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The 2000 Tottori (Japan) earthquake: trigger-
ing of the largest aftershock and constraints on
Dc.

By S. Di Carli, C. Voisin, F. Cotton and F. Semmane
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Abstract

The goal of this study is to investigate the effect of the static and

dynamic stress changes on the triggering of faults under slip-dependent

friction law. We specifically focus on the 2000 Western Tottori (Japan)

earthquake and on the triggering of its largest aftershock. To this end

we compute the dynamic and static stress changes caused by the 2000

Western Tottori (Japan) earthquake for which a good knowledge of the

rupture history and aftershock sequence exists. We compute the coseis-

mic stress evolution caused by the mainshock fault, on the fault plane of

the largest aftershock located 20 km SW of the mainshock. The static

stress changes cannot explain the occurrence of the largest aftershock,

located in a stress shadow whatever the friction coefficient that we use.

Hence we propose that dynamic stresses have promoted the triggering of

the largest aftershock. Using the discrete wavenumber and the reflectivity

methods we compute the complete time-dependent coulomb failure func-

tion CFF(t). We investigate the influence of the adopted coefficient of

friction µ′, the depth and the location of the hypocenter on the shape of

the CFF(t). Finally, using a non-linear slip dependent friction law with

a stability/instability transition, we constrain the frictional properties of

the largest aftershock fault plane knowing the state of stress on the fault

and the time delay of 48 hours. We propose that Dc must be greater than

0.3 m.
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1 Introduction

It is well established that fault interaction and seismicity triggering are driven

by stress interaction. The widely used Coulomb failure criterion (Kadinsky-

Cade and Willemam 1982, Stein and Lisowsky 1983) uses the concept of the

static Coulomb failure stress ∆CFS and most clearly demonstrate the correla-

tion between the triggering of earthquakes and the positivity of the ∆CFS. The

Coulomb stress modelling performed for the 1992 Landers earthquake provides

an excellent example of the effects of static stress changes and evidences the

correlation between the aftershock distribution and mainshock induced static

stress changes (Stein et al., 1992; King et al., 1994).

However, this earthquake triggered remote seismicity (Hill et al., 1993) that

conflicts with the simple static stress change theory. Dynamic stress changes

were proposed to explain those remote aftershocks (Kilb 2003 ). The Mw 7.3

Hector Mine earthquake triggered seismicity in the rupture direction, near

Salton Sea, 180 km south of the mainshock. Gomberg et al. (2001) have demon-

strated that in this region, more than 50 events occurred in a few days, the first

of them 59 s after the mainshock. Major earthquakes are now found to trigger

the remote seismicity: the 1999 Hector Mine, California, earthquake (Gomberg

et al., 2001; Glowacka et al., 2002) as we have seen; the 1999 Izmit, Turkey,

earthquake (Brodsky et al., 2000); the 2002 Denali, Alaska, earthquake (Husen

et al., 2004). Kilb et al. (2000, 2002) and Gomberg et al. (2003) have demon-

strated that seismicity rate changes correlates better with the dynamic stress

field than with the static stress changes. One open question is to set an upper

limit on the time efficiency of dynamic triggering: one minute? One hour? One

month? One year? In some cases the triggering of aftershocks begins at the

waves arrival time: Salton Sea enhanced activity at the Hector Mine waves pas-

sage (Gomberg et al., 2001 ). In some other cases the triggering is delayed: the
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1980 Irpinia, Italie, earthquake (Belardinelli et al., 1999, Voisin et al., 2000 );

the Little Skull Mountain (Bodin and Gomberg 1994 and Gomberg and Bodin

1994 ) and the Hector Mine (Kilb 2003 ) earthquakes.

The 1980 Irpinia earthquake provides an interesting example of fault inter-

action due to spatiotemporal stress changes, because it ruptured several normal

faults: three distinct subevent occurred nearly 20 s from each other. This de-

layed triggering can be interpreted in terms of frictional properties of the faults

(Belardinelli et al., 1999). Voisin et al., (2000) have investigated the relative

weight of static and dynamic stress changes in the triggering of the 1980 Irpinia

earthquake sequence. They showed that for such a short delay (20s), the dy-

namic stress field is more important than the static stress field. Could other

events associated with longer duration be explained in the same way? Bodin

and Gomberg (1994) and Gomberg and Bodin (1994) have studied the triggering

of Mw 5.4 Little Skull Mountain 22 hours after the Landers mainshock. They

related the occurrence of this large remote aftershock to the dynamic strain

tensor. Kilb (2003) has pointed out the correlation of the Landers, Califor-

nia, aftershocks map and considered the complete temporal dependence of the

Coulomb stress changes. It was observed that the peak of the dynamic Coulomb

function CFF(t) better correlates with the map of seismicity rate change than

the static field does. This would also imply that the dynamic stress influence

aftershock triggering even for long time delay (months to year) and over large

distances.

Remotely triggered seismicity, related to dynamic stress changes, is in con-

trast with the static stress theory. Dynamic triggering may also play a major

role at short distances, as suggested recently (Kilb et al. 2000, Voisin et al.

2000, Hough 2005 ). In the near field static and dynamic stress changes both

range in the same order of magnitude. None of them can be neglected a priori.

This suggests that they should be considered as one and only one perturbation,
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in a complete Coulomb Failure Function (Kilb et al., 2000 ).

Voisin et al. (2004) studied the effect of the complete Coulomb Failure Func-

tion (CFF) on the triggering of faults under a slip dependent friction law. They

have considered idealized complete Coulomb failure functions of three types.

Since the static stress field at remote distance is negligible, the far field CFF is

represented by a simple sine wave. In the near field they considered two CFFs:

one for stress triggers, formed by a dynamic pulse followed by a positive static

stress field, and one for stress shadows, formed by a dynamic pulse followed by a

negative static stress field. They demonstrated the possibility of the triggering

of seismicity by a dynamic stress pulse in a stress shadow zone. Stress shadows

occur when an earthquake has reduced the Coulomb failure stress on appropri-

ately oriented nearby faults. They are associated with a seismicity rate decrease

(Stein 1999). So the triggering of an antishock, that is an earthquake in a stress

shadow is possible only if we consider a complete CFF, with the dynamic and

static stress field. Triggering of aftershocks in the stress shadows is one way

to prove the role of dynamic stresses. The 2000 Western Tottori earthquake

provides a unique opportunity to study the stress initiation between the main

rupture and the aftershocks.

The 2000 Western Tottori earthquake sequence was well recorded by the Japanese

seismic networks. Moreover, the numerous aftershocks have been relocated by

Fukuyama et al., (2003). The seismograms as well as geodetic data were inverted

to constrain the seismic rupture process and the final slip distribution (Iwata

and Sekiguchi, 2002; Dalguer et al., 2002; Peyrat and Olsen 2004; Semmane et

al., 2004 ). From these results, we could compute the complete Coulomb Failure

Function for the 2000 Tottori, Japan, earthquake.

In the first part of this paper we will compute the static perturbation due to

the rupture and test it against the aftershock locations. We will show that the

largest aftershock (M 5.1) occured in a stress shadow zone. The static stress
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changes cannot explain the occurrence of this aftershock.

The other possible hypothesis that we investigate is that this largest after-

shock was triggered by the dynamic stress waves emitted by the mainshock.

We compute the complete stress perturbation for a set of points distributed on

the fault plane of the aftershock. Whatever the friction coefficient or the depth

considered, the complete CFF is described by a large dynamic stress pulse fol-

lowed by a negative static stress field. The dynamic computations are therefore

totally consistent with the static ones. Such a dynamic pulse is large enough

(both in frequency and amplitude) to trigger seismicity.

Finally, these stress perturbations are used to constrain the fault friction

properties, namely Dc, of the largest aftershock. Estimates of Dc are usually

provided for large ruptures like for the 1992 Landers earthquake (Pulido and

Irikura 2000 ); for the 1995 Kobe earthquake (Mikumo et al., 2003 ); for the

2000 Tottori earthquake (Mikumo et al., 2003 ). These estimates are obtained

either by using the peak-slip velocity of the closest seismogram (Mikumo et al.,

2003; Fukuyama et al., 2003 ) or by using kinematic inversions (Tinti et al.,

2004 ). We propose a different approach to estimate Dc on intermediate-scale

fault planes associated to the aftershocks. We follow a three-step methodology:

1) We compute the complete CFF at the hypocentral area of the aftershock.

2) The fault length is set accordingly with the spatial content of the secondary

aftershocks and the scaling law from Wells and Coppersmith (1994).

3) Assuming that the fault plane of the aftershock was close to failure, we

constrain Dc using the observed triggered delay. The fault geometry is derived

from the sequence of secondary aftershocks associated to the triggering of the

M 5.1 event. Using the empirical law derived by Wells and Coppersmith (1994),

we fix the fault length to 10 km. The time delay is known and is about 48 hours.

Finally the state of stress on the fault is assumed to be very close to the fault

strength. Because we use a finite difference code, the time delay of 48 hours is
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unreachable. The methodology used in Voisin et al. 2000 for a time delay of

20s cannot be used in the present study. However, it is possible to rule out all

values of the frictional properties that lead to a fast triggering. We are able to

propose that Dc of the largest aftershock fault plane must be greater than 0.3

m.

2 Static stress changes after the 2000 Tottori
earthquake

2.1 Description of the 2000 Tottori earthquake mainshock
and of its largest aftershock

On 6 October 2000 at 13:30 UTC, the Western Tottori Earthquake (Mw 6.6-

6.8) occurred on a left-lateral strike-slip fault in the western Honshu, Japan,

where very few large earthquakes have occurred since the 1943 Tottori earth-

quake of M 7.2 (Kanamori, 1972). Our choice of the Tottori earthquake is

primarily justifies by a high-resolution strong motion records (K-net and KiK-

net networks operated by the National Institute for Earth Sciences and Disaster

Prevention (NIED)), and a good knowledge of its slip history suggested from

kinematic inversion studies (Semmane et al., 2004) and a good aftershocks se-

quence (Fukuyama et al., 2003). Within the 15 years before the 2000 western

Tottori earthquake, background seismicity covered the whole aftershock region

of the 2000 western Tottori earthquake and several M 5 earthquakes were ob-

served on the mainshock fault of the 2000 western Tottori earthquake (southern

part of the aftershock region). Shibutani et al. (2002) showed that in the

southern part of the aftershock region of the western Tottori earthquake, a fault

existed before the mainshock, but in the northern part there was no information

about the geometry of the fault. Moreover, Yagi and Kikuchi (2000) and Iwata

and Sekiguchi (2001) analyzed the rupture process of the 2000 western Tottori

earthquake and they found that slip occurred only in the southern part of the
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aftershock region. Sagiya et al. (2002) reported from the analysis of Global

Position System (GPS) data that the postseismic slip occurred in the northern

part of the aftershock region where little slip occurred during the mainshock.

The epicenter of the mainshock is located at 35.269 N and 133.357 E at a depth

of 14-15 km (Iwata and Sekiguchi, 2002). Within 15 min of the mainshock,

the aftershocks concentrate along the southern part, where the slip during the

mainshock is estimated to have occurred. By 60 min after the mainshock ac-

tivity appears throughout the entire extent of the aftershock region. As time

progresses, activity fills in the fault structures (Figure 1).

On 8 October at 13:17 the largest aftershock (Mw 5.1) occurred at a depth of

5250 m, about 20 km west of the mainshock area. Its fault mechanism is left

lateral, similar to the mainshock one. Based on the spatial extent of its own

aftershock sequence, on the moment tensor solution, and on the Wells and Cop-

persmith (1994) scaling relation, we propose that the fault plane of the largest

aftershock has a strike angle of 336, a dip angle of 86, a rake angle of -11, and

a fault surface of 10 by 3.5 km.

2.2 Static Coulomb stress changes calculations

We compute the Static Coulomb stress changes using the fault plane geometry,

the rupture, the slip histories and the faulting mechanism adopted by the pre-

liminary model of Semmane et al., (2004) that is in good agreement with the

relocated seismicity computed by Fukuyama et al., (2003). The geometry of

the rupture is described by two planes with different strike angles. The north-

ern fault shows a strike angle of 150, dip angle of 90 and rake angle of 0. The

dimensions are set to a length of 16 km and a width of 20 km. The southern

fault has a strike angle of 146, dip 90 and rake 0. The dimensions are 16 x 20

km. The hypocenter is located at a depth of 14-15 km. The total fault plane is

discretized by a set of 160 square subfaults (2x2km), 80 subfaults for the north-
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ern fault and 80 subfaults for the southern fault. Using the Coulomb failure

criterion (Toda and Stein, 2002) we compute the Coulomb stress change in an

elastic halfspace (Okada, 1992) by assuming a shear modulus G=3.2 x104 MPa

and a Poisson’s ratio of 0.25. The aim is to resolve the Coulomb stress changes

not on Optimally Orientated faults but on planar surface of the known active

faults. To this end we consider the fault plane of the largest aftershock of Mw

5.1 (20 km in distance from the fault plane of the mainshock) and we compute

there the static coulomb stress changes generated by the mainshock of the fault

plane and the slip history calculated by Semmane et al., (2004).

We changed the value of the apparent friction of coefficient µ′ to investigate

the dependence of the CFF on µ′. We illustrate the results of our computa-

tions in the plate 1 where we have considered µ′ equal respectively to 0.0, 0.4

and 0.8. We show in these figures the Coulomb stress changes calculated on

fault planes having the same mechanism and the same orientation as the plane

described previously for the largest aftershock. As we can see, the fault plane

of the largest aftershock is located in a stress shadow zone characterized by a

negative static stress field, where the seismicity should be inhibited according

to the CFF criterion.

The previous computations demonstrate that the static loading alone cannot

explain the occurrence of the largest aftershock. We have to consider both dy-

namic and static loading in a complete Coulomb failure function to explain the

occurrence of this peculiar aftershock.
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3 Dynamic stress changes after the 2000 Tottori
earthquake

3.1 Input parameters

We compute the dynamic stress time histories using the reflectivity method

(Kennet and Kerry, 1979 ) and the discrete wavenumber decomposition of the

Green’s functions (Bouchon 1981 ) as originally proposed by Cotton and Coutant

(1997). We image the coseismic stress evolution caused by the fault of the

mainshock on the fault plane of the aftershocks in the western region (20 km in

distance from the fault plane of the mainshock). We compute both shear and

normal stress changes and a time-dependent Coulomb failure function (CFF).

We use the fault geometry and the slip history determined by Semmane et al.,

(2004) using a frequency domain inversion procedure (Cotton and Campillo,

1995) for the Tottori earthquake. We consider a simple rupture history con-

sisting of a Haskell model with a constant rupture velocity of 2.8 km/s, the

nonuniform slip distribution and the rupture times are calculated by Sem-

mane et al., (2004). The source time function is a Bouchon ramp function

[f(t)= 1
2 (1+tanh( t

τ ))], (Bouchon 1981), with a rise time τ of 1.2 s (Semmane et

al., 2004). We have computed the stress time histories using a stratified crustal

structure used by Semmane et al., (2004). The crustal velocity model is shown

in table 1.

We compute the stress evolution on a series of receivers placed at different

depths and at different locations on the fault plane of the aftershocks in the

western region. This fault plane of interest is parallel to the southern fault and

exhibits a dip angle of 86 E. Strike and dip are estimated with the help of the

relocated aftershocks of Fukuyama et al., (2003). The fault mechanism is left-

lateral strike slip, the same of the mainshock fault. The fault size is estimated

from the length of the aftershock area and from the moment magnitude (Wells
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and Coppersmith 1994 ).

We have computed the stress components up to a maximum frequency of

1.28 Hz. We decided to discretize the fault plane into a set of 5 by 5 points

(Figure 1). On this map the receivers are represented by numbers between 1 and

5 going from north to south. For each receiver we have changed the depth every

1000 m between 3500 m and 7500 m. At each point receiver and for every depth

the shear and the normal stress changes on the fault plane of the aftershock

have been calculated. Then we can calculate the temporal dependence of the

Coulomb stress changes represented by the Coulomb failure function (CFF).

3.2 Results on the fault plane of the largest aftershock

We investigate the influence on the computed Coulomb stress changes of the

depth, the apparent friction coefficient and the geographic position on the fault

plane of the largest aftershock.

To observe the variation of the CFF with the different values of the apparent

friction coefficient, we changed for every simulation µ′ between 0.2 and 0.8

fixing the depth and the position of the receiver on the fault. In figure 2, we

have computed the stress changes for the point 4 (see fig 1) at a depth of 5250

m, that is the depth for which we have the first aftershock on this fault plane

(about 6 hours after the mainshock). This depth is also the hypocentral depth of

the largest aftershock. As we can see, the temporal dependence of the coulomb

stress changes CFF does not vary a lot by changing µ′. By consequence we

will assume µ′=0.4 as widely adopted in the literature. We can explain the

independence of the CFF on the apparent coefficient of friction, comparing the

shear and the normal stress time histories computed at the same station and at

the same depth, as we will describe in the next paragraph.

For each station we have changed the depth between 3500 m and 7500 m, and

we have computed the shear, normal and Coulomb stress time histories. The
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effective coefficient of friction is 0.4 as in the other simulations. Figure 3 is the

result of a simulation computed at the point 4, at the depth of 5250 m. It clearly

shows that the normal stress changes are less important than the induced shear

stress changes. The shear stress represents the dominant contribution to the

Coulomb stress perturbation. This result explain also why the variation of µ′ is

not important for the Coulomb stress time histories.

The coulomb failure function for every receiver fixing his position on the fault

and changing the depth has been computed. For every simulation the depth

is respectively equal to 3500m, 4500m, 5250m, 5500m, 6500m, where 5250m is

the depth correspondent at the first aftershock on the western fault plane. We

report in Figure 4 the case of a station located at point 4. As we can observe,

the depth is not a significant parameter for the CFF stress time histories. We

can see that by increasing the depth, slightly decrease the two positive peaks of

the CFF and slightly increase the negative peak.

In this section, the temporal dependence of the Coulomb stress changes with the

location along the fault plane of interest (points 1 to 5) has been investigated. To

this end for each simulation the depth and the coordinates (x, y) of the receiver

have been fixed. In this study the convention for the axes is that X identifies

the direction of the north, Y the direction of the east and Z is downward. The

coordinates of theses stations are associated with the red points on Figure 1. For

each computation we consider µ′=0.4. 6 different simulations where depth are

respectively fixed to 3500m, 4500m, 5250m, 6500m, 7500m and the coordinates

change for every simulation between the coordinates of point 1 to the coordinates

of point 5 have been computed. In this example the depth is fixed at 5250m

and the simulations are computed at the stations located respectively on the

point 1-2-3-4-5 of the figure 1. Table 2 reports on the coordinates (x, y) of

the stations. Figure 5 presents the results of our computations. We observe a

strong dependence of the CFF stress time histories with the different station
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locations. This figure shows that as we go from the north to the south, the

two positive peaks decrease, the negative peak increases and the static level

reaches values smaller and smaller, down to a level of zero static stress eventually

becoming negative at the most southern point (point 5). Our results show that

the position is more important than the depth and the friction coefficient for the

CFF stress time histories. They also show that the shear stress changes have

larger amplitudes than the other stress components and hence are the primary

control on the evolution of the CFF. The results obtained with this method

are consistent with those ones obtained with the static method. Moreover, they

provide the time history of stress changes at the locations of interest. In the next

section the aim is to calculate the parameters (external loading properties and

intrinsic fault properties) that control the triggering of the largest aftershock.

Specifically, the aim is to calculate the values of Dc (the critical slip weakening

distance of the friction) that could explain the triggering delay of about 48 hours

for the largest aftershock of the 2000 Western Tottori earthquake.

4 Estimates of Dc of the largest aftershock

In this section we constrain the fault frictional properties of the largest after-

shock of the Tottori earthquake, knowing the state of stress on the fault and the

time delay. We consider the triggering of the largest aftershock (M=5.1) that

occurred about 48 hours after the mainshock. The static method has shown

that the hypocentral area is located into the stress shadow zone characterized

by a negative static stress field created by the mainshock, where the seismicity

should be inhibited according to the CFF criterion. Therefore we could rule

out the possibility of a static triggering of this event. We were compelled to

consider then the possibility of a dynamic triggering of this aftershock, 48 hours

after the mainshock. Previous studies considered a time delay shorter than a
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few minutes, intuitively consistent with the short duration of the dynamic stress

changes. Here we consider a time delay of about 48 hours. This time delay can

be reduced to 6 hours if we were to consider the first event in the hypocentral

area. However, this remains too large for our computing facilities. Moreover,

the mechanisms like post seismic relaxation, more probably fluids, may effect

the state of stress in the hypocentral area. This is why we have chosen to focus

our research on the values of Dc that would lead to a delay that is too short.

In this way we are able to rule out all these values and to propose a minimum

threshold for Dc that will be consistent with the observed delay.

4.1 Description of the model

In this section we use a finite difference method to approach the problem of

the development of an instability on the fault surface. This method is fully

described by Ionescu and Campillo (1999). It was adapted to the case of a

propagating stress wave by Voisin et al. (2000).

The medium is discretized with a grid step of ∆x=∆y=25m. The western

fault plane of aftershocks (see fig 1) with a length L embedded in an elastic space

is considered. The fault length is set to L=10 km that is also a typical value for

a fault segment. This fault dimension is set according to scaling relationships

(Wells and Coppersmith 1994 ). The geometry considered on this study is 2D

and the field of displacement is antiplane. The shear wave velocity is fixed to

c=3000 m/s, the density of the medium is ρ = 3000 kg/m3 and the depth is of

5 km. The normal stress σn is assumed to correspond to a depth of 5000 m,

that is the depth of the hypocentre of the largest aftershock. We choose a stress

drop ∆τ=11.5 MPa.

Following Ionescu and Campillo (1999), a non-linear slip dependent friction

law is considered. The friction law is fully described by τs, τd, Dc, respectively

the static friction, the dynamic friction and the critical slip. The friction law is
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nonlinear with respect to the slip displacement u and is given by the following

relation (from Ionescu and Campillo 1999):

µ(u) = µs − µs − µd

Dc
[u − Dc

2π
sin(2πu/Dc)] (1)

The friction decreases from τs to τd with the ongoing slip (initiation phase)

until the slip reaches Dc on some part of the fault (see figure 6). The onset of

rupture and the occurrence of triggering corresponds to the end of the initiation

phase and to a rupture propagation at the constant residual dynamic stress

level. Ionescu and Campillo (1999) have shown that the initiation duration is

strongly dependent on the slope of friction at the origin, µ′ (0). Ionescu and

Campillo (1999) demonstrated that lower µ′(0) is, longer the duration of the

initiation phese is. The extreme case µ′(0)=0 leads to a vary large initiation

duration. Using the finite difference scheme, they carried out experiments with

initiation duration of about 100 s. Since our aim is to calculate the friction

coefficient that could explain a delay of about some hours, it is interesting for

us to consider a non-linear slip dependent friction law to compute the longest

time evolution of the fault slip.

The dynamic Coulomb failure function computed in section 4 for the point

5 at a depth of 5250 m (figure 5) is used in this study. As the normal stress

dynamic variation is small compared to the shear stress one, we neglect the

normal stress variation effect. We assimilate this CFF as the incident shear

stress on the fault. The incidence angle of this plane wave is θ = 45◦. The

stress perturbation is described in figure 5 for the first 35s. The first tiny

dynamic stress pulse is reached after 8s, followed by a large negative pulse of

-2.5 MPa reached at 11s. Then the large positive pulse of 1.25 MPa is reached

at 15s. The static stress field of -0.5 MPa is reached at 20s.
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4.2 Triggering delay as a function of the critical slip Dc

We present here the numerical results about the possibility of triggering and

also about the timing of triggering as a function of the critical slip Dc. For

each value of Dc, we measure the triggering delay between the loading and the

eventual rupture. Figure 7 presents the results of this study. The triggering

delay is increasing with the value of Dc. This is due to the decrease in the

slope of friction with Dc: the characteristic time is increasing. There is no

clear difference in the triggering delay for Dc≤0.1 m. The differences appear

when Dc is about 0.3 m. Above this value it becomes impossible to trigger the

faults within a few minutes. Therefore, we can conclude that in order to avoid

an immediate or quasi-immediate triggering delay, the critical slip-weakening

distance must be greater than 0.3m.

5 Discussion

5.1 Friction law and aftershock triggering

Two friction laws are classically used in the community, both based on labora-

tory experiments. On one hand, the rate and state friction law (Dieterich, 1992 )

that describes the stick-slip experiments and aftershock triggering by positive

static stress changes (Dieterich, 1994 ). On the other hand, the slip-dependent

friction law (e.g. Ohnaka et al., 1987 ) describes the short time initiation of

rupture. It is used for dynamic rupture simulations (e.g. Ida, 1972, Andrews,

1976, Day, 1982 ), much less to investigate aftershock triggering (Voisin et al.,

2000, 2004 ).

We classically distinguish between static and dynamic stress triggering. The

Rate and State friction law predicts a seismicity rate increase in regions of static

stress increase, and a seismicity rate decrease in regions of static stress decrease.

Dynamic triggering of remote seismicity appears like the shortcoming of the the-
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ory. Recent studies (e.g. Belardinelli et al. 2003 ) demonstrate that dynamic

stress waves may have an ”instantaneous triggering effect” under the condition

that it overcomes the direct friction effect. This is in conflict with direct obser-

vations of remote seismicity triggered by large earthquakes, that occur at the

time of the waves passage but also well after. Parsons [2005] proposes that

the dynamic stress waves change the mean critical slip distance at nucleation

zones, leading to delayed instability and Omori’s law. Similarly, the SD friction

law allows for an immediate or a delayed instability triggered by the dynamic

stress waves. The results presented in Voisin et al. 2004 have demonstrated

that the effect of dynamic stress waves is finite in time, although it is difficult to

infer the maximum triggering delay we can expect because of the computational

techniques. A maximum delay of 2 minutes was reached using a finite differ-

ence scheme by Voisin 2002 . This was extended using a finite element method

up to half an hour in Voisin et al. 2002 . This is nothing compared to the

characteristic time of evolution of a fault under a Rate and State friction law,

typically as large as 100 years. Can we expect larger time delays for dynamic

triggering? The 1992 Landers-Little Skull Mountain couple of earthquakes pro-

vides an example of dynamic triggering delay of 22 hours (Bodin and Gomberg,

1994; Gomberg and Bodin, 1994 ). Answer to that question could be possible if

we were able to consider the complete stress perturbation, the fault geometry,

the friction parameters and the initial state of stress on the fault plane. So far,

this is out of reach. By consequence we cannot reject the hypothesis that the

largest aftershock of the 2000 Western Tottori earthquake has been triggered

by dynamic stress waves.

5.2 Value of Dc for the largest aftershock

As explained above, we have followed the methodology used in Voisin et al.

2000 to infer the fault frictional properties. Assuming the fault geometry and
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the state of stress on the aftershock fault plane, we use the time delay between

the dynamic loading and the eventual triggering of the aftershock. In the case

of the largest aftershock of the 2000 Tottori earthquake, our goal is not to give

a complete set of frictional parameters that can explain a triggering delay of 48

hours. It rather consists in determining the threshold in Dc that leads to large

delays. Doing so, we have obtained a minimum value for Dc of 0.3 meters. This

seems quite large, especially for an aftershock of magnitude 5.1. However, one

must recall that we have set the prestress on the fault to unity, which simply

means that everywhere on the fault the initial stress equals the fault strength.

For the sake of simplicity, the fault plane that we have considered is homoge-

neous. We know from previous studies that this value for Dc must be understood

as an apparent value of the critical slip weakening distance accounting for small

scale heterogeneities (Campillo et al., 2001; Voisin et al., 2002 ). The actual

value of Dc might be much smaller than 0.3 m. This value of Dc is consistent

with those of other seismological studies that have been computed with differ-

ents methods. Many differents approaches have been proposed to estimate the

critical slip weakening distance (Dc) for real earthquakes. Olsen et al. (1997)

and Peyrat et al. (2001) found Dc on the order of 80 cm from waveform inver-

sion of the accelerograms observed during the 1992 Landers earthquake, with

spontaneous dynamic rupture models. Recently Mikumo et al. (2003) have

estimated the value of Dc from strong-motion records by using a new approach,

independently from the estimate of the fracture energy or radiated seismic en-

ergy. This approach is based on the estimate of the slip weakening distance at

each point on the fault as the slip D′
c at the time of peak slip-velocity, using a

slip-weakening friction law. For the 2000 Tottori and the 1999 Kobe events it

was found that Dc ranges between 40 and 90 cm. The theoretical demonstration

of this approach is discussed in (Fukuyama et al., 2003 ). They have shown that

the estimates of D′
c can be affected by an error of roughly 50 percent. Tinti et
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al., (2004) generalized the results of Fukuyama et al., 2003 and showed that the

estimated value of the parameter D′
c is affected by the adopted friction law and

the constitutive parameters. They found that the differences between D ′
c and

Dc can vary from few percent up to 50 percent. Estimates of Dc by differents

means are always quite large (1m) when compared to values derived from labo-

ratory experiments (10 µm). This, with other considerations, may suggest that

Dc is scale-dependent. However, our approach leads us to consider an effective

representation of the fault that integrates small-scale heterogeneities (Campillo

et al.,2001; Voisin et al., 2002 ). By consequence the values of Dc that we derive

from our analysis are understood as ”apparent” Dc.

5.3 Implications for seismic hazard

The static stress transfer theory favors the idea that the largest aftershock

should occur in an area of increased Coulomb stress change. The most publi-

cized example of such a case is given by the 1992 Landers-Big Bear earthquakes

(King et al. 1994 ). The 2000 Western Tottori earthquake provides an inter-

esting counterexample of when and where the largest aftershock can occur. If

we consider the Coulomb stress change on optimally oriented faults, the largest

aftershock has occurred in an area of increased Coulomb stress change. How-

ever, since its fault mechanism is left lateral strike slip, if we compute the

Coulomb stress change on this particular fault orientation with this particular

mechanism, the largest aftershock has occurred in an area of decreased Coulomb

stress change (plate 1). Any attempt to forecast the major aftershocks based

on the static Coulomb stress changes would have missed this aftershock.

Determining which of dynamic or static stresses is the most relevant to near-field

triggering is an important issue for earthquake probability forecasts (Parsons,

2005 ).
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6 Conclusions

We focused on the 2000 Western Tottori (Japan) earthquake (M 6.6 6.8) and

on the triggering of its largest aftershock (M 5.1). The static stress transfer

computations show that the Coulomb stress was decreased on the particular

fault plane. Therefore this largest aftershock should have not occured. Yet it

was triggered 48 hours after the mainshock. We have computed the complete

Coulomb Failure Function for the hypocentral area of the largest aftershock. We

conclude that to explain the occurrence of this aftershock it is not sufficient to

account only for the static stress field but it is essential to consider the complete

Coulomb failure function that includes static and dynamic stress perturbations.

The hypothesis of a dynamic triggering of this largest aftershock cannot be

rejected despite the large triggering delay. Using a finite difference method, we

are able to set a minimum value for the critical slip distance on the fault plane

of the aftershock: 0.3m. Below this value, the largest aftershock would have

occurred within minutes of the mainshock. On a timescale of a few hours to a

few day, other processes like poroelasticity, or other fluid effects, may affect the

state of stress in the hypocentral area of the aftershock. Therefore, we cannot

conclude on the hypothesis of a purely dynamic triggering of this aftershock.

Dynamic stress waves have certainly promoted the failure by some process that

was relayed by others like poroelasticity. The question is now, if possible, to set

an upper limit on the time efficiency of the dynamic triggering. One minute?

One hour? One day? One month? The triggering of the largest aftershock of

the 2000 Western Tottori earthquake provides an argument in favour of at least

a one day lasting effect.
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7 Figure Captions

Figure1. The map shows the fault geometry adopted in our computations and

the relocated aftershocks. The red points represent the virtual receivers placed

on the fault plane of the largest aftershock.

Plate1. Coulomb stress map computed for the specific fault mechanism

of the largest aftershock. a/ The apparent friction coefficient is set to 0.0. b/

The apparent friction coefficient is 0.4. c/ The apparent friction coefficient is 0.8.

Figure2. Coulomb failure function (CFF) time histories calculated at the

station 4 and at a depth of 5250 m, for different friction coefficients µ′, equal to

0.2, 0.4, 0.6, 0.8.

Figure3. Coulomb failure function, normal stress and shear stress time his-

tories calculated at the station 4 for a depth of 5250 m.

Figure4. Coulomb failure function (CFF) time histories at the station 4

for different values of the depth, equal respectively to 3500m, 4500m, 5250m,

5500m, 6500m.

Figure5. Coulomb failure function (CFF) time histories calculated respec-

tively at the station 1, 2, 3, 4, 5, for a depth of 5250m.

Figure6. Nonlinear friction laws used in this study. The friction decreases

from µs down to µd with the ongoing slip (initiation phase). As the slip reaches

Dc, the friction stabilizes at the residual dynamic level (propagation phase).

The parameter p allows for a change in the initial slope of the friction law.
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Figure7. Triggering delay as a function of the critical slip distance Dc. The

values of the critical slip Dc that range from 0.01 to 0.3 m are not acceptable

to explain the delay of about 6 hours. The values acceptable are for Dc≥0.3 m.

Depth (km) Vp (km/s) Vs (km/s) ρ (kg/m3) Qp Qs

0 5.50 3.179 2600 500 200
2 6.05 3.497 2700 500 200

16 6.60 3.815 2800 500 200
38 8.03 4.624 3100 500 200

Table 1:

stations x y z
station1 -1499.28 -25767.99 5250.00
station2 -6050.78 -23781.90 5250.00
station3 -10945.29 -23130.00 5250.00
station4 -13581.83 -18865.05 5250.00
station5 -18946.24 -15737.26 5250.00

Table 2:
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