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Strong S-wave anisotropy in the aftershock region of the 2000 Tottori-ken
Seibu, Japan, earthquake (MW6.6)
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The 2000 Tottori-ken Seibu earthquake (MW6.6) occurred in Tottori prefecture, western Japan on October 6,
2000. We conducted aftershock observation and analyzed S-wave anisotropy using the aftershocks MJMA2.0 to
3.5 observed at two stations near the aftershock region. The fast S-waves are polarized to almost E–W direction,
which corresponds to the P-axis direction of the mainshock. The delay time of the split S-waves ranges between
20 and 100 ms. The crack density inside and outside the aftershock area is estimated from the delay time. The
distribution of crack density shows a strong spatial variation and depends on the ratio of the path length inside
the aftershock region against the whole path length. Assuming a uniform distribution of anisotropy inside and
outside the aftershock region, the crack densities inside and outside are 0.017 and 0.007, respectively. It thus
seems probable that in the aftershock region the distribution of cracks is intensive and cracks are opened due to
the presence of fluids in seismogenic layers. This considerable spatial variation of anisotropy between inside and
outside the aftershock region suggests that the aftershock region may have different mechanical properties from
the surrounding area.
Key words: Anisotropy, S-wave splitting, cracks, aftershock region, Tottori-ken Seibu earthquake.

1. Introduction
The 2000 Tottori-ken Seibu earthquake MJMA7.3 (MW6.6

by the National Research Institute for Earth Science and
Disaster Prevention) occurred in Tottori prefecture, western
Japan on October 6, 2000 (Fig. 1). Many aftershocks oc-
curred, including MJMA5.6 (MW5.1), in the epicentral area
of the mainshock. Most of them were distributed shallower
than 15 km in depth. The focal mechanism solution of the
mainshock is a strike-slip type (Fig. 1) and the main fault
strikes to NNW-SSE with 35 km length (e.g. Ohmi et al.,
2002; Umeda, 2002). However, despite its large magnitude,
the main fault trace did not appear at the surface and hence
the basic properties of the fault have not been well under-
stood. In order to study the properties of the media in and
around the seismic region, we installed two temporal broad-
band seismometers near the aftershock area. Using seismic
waves recorded just after the mainshock, we analyzed the
“S-wave splitting” both inside and outside the aftershock
region.

S-wave splitting is a phenomenon that an S-wave in
anisotropic medium splits into two orthogonal polarized
waves and propagates with different velocities (Crampin,
1978). The S-wave splitting is characterized by two pa-
rameters: polarization direction of the fast split S-wave and
delay time of the slow one. Studies on the S-wave split-
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ting in the crust have been done in various regions (e.g.
Kaneshima, 1990), and those splitting parameters are con-
tributed to the studies on physics of the crust (e.g. Crampin,
1994). Crampin et al. (1980) have suggested that one pos-
sible cause of S-wave splitting in the crust is the presence
of aligned crack system due to the current stress field. Shih
and Meyer (1990) found a strong variation of anisotropy in
Long Valley Caldera from the polarization direction and the
normalized delay times, and indicated the relation of the
variation of anisotropy with caldera and magma injection.
Saiga et al. (2003) found a temporal variation of delay times
consistent with the change in the Coulomb failure function
(�CFF) in the Tokai area in Japan.

Recently, using dense seismic array data or seismic wave-
forms recorded above the fault, anisotropy in the fault re-
gion has been analyzed (e.g. Buchbinder, 1990; Gledhill,
1991; Zhang and Schwartz, 1994; Li, 1996; Li et al., 1998).
Cochran et al. (2003) found a spatial variation of delay
times along the fault strike of the Hector Mine fault zone
and indicated that delay times are greater in the higher slip
area. Tadokoro et al. (1999) and Tadokoro and Ando (2002)
presented lateral and temporal variation of S-wave polar-
ization directions in and around the fracture zone of the
1995 Hyogo-ken Nanbu earthquake, Japan. Mizuno et al.
(2001) discussed the presence of fluids in the fault system
of the 1995 Hyogo-ken Nanbu earthquake from the analy-
sis of S-wave splitting using borehole seismometers. In the
aftershock region just after the mainshock, cracks are some-
times concentrated so intensive as to affect seismic waves as
anisotropy. Analyzing S-wave splitting in aftershock area is
one of powerful tools to estimate subsurface features there,
such as the orientation and the concentration of cracks. In
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Table 1. Summary of stations.

Station Latitude Longitude Altitude Observation Number of identified

name (◦N) (◦E) (km) period S-wave splitting events

FKB 35.2583 133.3993 0.25 Oct. 8– 57† (252‡)

Dec. 1, 2000

RFJ 35.2020 133.4475 0.30 Oct. 8– 8† (34‡)

Dec. 1, 2000∗

∗: RFJ is the trigger type record from October 8 to October 18, 2000.
†: The number of events with δt more than 20 ms and Ccoef more than 0.8.
‡: The total number of events of M2.0 to 3.5 recorded with high S/N ratio and θ less than 35◦.
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Fig. 1. Epicentral distribution (Japan Meteorological Agency) of the main-
shock (star) and aftershocks (shadow) of the 2000 Tottori-ken Seibu
earthquake. Two triangles show the seismic stations FKB and RFJ.
Open circles and diamonds show the epicenters of aftershocks analyzed
in this study for FKB and RFJ, respectively. The focal mechanism (Na-
tional Research Institute for Earth Science and Disaster Prevention) of
the mainshock is also shown.

the present study, we focus on delay times of S-wave split-
ting due to the presence of cracks in and around the after-
shock region of the 2000 Tottori-ken Seibu earthquake and
examine the spatial variation of anisotropy to reveal the sub-
surface features associated with the seismic activity.

2. Observation and Data Selection
We conducted aftershock observation at two temporal

stations FKB and RFJ (Fig. 1 and Table 1) near the after-
shock area to investigate the property of the medium inside

and outside it, by using broadband seismographs from Oc-
tober 8 to December 1, 2000 (Nakamura et al., 2002). At
station FKB seismic waves were recorded continuously dur-
ing the observation period. At RFJ data were acquired by
trigger system from October 8 to 18 and continuously from
October 18 to December 1. At each station a three compo-
nent velocity-type seismometer VSE11/12 with a flat fre-
quency response from 0.025 to 70 Hz was installed on the
hard rock site. The orientation of each seismometer was
measured with an accuracy of less than 1 degree using a
fiber optic gyro (Watanabe et al., 2000). Waveform data
were recorded at a sampling rate of 100 Hz by the data-
logger LS-8000WD. By this observation we obtained many
records of aftershocks occurring at the depth less than 15
km and at epicentral distance less than 30 km. We selected
waveform data for S-wave splitting analysis based on the
following conditions.

First we picked up the events of MJMA2.0 to 3.5 whose
S-wave records have high S/N. 453 events were selected
at FKB and 230 at RFJ. Among these records, we chose
the records with clear initial phase of S-waves. Then the
number of events becomes 276 for FKB and 36 for RFJ.

Secondly we selected the seismic waves whose inci-
dent angles θ are less than 35 degrees, corresponding to
the “shear-wave window” of Booth and Crampin (1985) to
avoid the influence of SP converted wave at the free sur-
face (Evans, 1984). To estimate the incident angle θ , we
referred the almost constant VP/VS (∼1.70) model of the
upper crust of the JMA2001 velocity model (Ueno et al.,
2002). We assumed that the incident angle θ of S-wave
is the same as P-wave. We then calculated θ from the
direct P-wave amplitude ratio between radial and vertical
components (e.g., Ben-Menahem and Singh, 2000, equa-
tion (3.10); Udias, 1999, equation (5.132)–(5.133); Utsu,
2001, equation (3.78)). After excluding the events whose
incident angle is more than 35◦, we finally obtained 252
events at FKB and 34 at RFJ for the analysis of S-wave
splitting. Some examples of the finally selected records are
shown in Fig. 2.

3. Analysis of S-wave splitting
S-wave splitting is characterized by two parameters: the

fast S-wave polarization direction (φ) and the delay time
(δt). The parameter φ is the direction of the fast S-wave
polarization and δt is the difference of the arrival time be-
tween the fast and slow S-waves. Those parameters are
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Fig. 2. Examples of seismic waves recorded at FKB (left) and RFJ (right). The arrow portion of FKB is enlarged in Fig. 3(a).
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Fig. 3. Example of S-wave splitting observed at FKB. The waveform data
is the same one in Fig. 2. (a) Waveforms in the components of NS and
EW. The shadow zone is the time window used for the cross-correlation
calculation. (b) Rotated waveforms of which the cross-correlation co-
efficient within the time window becomes maximum. The upper and
lower figures show waveforms projected in the slow polarization direc-
tion (N25◦E) and the fast direction (N115◦E) of split S-waves, respec-
tively. An arrow indicates the onset of S-wave. (c) Horizontal particle
motion of the seismic wave within the time window. (d) Horizontal par-
ticle motion of the records time-shifted with the estimated arrival time
difference between the fast and slow S-waves.

estimated using a cross-correlation method (Bowman and
Ando, 1987). The cross-correlation method gives φ and
δt when the cross-correlation coefficient Ccoef of the two
horizontal components becomes maximum in the time win-
dow after coordinate rotation and time shift. The cross-
correlation coefficient Ccoef is given by

Ccoef =
∑

i (xi − x̄)(yi − ȳ)
√∑

i (xi − x̄)2
∑

i (yi − ȳ)2
, (1)
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Fig. 4. Contour mapping of the cross correlation coefficient of the wave-
form within the time window shown in Fig. 3(a). The maximum cross
correlation coefficient Ccoef is 0.89 when the rotation is 25◦ and the
shifting time −40 ms. These values corresponds to φ = N115◦E and
δt = 40 ms, respectively.

where xi and yi are the amplitudes of the two horizontal
components. The values of x̄ and ȳ are the average am-
plitudes of xi and yi in the time window, respectively. For
calculation, the horizontal waveforms in the time window
are rotated from 0◦ to 180◦ clockwise in a step of 0.5◦ and
shifted with time lags from +200 ms to −200 ms at an in-
terval of 10 ms.

Figure 3(a) shows an example of S-wave splitting analy-
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Fig. 5. Polarization directions φ of S-wave splitting for the stations of
FKB (left) and RFJ (right). (a) Rose diagrams of φ. (b) Distributions of
φ in a lower hemi-sphere.

sis. We see a pair of clear phases of splitting with different
arrival times in N25◦E and N115◦E directions (Fig. 3(b)),
which are mutually perpendicular in the horizontal plane
(Fig. 3(c)). The shadow zone in Fig. 3(a) is the time win-
dow used for the calculation. Figure 4 shows the distri-
bution of Ccoef for various time shifts and rotation angles.
In this case, Ccoef within the time window becomes maxi-
mum (Ccoef = 0.89) at shifting time of −40 ms and coordi-
nate rotation of N25◦E, which corresponds to δt = 40 ms
and φ = N115◦E, respectively. Time-shifting the records
with this δt , we can see a linear particle motion as shown in
Fig. 3(d). In the present study we introduce the following
criteria for S-wave splitting: Ccoef is more than 0.8 and δt is
more than 20 ms. The latter criterion comes from the min-
imum resolution of δt (10 ms). The number of events that
we successfully estimated the S-wave splitting parameters
is 57 for FKB and 8 for RFJ (Table 1). The locations of
these events are shown in Fig. 1.

4. Results
Figures 5(a) and 5(b) show the estimated polarization di-

rections of φ and their distribution in a half sphere, respec-
tively. The mean values of φ align N110◦E±15◦ at FKB
and N95◦E±31◦ at RFJ, respectively. The distributions of
φ at both stations show almost the same direction as the P-
axis (N105◦E) obtained from the focal mechanism of the
mainshock determined by the NIED (Fig. 1). The measured
δt ranges between 20 and 100 ms. Note that the minimum
value of δt is 20 ms. In Fig. 6(a) δt is plotted as a function
of its back azimuth (measured clockwise from the north in
degrees).

To evaluate the degree of anisotropy we introduce the
normalized delay time ∗δt . The normalized delay time ∗δt
is defined as δt/L where L is the path length from the

source to the station. We measure the path length L from
the S–P time (TS P ) of the waveform data. By referring
the almost constant VP/VS = 1.70 model (Ueno et al.,
2002), we compute TS from the TS P and estimate the value
of ∗δt (= δt/(TS VS)) from TS and VS (=3.531 km/s at 10
km depth in the JMA2001 model). Figure 6(b) shows the
values of ∗δt at FKB and RFJ. The mean values of ∗δt at
FKB and RFJ are 2.28 ms/km and 2.49 ms/km, respectively.

5. Discussion
The obtained φ is dominant along the direction of the

P-axis of the mainshock (Figs. 1 and 5). This polariza-
tion directions of the fast S-waves is almost the same as
the maximum principal stress direction N107◦E in the af-
tershock area from the stress tensor analysis (Fukuyama et
al., 2003). Crampin (1978) proposed that stress induces
an anisotropic medium due to a systematic alignment of
cracks along the maximum principal stress direction, and
the fast S-wave is polarized along this direction. Following
this idea, a probable main reason for this polarization may
be explained by the alignment of cracks by the regional tec-
tonic stress around the aftershock area.

The fast S-wave polarization parallel to the fault strike,
associated with the shear fractures, is found in some earth-
quakes but a few. In the aftershock area of the 1995 Hyogo-
ken Nanbu earthquake, Tadokoro et al. (1999) observed this
type of polarization at the stations just above the fault zone,
but did not observe at the stations more than 1 km away
from the fault zone. Our stations were not located on the
fault zone and there are few events with the polarization di-
rection parallel to the fault strike (Fig. 5). Thus, the main
cause of the anisotropy we observed may be due to the pres-
ence of cracks created by the tectonic stress and not due to
the fracture in the fault zone.

Next, we discuss on the distribution of the normalized
delay time ∗δt to the back azimuth. Although the values
of δt are not so long comparing with other areas in Japan
(e.g., Kaneshima, 1990), ∗δt has a dependence on the back
azimuth (Fig. 6(b)). ∗δt at FKB proportionally decreases to-
ward 360◦ back azimuth, and ∗δt changes drastically around
the back azimuth of 330◦ (dashed line in Fig. 6(b)). The
mean value of ∗δt is 1.29 ms/km for the back azimuth above
330◦, while below 330◦ it is 2.72 ms/km. This back az-
imuth direction of 330◦ is shown with the aftershock dis-
tribution in Fig. 7. It should be noted that the rays mainly
pass through the aftershock area when the back azimuth is
less than 330◦ at FKB. This means that ∗δt inside the af-
tershock region is longer than that outside. In the case of
RFJ, we could see a similar feature as at FKB. ∗δt changes
sharply around 310◦ back azimuth (dashed line in Fig. 6(b)),
and the mean value above 310◦ is 1.59 ms/km and below
310◦ is 4.40 ms/km. ∗δt tends to be longer for the events
with longer propagating distance inside the aftershock re-
gion (Figs. 6(b) and 7).

In order to confirm the relationship between ∗δt and the
aftershock region, we investigated ∗δt using the path frac-
tion R which is defined as the ratio of the propagation dis-
tance inside the aftershock region to the total path length.
We roughly draw the eastern edge of the aftershock area
from the epicenter distribution of aftershocks as shown in
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Fig. 6. (a) Delay time δt (upper) and (b) normalized delay time ∗δt (lower) as a function of back azimuth for station FKB (left) and RFJ (right). Open
circles and diamonds show the events with δt more than 20 ms as S-wave splitting for FKB and RFJ, respectively. Note that the values of ∗δt in
Figure (b) changes remarkably around broken line. The values ∗δt in area A (less than 330◦ back azimuth) in FKB and area C (less than 310◦ back
azimuth) in RFJ are lager than B and D, respectively.

Fig. 7. Directions corresponding to the back azimuth indicated by dashed
line in Fig. 6(b).

Fig. 8 and we assume this edge as the boundary between
inside and outside the aftershock region. We then calcu-
late the ratio R from the locations of event, station, and this
aftershock boundary. The ratio of R is given by

R = L in/L , (2)

where L in is the path length only inside the aftershock re-
gion (Fig. 8). The denominator L indicates the whole path

FKB

RFJ

Lin

L

Fig. 8. Schematic illustration of L in and L with eastern edge of the
aftershock area we defined in the present study. An example of the
epicenter is shown by a solid star. The broken line shows the ray path to
the station FKB.

length from event to station as defined in the previous sec-
tion. In the case of R = 1, for example, all the S-wave
propagation paths are inside the aftershock region, while in
the case of R = 0 the S-wave does not propagate inside the
aftershock region at all. Using ∗δt and R for each event, we
investigated the dependence of ∗δt on R. Figure 9 shows the
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them is at ε = 0.017 for inside region and 0.007 for outside.

relationship between ∗δt and R with a regression line which
has a positive correlation with 0.59 coefficient. This corre-
lation value may depend on the position of the eastern edge
of the aftershock region, and actually it is difficult to deter-
mine this location precisely enough because of the complex
configuration of the fault system. However, the correlation
between ∗δt and R is stable and is always positive even if we
set the eastern edge 1 km shifted to the east or west which
is comparable to or more than the estimation errors of the
epicenter locations. This positive correlation may indicate
that the large ∗δt region tends to exist inside the aftershock
area and the small ∗δt region corresponds to outside the af-
tershock area. From the right (R = 1) and left end points
(R1 = 0) of this regression line in Fig. 9, the mean value of
∗δt inside the aftershock region is around 4.92 ms/km, while
the mean value outside this region is around 1.27 ms/km.
This indicates that the value of ∗δt inside the aftershock re-
gion is about a few times higher than that of the outside.

In order to estimate the degree of anisotropy inside and

outside the aftershock region in more detail, we calcu-
lated the theoretical delay times δtcal based on the Hudson’s
(1981) crack model for fluid-filled aligned vertical cracks
using the crack density ε (O’Connell and Budiansky, 1974).
The value of ε(= Na3/V ) is described by the number of
cracks N with radius a in volume V and indicates the de-
gree of anisotropy due to the crack systems. Hudson (1981)
showed that the split S-wave velocities as a function of ε

and the angle ϕ between the propagation direction and the
normal direction to crack plane can be expressed as follows:

VS1
2(ϕ, ε) = VS0

2[1 − 16

3
ε

λ + 2μ

3λ + 4μ
cos2 ϕ], (3)

VS2
2(ϕ, ε) = VS0

2[1 − 16

3
ε

λ + 2μ

3λ + 4μ
(cos2 ϕ − sin2 ϕ)2],

(4)
where λ and μ are the Lamé constants of host medium.
VS0 is the S-wave velocity in the isotropic host medium,
and VS1 and VS2 are S-wave velocities split through the
medium with cracks (VS1 > VS2 for the case of incidence
nearly perpendicular to the normal of the crack plane). We
assume that crack planes are oriented parallel to the P-
axis direction of the mainshock (N105◦E) and that VS0 is
3.531 km/s from the JMA2001 model at the depth of 10 km.
Using Eqs. (3) and (4), we can then estimate the theoretical
delay time δtcal as a function of ϕ and ε as follows:

δtcal(ϕ, εin, εout) = L(| R

VS1(ϕ, εin)
− R

VS2(ϕ, εin)
|

+ | 1 − R

VS1(ϕ, εout)
− 1 − R

VS2(ϕ, εout)
|),

(5)

where εin and εout are the crack densities inside and out-
side the aftershock region, respectively. Minimizing resid-
uals between δtcal in Eq. (5) and the observed δtobs (=δt
in Fig. 6(a)) by a grid search technique, we estimated εin

and εout (Fig. 10). The grid search yields that the values of
εin and εout are 0.017 and 0.007, respectively. These values
have significant difference between inside and outside the
aftershock region. The crack density ε inside the aftershock
area (εin = 0.017) is about 2 to 3 times higher than that of
the outside (εout = 0.007).

Although ε is not rigorously defined with its physical
meaning, it relates the number and the size of cracks or the
pores. We therefore propose two major reasons for the spa-
tial variation of crack density ε associated with the after-
shock region. First, the existence of high concentration of
cracks extending inside the aftershock region is one of the
candidate reasons for the high degree of anisotropy there. In
the aftershock region, many cracks, including highly dam-
aged material such as fractured rocks, might be brought by
before and after the mainshock. Mamada and Takenaka
(2004) have found significantly large Q−1

s (Qs: quality fac-
tor of S-wave) in the aftershock region of the 1997 north-
western Kagoshima earthquakes. They pointed out that the
attenuation of S-wave inside the aftershock region is sev-
eral times larger than that outside, indicating concentration
of cracks or highly damaged rocks in the aftershock region
including the fault zone. Hence, it is reasonable to assume
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Fig. 11. Schematic illustration of the distribution of the degree of
anisotropy and the aftershock region.

that the high concentration of cracks inside the aftershock
region is appropriate for the high degree of the anisotropy.
Secondly, the high fluid saturation of cracks is also the pos-
sible candidates for spatial variation of ε. The existence
of the fluid may change the fault strength and even the re-
currence intervals of earthquakes (Sibson, 1992), and their
behavior in and around the fault zone has been recognized
as an important part on the process of faulting or seismic
activity (Hickman et al., 1995). Ohmi and Obara (2002)
have found low frequency earthquakes in the lower crust be-
neath the mainshock and Oshiman (2002) have pointed out
conductivity anomalies in this region, suggesting the exis-
tence of fluids, from the electric conductivity study. Zhao
et al. (2004) have investigated the velocity structure by 3-
D tomography in the epicentral area and suggested the ap-
pearance of fluids in the upper crust. From the results of
these studies in this area, spatial variation of ε in our results
may be explained by the existence or immigration of flu-
ids to the aftershock region. In the 1995 Hyogo-ken Nanbu
earthquake region Zhao and Mizuno (1999) have estimated
the saturation rate of cracks and showed the existence of
fluids with high saturated ratio in and below the seismo-
genic region. Figure 11 shows the schematic illustration in
and around the aftershock region we suppose. The degree
of anisotropy is high inside the aftershock region associ-
ated with the high concentration of cracks or high saturated
cracks and will decrease in proportion to the distance from
the aftershock region or the rupture zone.

The difference of ε dependent on the aftershock area in
our results may be attributed to the existence of highly dam-
aged medium and/or high fluid saturation of cracks as com-
pared with those outside the aftershock area. The study on
the spatial variation of the anisotropy around the aftershock
area may be one of the key issues to understand earthquake
generating processes and an important subject in the future.

6. Conclusion
We conducted aftershock observation at two broadband

stations close to the aftershock area of the 2000 Tottori-
ken Seibu earthquake. We analyzed S-wave splitting in the
waveform data and measured the fast S-wave polarization
direction (φ) and the delay time (δt) employing the cross-
correlation method.

The mean values of φ are N110◦E at FKB and N95◦E at
RFJ. This dominant polarized component aligns almost to
the P-axis of the focal mechanism. We infer that the main
cause of these polarizations is the alignment of cracks by
the regional tectonic stress. The measured δt ranges be-
tween 20 and 100 ms. We found a strong spatial variation
of the normalized delay time ∗δt which is positively cor-
related to the fraction of path length inside the aftershock
region against the whole path length. The crack density ε

inside and outside the aftershock region are estimated to be
0.017 and 0.007, respectively, assuming Hudson’s (1981)
crack model. It may indicate that in the area of high ε the
aftershock activity is intense. This significant difference
between inside and outside the aftershock region suggests
that the aftershock area may have very different mechanical
properties from the surrounding medium.
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