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[1] We estimated the slip-weakening distance from the
seismograms recorded at near-fault stations, considering the
effect of spatio-temporal filtering for a continuous
propagation of rupture. This effect is usually observed at
some distance away from the fault. We used a Green’s
function for 2-D anti-plane rupture propagating with constant
rupture velocity and instantaneous slip at the crack tip. As a
source time function, we used a regularized Yoffe function
which is a kinematically good approximation of dynamic slip-
weakening behavior. By convolving these functions, near-
fault waveforms are computed. As a proxy of slip-weakening
distance (D,), we used D., which is defined as a slip at the
time of peak slip velocity. Then, D.. values can be computed
as a function of the distance from the fault. This procedure is
applied to the observation of the 2000 western Tottori, Japan,
carthquake (Mp6.6) as well as the 2002 Denali, Alaska,
earthquake (M;7.9). We estimated D.. at about 0.3 m at GSH
station (~100 m away from the fault) for the Tottori
earthquake and that at about 2.5 m at PS10 station (~3 km
away from the fault) for the Denali earthquake. We confirmed
that both estimates are not affected by the spatio-temporal
smoothing. Citation: Fukuyama, E., and T. Mikumo (2007),
Slip-weakening distance estimated at near-fault stations, Geophys.
Res. Lett., 34, 1.09302, doi:10.1029/2006GL029203.

1. Introduction

[2] Slip-weakening distance (D,) is one of the important
parameters to describe the dynamic fault rupture process.
Ida [1972] proposed an idea of slip-weakening behavior at
crack tip by considering the energy budget. Then Ohnaka
et al. [1987] and Okubo [1989] showed the existence of
this feature in the laboratory. Matsu 'ura et al. [1992] con-
vincingly explained the physical background of this slip-
weakening behavior. More recently, Bizzarri et al. [2001]
demonstrated that this feature exists at high slip velocities
even under the rate- and state friction law proposed by
Dieterich [1984].

[3] Although the slip-weakening distance has been mea-
sured in the laboratory, we still did not know how large it is
for real earthquakes. To constrain the numerical simulation
models as well as the laboratory experiments, it is undoubt-
edly necessary to obtain the slip-weakening distance for real
earthquakes without uncertainties.
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[4] Ide and Takeo [1997] estimated the slip-weakening
distance for the 1995 Kobe earthquake as 0.5-1.0 m.
However, it is possible that this estimate could be biased
when solving dynamic rupture propagation. Piatanesi et al.
[2004] pointed out that the estimation of D, depends on the
shape of source time function assumed for kinematic source
modeling. They suggested that a slight change of its shape
could affect the estimate of slip-weakening distance when
generating very similar seismic waves at distance.

[s] To overcome this situation, Mikumo et al. [2003]
proposed a technique to estimate a slip-weakening distance
more directly from seismic observation. They proposed
D.. value as a proxy of D_,which is defined as a slip at the
time of peak slip velocity. As noted by Fukuyama et al.
[2003b], this approximation works well, as far as the rupture
propagates smoothly. On the other hand, Spudich and
Guatteri [2004] and Yasuda et al. [2005] pointed out that
the spatio-temporal smoothing effects still make the esti-
mation of D, biased.

[6] In the present paper, we discuss the applicability of
the D[ technique to the near-fault seismograms by taking
into account the spatio-temporal smoothing effect. After the
examination of this effect, we estimated the slip-weakening
distance during two strike-slip earthquakes from D}, directly
measured with near-fault seismograms.

2. Method for D. Evaluation

[7] Although there are several formulations for the kine-
matic expression of the source time function [e.g., Nakamura
and Miyatake, 2000], we use here the regularized Yoffe
function [7inti et al., 2005], because it is defined by only
3 independent parameters that are directly related to the
dynamic parameters and is a good approximation for the
slip-weakening rupture model [7inti et al., 2005]. The regu-
larized Yoffe function can be given by the following equation.

s(x, 1) :D[ OOY(x,T)W(z‘—T)dT (1)

where D is the final slip. x is the distance along the fault.
Y(x, ) and W(¢) are the original Yoffe function and a
triangular function, respectively and can be expressed as
follows.

2 TR — 1
Y(x,6) = W—TRH(/)H(TR —7) Rt,

W) = % WH(OH (7 — 1) + (25 — DH(t — 75)H(27, — 1)]
S

where ¢ = t — 1y(x), t(x) is the rupture time at x, 7 is the
rise time for the Yoffe function and 7 is the smoothing
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Figure 1. (a) Source time function (red), fault-parallel
component Green’s function at distances 10 m, 100 m,
300 m, 600 m, and 1000 m from the fault (green) and the
corresponding synthetic seismograms (blue) obtained by
convolving the source time function. (b) Velocity seismo-
grams (blue) and displacements (red) plotted for several
distances away from the fault. All velocity seismograms are
approximately aligned for the peak velocity time. The dis-
placements at the time of peak velocity are considered as D..

constant which is approximated by the parameter 7., the
time to the peak slip velocity [7inti et al., 2005]. According
to Tinti et al. [2005], the relation T,.. = 1.3 74 is obtained.
[8] As a Green’s function, we used a 2-D anti-plane
rupture model where the rupture propagates with constant
rupture velocity and a slip occurs instantaneously at the
crack tip [Aki and Richards, 2002, chapter 10.2]. This
Green’s function has the same form as that propagating
with shear wave velocity for the in-plane rupture. The
Green’s function in this case can be written as follows.

v A1 =2/
gley,t) = o— o (2)

21 (x — vi)* + (1- vz/ﬁz)y2y

where 3 is S-wave velocity and v is the rupture velocity. y is
the distance perpendicular to the fault. Since we wanted to
focus on the spatio-temporal effect for off-fault observation,
we used the simplest Green’s function.
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Figure 2. (a) Location of the GSH station (red circle)
plotted with the aftershock distribution of the 2000 western
Tottori earthquake. (b) Fault parallel component of the
observed velocity (blue) and displacement (red) seismo-
grams, which are obtained from the numerical integration of
the original accelerograms. (c) Simulated D.. values (blue
curves) for different sets of assumed D,. values plotted as a
function of distance from the fault for the 2000 western
Tottori earthquake. Red thick curve indicates the lower
bound of the area below which the estimation error of D. is
greater than 20%. Red circle indicates the measured D, at
the GSH station and vertical line shows its uncertainty.
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Figure 3. (a) Location of PS10 (Pump Station 10) shown
with the fault trace of the Denali earthquake [after Ellsworth
et al., 2004]. (b) Fault parallel component of the observed
ground velocity (blue) and ground displacement (red) at
PS10, which were provided by Ellsworth et al. [2004] (used
with permission from EERI). (¢) Simulated D.. values (blue
curves) for different sets of assumed D, values plotted as a
function of distance from the fault for the 2002 Denali
earthquake. Red thick curve indicates the lower bound of
the area below which the estimation error of D, is greater
than 20%. Red circle shows the measured D, at the PS10
station.

[¢9] Then, near-fault displacement can be obtained by
convolving the above two functions.

u(x,y,t) = /s()c7 T)g(x,,t — 7)dT (3)

This means that the synthetic waveform can be obtained as a
function of v, 75, D, y and 75. As shown by Tinti et al.
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[2005], 75 o T, o DJAT, where AT, is the critical
strength drop. Thus, the real slip-weakening distance D, is
implicitly related to 7.

[10] Therefore, once we know v, 7z, and D from the
waveform inversion results, the synthetic waveforms can be
computed for various values of D, as a function of y. Then
from these synthetic seismograms, variation of D, as a
function of y can be obtained by measuring the amount of
slip at the time of peak slip velocity in each seismogram.
Then, finally, we evaluate the range of y as a function of D,
where D, can be estimated uniquely and reasonably well
approximated by D[, estimation.

[11] From Figure la, we see that the effect of spatio-
temporal smoothing becomes significant by looking at the
broadening of the pulse width in Green’s functions at
distances. Since the Green’s function here is the waveform
caused by an impulsive slip velocity time function, we
expect that for shorter D,. cases, this spatio-temporal effect
would become crucial. In these cases, D. tends to be
overestimated when the station is located far away from
the fault. In contrast, for larger D,, the spatio-temporal
effect may be negligible and we are able to estimate D), at
near-fault stations slightly far away. In addition, from
Figure 1b, it should be noted that the estimate of D., which
is slip at the time of peak slip velocity, is rather robust and we
expect that this technique works practically well.

3. Application to the Observation
3.1. The 2000 Western Tottori Earthquake

[12] We first applied the above technique to the 2000
western Tottori earthquake (1,,6.6). This is one of the best
investigated earthquakes because it occurred after the in-
stallation of very dense high-quality nation-wide seismic
networks in Japan (Hi-net, F-net, K-net and Kik-net) [e.g.,
Fukuyama et al., 2003a].

[13] In the source region of the 2000 western Tottori
earthquake, an accelerometer had been installed and operated
by the local government of Tottori Prefecture at the bottom of
the bank of the Kasho dam (GSH, 35.30888°N,
133.32944°E, 0.07 km in height) (Figure 2a), and was able
to record the ground motion of this earthquake. The location

3 4
D [m]

Figure 4. Two solid circles indicating the results of
estimated D, for the western Tottori and Denali earthquakes
plotted as a function of total slip (D). Two solid lines stand
for the upper and lower limits of D, (D.= 0.56 D and D, =
0.27 D, respectively) estimated by Mikumo et al. [2003].
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of GSH station is estimated at about 100 m east of the fault
trace. We measured the orientation of the seismograph by a
gyrocompass and found that the nominal north direction was
N7°W. Taking into account this information, we reproduced
the fault parallel ground velocity and displacement as shown
in Figure 2b by integrating the observed accelerograms.

[14] We measured the D by picking the time of peak
ground velocity, following Mikumo et al. [2003]. Since this
earthquake was of strike slip type, slip on the fault should be
considered as twice the displacement on either side of the
fault. From Figure 2b, two velocity peaks are observed,
each of which corresponds to D, = 0.2 m and 0.4m. Since
these two split peaks seem to be caused by the local
structure, we estimated a mean value of D.. as about 0.3 m.

[15] From the waveform inversion results [/wata and
Sekiguchi, 2002], the rupture velocity v is estimated at
2.8 km/s, rise time 74 is 2 s and total slip D is 1 m. Assu-
ming these values, synthetic seismograms are computed for
various 7g and y. Then, D.. is measured from the synthetic
seismograms and the relation between D), and y is obtained.
as shown in Figure 2c. The red curve stands for the lower
bounds of reliable range of D, estimation, with the 20%
error. The 20% error corresponds to a typical estimation
error of D, [Mikumo et al., 2003]. Since the present
estimation of 0.3 m for D, at GSH for the western Tottori
earthquake is inside this area, our estimation would not be
affected by the spatio-temporal smoothing.

[16] Although there appeared clear fault lineaments from
the aftershock distribution [Fukuyama et al., 2003a] and the
existence of shallow fault slip was estimated from the
geodetic data inversion [Sagiya et al., 2002], no obvious
surface fault break appeared during this earthquake. There-
fore the estimation error of D/, might be larger than predicted.

3.2. The 2002 Denali Earthquake

[17] The 2002 Denali earthquake occurred on November
3, 2002 with 340 km surface rupture along the Denali and
related faults [e.g., Eberhart-Phillips et al., 2003]. A set of
near-fault seismograms was obtained 3 km away from the
fault at Pump Station 10 (PS10, 63.4244944°N,
145.762664°W, 0.7261 km in height) (Figure 3a) by the
Alyeska Pipeline Service Company [Ellsworth et al., 2004].

[18] Ellsworth et al. [2004] carefully investigated these
seismograms, especially, the orientation of seismometer and
the characteristics of high-pass filtering, and they obtained
the corrected ground velocity and displacement (Figure 3b).
We employed these seismograms for the estimation of D).
From Figure 3b, we measured that D.. is about 2.5 m, which
is obtained as twice the displacement at the time of peak slip
velocity in the fault-parallel component.

[19] We evaluated the spatio-temporal smoothing effect
in the same way as above. In the present case, we used the
following parameters: 6.5 m for the slip displacement D,
3.4 km/s for the rupture velocity v and 5.0 s for the rise time
Tg, Which are taken from the kinematic waveform inversion
by Dreger et al. [2004] and Oglesby et al. [2004]. The
obtained results are shown in Figure 3c. The decrease in D..
for large D, as a function of y in Figure 3c is caused by the
geometrical spreading effect. From Figure 3c, we could
confirm that the spatio-temporal effect is negligible even if
the station PS10 is located 3 km away from the fault trace.
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4. Conclusions

[20] We have proposed a method to qualify the slip-
weakening distance estimated from near-fault seismograms
by taking into account the spatio-temporal smoothing effect.
Synthetic simulations with the regularized Yoffe function
are conducted to clarify its influence. Then, we applied this
method to the observed near-fault seismograms obtained
during the 2000 western Tottori (My6.6) and the 2002
Denali (My/7.9) earthquakes.

[21] From these simulations we confirmed that the
obtained D). values for both of the western Tottori and
Denali earthquakes are significant and that these values
estimated from the observed records are not significantly
affected by the spatio-temporal effects. The estimated
D.. values are 0.3 m for the western Tottori and 2.5 m for
the Denali earthquakes. We plot these values in Figure 4
comparing with those obtained by Mikumo et al. [2003] and
found that our estimates fall between the range of the
previous estimates, indicating consistent results.

[22] Acknowledgments. We thank the local government of the
Tottori prefecture for the permission to use the seismograms at Kasho
dam. We also thank Bill Ellsworth for making the seismogram at PS10
available. Comments by two anonymous reviewers were very helpful to
improve the manuscript.
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