a static Coulomb stress perturbation in Coulomb Stress

Change Model. By loading the step function of the Cou-

lomb stress on the fault (see Fig. 3), the stress on the fault

simultaneously jumped, a sudden rise or fall of the stress

entirely dependent on the Coulomb stress changes. After

the perturbation, stress on the fault continues to increase in

the background stress. When shear stress on the fault

reaches the rupturing critical strength, the instability

occurs, and the original seismic cycle changes by DtED [Eq.

(1)]. Obviously, it is too simple to describe the evolution

process of the fault by the Coulomb stress model based on

the simple elastic dislocation theory because the com-

plexity of fault frictional motion is ignored. From Fig. 3,

we can see that in the vast majority of seismic circle,

whenever the perturbation DCFF is given, the clock

advance/delay is the same. And at the end of seismic circle,

if DCFF [ 0, triggering becomes instantaneous. This phase

begins from t1 = Tr - DtED, and the clock advance

DtED = Tr - t1, where t1 is the perturbation time(Gomberg

et al. 1998).

Actually, the evolution process of a fault is very com-

plex. Experiment result of rock friction shows that the

process of fault friction depends on slip rate _d and state

variable h on the fault (Dieterich 1979; Ruina 1983). In the

following, based on the R–S constitutive law and spring-

slider block model, we will derive the approximately

analytical expression of clock advance/delay Dt corre-

sponding to different stage of earthquake cycle and discuss

the limitations of the simple Coulomb stress change model

given by the elastic dislocation theory.

3 Fault stability analysis based on the R–S constitutive

law

R–S constitutive law has been widely used in the study of

earthquake generation, source nucleation, and depth con-

straints (Scholz 1998). Based on the R–S constitutive law

and the one-dimension spring-slider block model, Dieterich

(1994) established an outstanding model to investigate the

aftershock triggering mechanism and used it to describe the

Fig. 3 Clock advance/delay of fault failure time DtED caused by a

static Coulomb stress perturbation in Coulomb stress change model

Earthq Sci (2014) 27(1):37–46 39

123



quantification of the Omori aftershock decay process. In

Dieterich’s (1996) approach, the basic idea comes from the

clock advance/delay of an earthquake faulting or earth-

quake faulting rate change and fault population model

(Gomberg 2005) in which each fault with different sizes in

the crust is subjected to a sudden static stress perturbation

caused by a mainshock. Innovation of this paper is that we

focus on the fault evolution changes after the perturbation

of the static stress changes at any time within a given

seismic circle and attempt to give approximate analytical

expressions of the clock advance/delay Dt in each evolu-

tionary stage of the earthquake cycle when subjected to the

Coulomb stress perturbations.

3.1 R–S constitutive law

R–S constitutive law provides a basic framework for the

quantitative description of the complex properties of the

fault frictional motion. Specifically, the rate- and state-

variable constitutive law expressed the correlation between

the observed instantaneous slip rate and the steady-state

slip rate. The rate _d and state h variable constitutive law of

a single fault given by (Dieterich 1979; Ruina 1983):

s ¼ r l0 þ A log _d= _d�
� �

þ B log h=h�ð Þ
h i

dh ¼ 1 � h _d
Dc

 !
dt

8>>><
>>>:

ð2Þ

where s and r are shear stress and normal stresses on the

fault, respectively, and _d is fault slip rate. The state variable

h is related to time and slip rate. It has the same dimension

with time t and specifically descries the aging process on

the fault. Parameters l0, A, and B are experimentally

determined coefficients. The terms with asterisks are nor-

malizing constants. Expression A log _d= _d�
� �

is to charac-

terize the viscous resistance in the sliding surface caused

by some small deformation of irregular or obstacles body

like, and B log h=h�ð Þ represents the chemical adhesion

between the two surfaces which is proportional to the

contact time. Equation (2) has been widely used in the

study of kinematics and dynamics of fault evolution.

3.2 One-dimension spring-slider block model

Consider a simple spring-slider block model with spring

stiffness k (Fig. 4), the shear stress on the fault s is given by

s ¼ s0 � k d tð Þ � d0 tð Þ½ �; ð3Þ

where d0 tð Þ is far-field slip displacement, and the stiffness

k ¼ Gg=l (Dieterich 1992, 1994), G is Shear modulus, and g
is the geometrical parameter describing the crack (generally

taken to be 1) (Dieterich 1986). Fault will be unstable under

the condition: k\kc ¼ ðB � AÞr=Dc (Scholz 1998), kc is

critical spring stiffness. Parameter s0 is initial shear stress on

the fault. If the far-field shear slip rate _d0 tð Þ is constant and

nonzero, the shear stressing rate _s ¼ k _d0 tð Þ.
In the given initial conditions, when A, B, and Dc are

constants, the numerical solution of Eqs. (2) and (3) shows

that the evolution of fault slip (seismic circle) can be

separated into three distinct phases (Fig. 5). Real evolution

of the fault is actually more complex; however, one-

dimensional spring-slider block model has visually

described the basic process of the fault evolution. The

discussion of the above model provides the most basic

physical ideas to investigate more deeply into the causes of

earthquakes the mechanism.

3.3 Time-dependent deformation process

The instability of the fault is determined by the Coulomb

stress at the depth which earthquakes may nucleate

(Byerlee 1978). The Coulomb stress model is given by:

s � l0r ¼ 0; ð4Þ

where, s is the shear stress amplitude in the slip direction and r
is the effective normal stress on the fault including pore water

pressure. In the given back ground stress field s1 and r1, when

there is a shear stress change Ds and normal stress change Dr
from the coseismic process or other non-tectonic stress

change, the new stress field is expressed as: s2 ¼ s1þ
Ds; r2 ¼ r1 þ Dr. Furthermore, we assume that all the

stress perturbation Ds � s1, Dr � r1, the Coulomb stress

change thus be written as: DCFF ¼ Ds � l0Dr (DCFF).

According to Eqs. (2) and (4), the fault slip rate on the fault

after the stress perturbation _d2 could be calculated as follows:

_d2 ¼ _d1

h2

h1

� ��B
A

exp
DCFF

Ar2

� �
; ð5Þ

where _d1: is the slip rate on the fault before the stress

perturbation, h1 and h2 reflect the changes of the contact

Fig. 4 Spring-slider block model with kinematic equation of motion.

s and r are the shear stress and normal stress acting on the fault,

respectively. d is the sliding displacement along the fault plane, and

d0 is a far-field loading displacement. k is the effective elastic

coefficient of the spring
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status on the fault before and after the stress perturbation.

Equation (5) can also be written in a logarithmic form:

D log _d
� �

¼ �B

A
D log hð Þ þ DCFF

Ar2

ð6Þ

Constants of A and B typically have values in the range

0.005–0.010 (Dieterich 1992). Ratio of B/A expressed the

different mechanisms of fault friction process. B [ A

Corresponds to the velocity weakening behavior, and B \ A

is velocity strengthening, which is intrinsically stable, and no

earthquake can nucleate in this field, and any earthquake

propagating into this field will produce there a negative stress

drop, which will rapidly terminate propagation (Scholz 1998).

Figure 5 shows that according to Eq. (2), Ziv and Rubin

(2003) separate the seismic cycle into three distinct phases.

However, in this research, according to changes of the state

rate and slip rate, we separate the seismic cycle into three

major different stages. 1. In stage 1, fault is nearly locked, the

sliding velocity is much less than 1, _d � 1. The rate of state,

thus, may be written as dh/dt * 1 (Beeler et al. 1994). And

the evolution of slip rate may be given by _d2 � _d1. 2. Stage 2

has a very short time. When the fault convert from ‘‘phase 1’’

locked state to ‘‘phase 2’’ self-acceleration, there is dh/

dt * 0; 3. Stage 3, the rate of state and the slip velocity are

given by dh=dt � � _dh=Dc and _d � DcDc=h, respectively.

3.4 Calculation of Dt in each evolutionary stage

Parameter _d0 in Fig. 6 means the slip rate on the fault at the

moment t0 (the initial time of seismic cycle); _d1 and _d2 are

the fault slip rates at times of t1 and t2, respectively. Stress

perturbation applied on the fault starts at time of t1, and Dt

is the advance/delay time caused by the stress change on

the fault. Tr is the mean earthquake recurrence time of a

seismogenic fault; T1 is the time period between t1 and the

failure time before stress perturbation; T2 is the time period

between t1 and the failure time after stress perturbation.

The figure above (Fig. 6) shows the clock advance/delay

caused by a sudden static stress perturbation. The slip rate

changes significantly by the stress perturbations, which

makes the final rupture time advanced. Starting from the

Eq. (6), we specifically analyze the clock advance/delay by

static stress perturbations in each evolution stage:

1. When dh/dt = 1 and _d2 � _d1; D log _d
� �

� 0, Eq. (6)

becomes

Dh
h1

¼ A

B

DCFF

Ar2

ð7Þ

and dh/dt = 1 gives Dh ¼ Dt; h1 ¼ t1. Thus, the clock

advance/delay is given by

Fig. 5 A typical seismic cycle derived from Eq. (2) (Ziv and Rubin 2003). Fault slip rate d (top plot) and state h (bottom plot) vary with time

throughout an entire seismic cycle. In ‘‘Phase 1’’, the fault is approximated locked, and slip rate is well below that of the loading point. In ‘‘Phase 2’’,

the fault slip rate increases rapidly. ‘‘Phase 3’’ represents the co-seismic rupture. Correspondingly, fault state variable h increases linearly in ‘‘Phase 1’’

reaching to maximum value in which dh/dt = 0 and decreases rapidly in ‘‘Phase 2’’, then back to the initial value of the seismic cycle in ‘‘Phase 3’’
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Dt ¼ t1
A

B

DCFF

Ar2

ð8Þ

Equation (8) shows that when fault is almost locked in

stage, Dt, the clock advance/delay is proportional to

Coulomb stress change DCFF and inversely proportional

to normal stress on the fault r. And note that Dt is

proportional to state variable h. According to ta ¼ Ar= _s
(Dieterich 1994), Eq. (8) can be written as

Dt ¼ t1

ta

A

B

DCFF

_s
ð9Þ

Actually, in the study of brittle failure (Beeler 2004), the

time period of self-acceleration phase is equal to the

aftershocks duration after the main shock ta (Dieterich

1994). When the average recurrence interval of a single

fault Tr is given, the aftershock duration is ta ¼ TrAr=Ds,

where the average stress drop Ds = 1–10 MPa, which does

not depend on the magnitude of earthquake. And if

Ar ¼ 0:1 MPa (Belardinelli 1999),

ta ¼ 1%� 10%ð ÞTr ð10Þ

Equation (10) gives the probability that the clock advance/

delay Dt may rise up to several times to tens of clock

advance/delay DtED given in the elastic dislocation theory

[Eq. (1)] as we mentioned above.

2. When dh/dt = 0, the state variable h is a constant.

From Eqs. (2) and (3), the shear stress can be written as

r l0 þ A log _d= _d�
� �

þ B log h=h�ð Þ
h i

¼ s0 þ _st � kd tð Þ

ð11Þ

where d, the slip displacement on the fault, can be

approximately seen as a constant. The clock advance/

delay Dt is computed by taking the time derivation of Eq.

(11) and writing in a differential form:

ArD log _d ¼ _sDt; ð12Þ

Compare Eqs. (6) and (12), clock advance/delay is given

by

Dt ¼ DCFF

_s
; ð13Þ

Equation (13) has the same expression as the clock

advance/delay DtED given by the simple elastic

dislocation theory (Eq. 1).

3. When dh=dt ¼ � _dh=Dc, the solution of the state

equation is (Dieterich 1994):

h tð Þ ¼ h0 exp � d tð Þ
Dc

� �
; ð14Þ

According to Taylor series, the expression of d tð Þ at t1 is

d tð Þ ¼ d1 þ _d1Dt. From Eqs. (6) and (14), the differential

form of logarithmic slip rate is given by

D log _d
� �

¼ B

A

d1 þ _d1Dt1

Dc

þ DCFF

Ar
; ð15Þ

when the stress perturbation is zero (undisturbed), Eq. (15)

can be written as

D log _d
� �

¼ B

A

d1 þ _d1Dt0

Dc

ð16Þ

Subtract Eqs. (15) and (16), we can get the clock advance/

delay in self-acceleration stage

Dt ¼ Dt0 � Dt1 ¼ A

B

DCFF

Ar
Dc

_d1

ð17Þ

In fact, Eq. (17) is the approximate solution of the Dieterich’s

formulation of clock advance/delay (see Appendix), which

shows that Dt is proportional to the critical slip displacement

Dc and inversely proportional to the slip rate. In Eq. (17), if

we assume that A/B = 1, Ar = 0.4 9 105 Pa (Toda and

Stein 2002), Dc = 1–2 9 10-2 m, when earthquake happens

the slip rate _d ¼ 1 m/s, the obtained clock advance/delay

Dt * 0. Furthermore, if a static Coulomb stress change of

DCFF = 0.5 9 105 Pa is applied the Park field fault

segment, and the fault slip rate of _d0 is about 2.3 9 10-2

m/a, then, the calculated Dt = 0.5–1a.

4 Application on the Parkfield M6 earthquakes

May 2, 1983, the M6.5 earthquake occurred 25 km north-

east of Parkfield in Coalinga. After that Nuñez took place

more than one M6 earthquakes on 11 June to 22 July in the

same year (Fig. 2). The 1983 Coalinga–Nuñez earthquakes

occurred 17 years after the 1966 Parkfield characteristic

earthquake, and seismicity rates climbed for 18 months

Fig. 6 Schematics showing the clock advance/delay based on the R–

S law

42 Earthq Sci (2014) 27(1):37–46

123



along the creeping section of the San Andreas north of

Parkfield (Toda and Stein 2002). In order to simplify the

parameter selection, we have just considered about the

Parkfield section. And the Parkfield characteristic earth-

quakes have a mean repetition time of about 22 years.

According to Eq. (9), the aftershock duration ta is about

0.2–2 years. Toda and Stein (2002) studying the Parkfield

earthquake probabilities to find the duration of the Park-

field aftershock duration ta that is approximately 1–4 years.

In the study of physical basis of brittle failure and their

implications for earthquake occurrence and earthquake

nucleation, Beeler (2004) pointed out that the aftershock

duration ta (Dieterich 1994) is equal to the time period of

self-acceleration phase in seismic circle. Therefore, the

1983 Coalinga–Nuñez earthquakes happened in the first

stage (Fig. 5) of the seismic circle of the Parkfield char-

acteristic earthquake after 1966 earthquake, and the clock

advance/delay Dt is determined by Eq. (8). After the Co-

alinga–Nuñez earthquakes, the Coulomb stress drops by

about -0.15 9 105 Pa in the Parkfield region (Toda and

Stein 2002). Each stress perturbation causes change of fault

evolution, which means the clock advance/delay caused by

the second stress perturbation should be calculated at the

new state after the first stress perturbation. Thus, when a

single fault is disturbed by several earthquakes at the

evolution stage ‘‘Phase 1’’, the clock advance/delay Dti of

each stress change DCFFi can be written as

Dti ¼ ti�1 þ
Xn

i¼2

Dti�1

 !
A

B

DCFFi

Ar
ð18Þ

We take the May 2 M6.5 earthquake and July 22 M6.0

earthquake as the main impact in the Parkfield area. Stress

drop is regarded to be invariant in a seismic region (Junn

et al. 2002), thus, we consider the Coulomb stress drop by

the two earthquakes are both 0.075 9 105 Pa. When

ta = 2–4a and the corresponding Ar = 0.2–0.4 9 105 Pa

(Toda and Stein 2002), the clock advance/delay caused by

Coalinga–Nuñez earthquakes is

Dt1 ¼ t1
A

B

DCFF1

Ar
; Dt2 ¼ ðt1 þ Dt1Þ

A

B

DCFF2

Ar
; ð19Þ

And the total clock advance/delay Dt ¼ Dt1 þ Dt2 is

about 16 years (Ar = 0.2) *8 years (Ar = 0.4). In the

calculation, we assumed that the fault constitutive

parameters A and B are almost equal. In the velocity

weakening model, the actual clock advance/delay Dt

should be a little smaller than the calculated results, for

the fault constitutive parameters A	B. And the result of

clock advance/delay is inversely proportional to the value

of Ar which is ranges between 0.01 and 0.1 MPa from

previous researches (e.g., Belardinelli 1999; Dieterich

1994; Harris and Simpson 1998; Toda and Stein 2002).

And the value can be calculated from aftershock duration ta
and shear stressing rate: Ar ¼ _sta ¼ Dsta=Tr. Although

there are errors in the final result which caused by the error

of parameters, the results show that when the fault at the

first stage of seismic circle clock advance/delay affect by a

small Coulomb stress change can be significant. However,

if we use the Coulomb model under the elastic dislocation

theory DtED ¼ DCFF= _s (King et al. 1994; Stein et al.

1997), the clock advance/delay is proportional to the

Coulomb stress change, which means the clock delay of the

Parkfield characteristic earthquake after 1966 is only about

1.5 years. And approximate solution of Dieterich’s

formulation corresponds to the self-acceleration stage,

Eq. (17) shows that the clock advance/delay is smaller than

which calculated by the Coulomb stress model under the

elastic dislocation theory. Applied in the Parkfield area, the

clock advance/delay years Dt \ 1:5. Toda and Stein (2002)

supposed that the 1983 shocks dropped the 10-year

probability of a M6 Parkfield earthquake by 22 % and

that the probability did not recover until about 1991.

Table 1 gives the clock delay of the Parkfield characteristic

earthquake after 1966.

5 Discussion

Although the Eq. (1) is widely used in the interpretation of

the seismic shadow zone and time-dependent of earthquake

probabilities (Harris 1998; Toda et al. 1998; Parsons et al.

2000), the limitation is obvious. If the evolution of fault is

given by R–S constitutive law, then the expression of clock

advance/delay based on Coulomb stress model in the

elastic dislocation theory corresponds to dh=dt ¼ 0, which

means the state variable h in R–S constitutive law is a

constant; the friction process is independent of state evo-

lution on the fault. Since the fault sliding nearly constant,

the shear stress loading on the fault is linear and mainly

related to the far-field shear stress loading rate.

Actually, the process of fault instability in the Coulomb

stress model according to the simple friction kinematics,

which implied a prediction model under the velocity

weakening, that is, the evolution process of the fault has

nothing to do with the clock advance/delay Dt, which only

change with the size of stress perturbation. We can see that

the Coulomb model based on the R–S constitutive law and

which based on the elastic dislocation theory follows the

different physical processes. Obviously, the clock advance/

delay Dt affected by a given stress perturbation varies at

different periods of fault evolution: The clock advance/

delay DtRSF [ DtED in the most part of the evolution stage

1, DtRSF \ DtED in stage 3, and in stage 2, around

t = Tr - ta, clock advance/delay DtRSF = DtED; Moreover,
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our results are substantially consistent with or close to the

numerical rate-state model given by Gomberg et al. (1998;

Fig. 5), which means that the clock advance/delay Dt based

on the R–S constitutive law given cannot simply expressed

by the Eq. (1). Nowadays, the time-dependent and renewal

earthquake prediction model is basically built on the

understanding of Eq. (1). However, recent studies show

that (Gomberg et al. 2005; Kaneko 2009), from Eq. (1), we

can deduce that ratio of the seismicity rate in Dieterich’s

(1994) aftershocks model before and after the main shock

is equal to 1. It implies that the Coulomb model on the

elastic dislocation theory cannot reflect the variation of

seismicity rate, as well as the time for fault failure, at least

from a mathematical model.

In this research, the clock delay of the M6.0 Parkfield

earthquake after 1966 is given about 8–16 years. The

uncertainty of parameters we used such as aftershock

duration ta and shear stressing rate _s may bring errors to our

result. In addition, the other mechanisms, such as fault

creeping and post-seismic slip, in the nearby regions of

Parkfield could further modify the fault evolution process

and contribute to an extra time delay related to the earth-

quake recurrence period for the M6.0 Parkfield fault.

6 Conclusions

Combined with 1D spring-slider block model, we focused

our study on the fault failure time advance/delay due to the

static Coulomb stress perturbation during an entire period

of the earthquake fault evolution based on the R–S fric-

tional constitutive relation. We have derived three different

analytical expressions of clock advance/delay Dt related to

the Coulomb stress perturbations applied in the different

phase of an earthquake cycle and find that the clock

advance/delay Dt is not only affected by the Coulomb

stress perturbation but also the state variable h of the fault.

The results, we have derived in this study, also show that

the solution given by the Coulomb model associated with

the elastic dislocation theory has an obvious limitation due

to the ignoring of the state variable h, a function used to

describe the fault frictional evolution during a constant

stressing rate. When the state variable h becomes a con-

stant, our solutions of Dt related to the Coulomb stress

perturbation are the same as the simple Coulomb given by

the elastic dislocation theory. In fact, the state variable h
varies at the most part of an earthquake cycle, and the

Dieterich model [Eq. (24)] can be applied to the self-

accelerating stage only. Yet we know that the earthquake

faulting is likely to be affected by a stress perturbation in

its each evolution stage, and the first stage related to the

fault evolution (blocking phase) is actually about 90 % of

the whole evolution period. Therefore, the expressions of

clock advance/delay under the Coulomb stress perturbation

we have derived [Eqs. (8), (13), (17)] are much more

comprehensive descriptions of the earthquake rate modifi-

cations undergoing a sudden change in stress.

Regarding the time delay of recent M6.0 Parkfield

earthquake after the 1966 M6.0 earthquake, we find that,

based on current solution, the characteristic earthquake

with M6.0 after 1966 would delay for 8–16 years when the

fault affected by the Coulomb stress perturbation

DCFF ¼ �0:15bar, caused by the 1983 Coalinga–Nuñez

earthquakes. These results are much more reasonable than

that based on the simple Coulomb stress model given by

the elastic dislocation theory [Eq. (1)].

Finally, our current results could be useful in the

establishing of time-dependent earthquake probability

model if an earthquake history that is well characterized by

paleoseismic or historical observations can be fit with a

broad range of interevent time and aperiodicity models.

Appendix: approximate solution of Dieterich’s

formulation of clock advance/delay

Based on the 1D spring-slider block model described by

Fig. 4, when dh=dt ¼ � _dh
.

Dc and _d � Dc=h, from Eqs.

(2) and (3), the slip rate at t1 is (Dieterich 1992):

_d1 ¼ 1

_d0

þ Hr
_s

� �
exp � _st1

Ar

� �
� Hr

_s

� ��1

; ð20Þ

where H ¼ B=Dc � k=r; _d0, is the initial slip rate.

Change of normal stress from r1 to r2 results in the

change of state h2=h1 ¼ r2=r1ð Þ�a=B
(Dieterich 1994)

although the jumps of shear stress sdo not affect state. In

this case, Eq. (5) can be written as

Table 1 Clock delay of the Parkfield characteristic earthquake after

1966

Method Stress drop

(9105 Pa)

ta (a) Dt (a)

Coulomb model based on

the R–S constitutive law

dh=dt ¼ 1 2–4 16–8

dh=dt ¼ 0 0.15 2–4 1.5

dh=dt ¼ � _dh
.

Dc
2–4 \1.5

Coulomb model under the

elastic dislocation theory

0.15 1.5

Toda and Stein (2002) 0.15 Probability did not

recover until

about 1991
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_d2 ¼ _d1

r1 þ Dr
r1

� �a
A

exp
DCFF

Ar2

� �
; ð21Þ

or given by a differential form:

D log _d
� �

¼ Ds � l0 � að ÞDr
Ar

¼ DCFFG

Ar
; ð22Þ

Actually, Eq. (22) reflects the relative change of the slip

rate following a sudden stress perturbation, andDCFFG ¼
Ds � l0 � að ÞDr gives effective shear stress change which

can be defined as the generalized Coulomb stress disturbance.

If a Coulomb stress perturbation as shown in Eq. (22)

applied at time t1, following the Eq. (20), the change of slip

rate is given by

_d2 ¼ _d1 exp
DCFFG

Ar

� �

¼ 1

_d0

þ Hr
_s

� �
exp � _st2

Ar

� �
� Hr

_s

� ��1

; ð23Þ

Comparing Eqs. (23) and (20), the clock advance/delay

Dt is given by

Dt ¼ DCFFG

_s

� Ar
_s

log 1 þ exp � _s Tr � t1ð Þ
Ar

� �
exp

DCFFG

Ar

� �
� 1

� �� 	
;

ð24Þ

where Tr is the average earthquake repeat time (Fig. 6)

Tr ¼
Ar
_s

ln
_s

Hr _d0

þ 1

� �
: ð25Þ

Note that Eq. (24) is derived based on the assumption of

dh=dt ¼ � _dh
.

Dc or _d � Dc=h. Therefore, this formula

only applies to the later period of fault evolution which

corresponding to the fault self-acceleration and the source

nucleation stage. The nucleation time is shorter in lower

effective stress environments. Dieterich (1994) predicts a

linear dependence of ta with normal stress r as ta ¼ Ar= _s,

and _s is a constant stressing rate. ta is also corresponding to

the regional aftershock duration when a mainshock occurred.

The clock advance/delay Dt given by Eq. (24) is always

shorter than DtED given by Eq. (1) based on the simple

Coulomb stress model. And considering changes of slip state,

the model in R–S constitutive law [Eqs. (24), (17)] gives that

when t1 ! Tr (d1 � Dc), clock advance/delay Dt ! 0.

Furthermore, inserting Eqs. (20) and (25) into Eq. (24),

we can get

Dt ¼Ar
_s

log
_s

Hr _d1

þ1

� �

�Ar
_s

log
_s

Hr _d1

exp �DCFFG

Ar

� �
þ1

� �
¼ T1 �T2; ð26Þ

where _s=Hr _d1 ¼ expðT1=taÞ � 1 and expð�DCFFG=ArÞ _s=
Hr _d1 ¼ expðT2=taÞ � 1;

Under the condition of dh=dt ¼ � _dh=Dc or _d � Dc=h,

Eq. (26) can be simplified as

Dt ¼ A

H _d1

1 � exp �DCFFG

Ar

� �� �
: ð27Þ

Furthermore, if DCFFG



Ar � 1, with a Taylor’s

expansion, Eq. (27) can be written as

Dt ¼ A

H _d1

DCFFG

Ar
1 � 1

2

DCFFG

Ar

� �
; ð28Þ

where H ¼ �k=r þ B=Dc; k\kc ¼ ðB � AÞr=Dc, (Scholz

1998), giving the relationship that H [ A=Dc. A and

B generally have the values of 0.005–0.01 (Dieterich

1992), and at the depth of the earthquake nucleation, there

is: B [ A. When the friction falls from the static to the

sliding value kcDc ¼ Ds (Dieterich 1978), Eq. (28) can be

written as

Dt ¼ A

H _d1

DCFFG

Ar
1 � 1

2

DCFFG

Ar

� �

¼ A

H _d1

DCFFG

Ar
Ar þ kcDc � DCFFG

Br
¼ A

B

DCFF

Ar
Dc

_d1

;

ð29Þ

Equation (29) gives the same the expression as Eq. (17)

discussed before when the fault evolution undergoes a self-

accelerating or nucleation stages [Eq. (16)].
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