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We investigate a detailed spatial variation in shear wave splitting in the zone of inland high strain rate, called the
Niigata-Kobe Tectonic Zone (NKTZ), central Japan. Most observations show stress induced anisotropy, that is,
the orientation of the faster polarized shear wave is parallel to the axis of the maximum horizontal compressional
strain rate estimated from GPS data. Others show structure induced anisotropy, that is, the orientation is parallel
to the strike of active faults. For the stress induced anisotropy, time delays normalized by the path length in the
anisotropic upper crust is proportional to the differential strain rate. We estimate a spatial variation in stressing
rate of the upper crust beneath the high strain rate zone based on a response of the normalized time delay to a
step-wise stress change caused by a moderate-sized earthquake. The variation in the stressing rate of 3 kPa/year
estimated from shear wave splitting is coincident with that from GPS data. We conclude, together with other
seismological features in the NKTZ reported previously, that the high strain rate in the NKTZ is attributed to the
high deformation rate below the brittle-ductile transition zone in the crust.
Key words: Shear wave splitting, inland high strain rate zone, Niigata-Kobe Tectonic Zone, stressing rate, spatial
variation, brittle-ductile transition zone.

1. Introduction
The accumulation process of stress on faults is one of

the most important issues to understand the generation pro-
cess of earthquakes. A variation in the stress field of the
crust controls the distribution of micro-cracks in the crust,
causing seismically observable phenomena, such as varia-
tions in seismic wave velocity, scattering of seismic wave
and anisotropy of seismic wave velocity. Shear wave split-
ting of natural earthquakes is one of the most powerful tools
to investigate the state of the stress in the crust. Shear
waves split into two orthogonal wavelets in the anisotropic
media, one traveling faster than the other. The preferred
alignment of cracks mainly causes the shear wave polar-
ization anisotropy in the upper crust, which is controlled
by the differential stress and the pore pressure (Zatsepin
and Crampin, 1997). The orientation of the faster polar-
ized shear wave, φ, is parallel to the preferred orientation
of micro-cracks and is usually consistent with the orienta-
tion of a regional maximum horizontal compressional stress
(e.g. Kaneshima, 1990). The delay time, δt, or the time
difference between two split shear waves, depends on both
the aspect ratio and the crack density. Shear wave split-
ting, therefore, provides information on the state of stress in
the crust. In fact, some researchers report that the value of
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shear wave splitting shows a temporal change due to a stress
change before and after an earthquake (e.g. Liu et al., 1997;
Hiramatsu et al., 2005) and a volcanic eruption (Miller and
Savage, 2001). Recently, Savage et al. (2010) reported that
a clear correlation between δt and baseline length observed
by GPS at Mt. Asama, Japan.

In central Japan, Sagiya et al. (2000) reported a concen-
tration zone of high strain rate from Niigata to Kobe, called
the Niigata Kobe Tectonic Zone (NKTZ), from a dense
network of GPS observation (Fig. 1). The strain rate in
the zone is an order of magnitude larger than that of the
surrounding areas. As shown in Fig. 1, there are many
Quaternary active faults in and around this zone. Some re-
cent large inland earthquakes occurred in and around this
zone, the 1995 Hyogo-ken Nanbu earthquake (MJMA 7.3),
the 2004 Niigata-ken Chuetsu earthquake (MJMA 6.8), the
2007 Niigata-ken Chuetsu-oki earthquake (MJMA 6.8) and
the 2007 Noto Hanto earthquake (MJMA 6.9) (Fig. 1). Fur-
thermore, past large earthquakes seem to concentrate in this
zone (Sagiya et al., 2000). This zone is, thus, considered
to be a good location to understand the accumulation pro-
cess of stress in the source region of a large inland earth-
quake. There are some kinematic models to explain the ob-
served high strain rates in the NKTZ, the detachment model
(Hirahara et al., 1998), the collision model (Shimazaki and
Zhao, 2000; Heki and Miyazaki, 2001; Miyazaki and Heki,
2001), and the back-slip model (Mazzotti et al., 2000). Iio
et al. (2002), however, rejected all of the models by consid-

675

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Springer - Publisher Connector

https://core.ac.uk/display/81061459?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


676 Y. HIRAMATSU et al.: SPATIAL VARIATION IN SHEAR WAVE SPLITTING

Fig. 1. Distribution of the principal strain rate axes (black bars: compression, white bars: extension), the high strain rate zone called the Niigata-Kobe
Tectonic Zone (gray zone) (Sagiya et al., 2000), the trajectories of the maximum horizontal compressional stress (Ando, 1979) (gray dashed lines),
Quaternary active faults (lines), and recent large earthquakes in and around the high strain rate zone (circles).

ering the physical validity on these models based on stress
field, mantle flow and fault movement in the high strain rate
zone. Instead, Iio et al. (2002, 2004) proposed the weak
zone model that has a weak zone with lower viscosity in the
lower crust beneath the NKTZ. Smaller strength in the crust
is, thus, expected to deform at a higher strain rate in their
model.

Seismic structure from the crust to the upper mantle is
an important point to understand the origin of the high
strain rate zone. Tomographic studies revealed the exis-
tence of a low velocity zone in the lower crust (Nakajima
and Hasegawa, 2007a; Matsubara et al., 2008) and in the
mantle wedge (Nakajima and Hasegawa, 2007b) beneath
the NKTZ. A distinct anisotropic body is observed from
shear wave splitting in the mantle wedge beneath the cen-
tral part of the NKTZ (Hiramatsu et al., 1998). Jin and
Aki (2005) reported that the NKTZ is characterized by low
coda Q, lower than 90 for 1–2 Hz and lower than 170 for 2–
4 Hz. The Japanese University Group of the Joint Seismic
Observations at NKTZ started seismic observations around
the Atotsugawa fault zone, north central Japan, from 2004
(The Japanese University Group of the Joint Seismic Ob-
servations at NKTZ, 2005). Iidaka et al. (2009) confirmed
strong anisotropy in the mantle wedge beneath the NKTZ
from many shear wave splitting data obtained by this dense
network.

In and around the NKTZ, the principal stress axes are
coincident with the principal strain rate axes (Fig. 1). This
feature shows that the high strain rate at the surface reflects
directly the state of stress in the crust. Shear wave splitting,
thus, provides useful information to reveal the cause of the
high strain rate zone. We report here a spatial distribution of
shear wave splitting in and around the NKTZ to investigate
the stress condition in the upper crust and show that shear
wave splitting is controlled by the strain rate. From this
result, together with a temporal change in time delay due
to a step-wise stress change caused by a moderate-sized
earthquake (Hiramatsu et al., 2005), we estimate a spatial
variation in stressing rate of the upper crust beneath the
NKTZ and conclude that the high strain rate in the NKTZ
is attributed to the high deformation rate below the brittle-
ductile transition zone in the crust.

2. Data and Method
We use seismic waveform data recorded at stations

of the Japanese university joint seismic observations at
NKTZ, Earthquake Research Institute, University of Tokyo,
Disaster Prevention Research Institute, Kyoto University,
Research Center for Seismology, Volcanology and Disaster
Mitigation, Nagoya University, Japan Meteorological
Agency (JMA), Geological Survey of Japan (GSJ), and Hi-
net data operated by the National Research Institute for
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Fig. 2. Events (circles) and stations (open squares: Univ. of Tokyo, solid squares: Kyoto Univ., open triangles: NIED, solid triangles: JMA, open
inverse triangles: GSJ, solid inverse triangles: Nagoya Univ., Diamonds: The Japanese University Group of the Joint Seismic Observations at NKTZ)
used in this study. Dashed rectangles show areas where we adopt different velocity models in Fig. 3.
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Fig. 3. S wave velocity model of each area. S waves velocity is given by P waves velocity with a relationship VP/VS = 1.73.

Earth Science and Disaster Prevention (NIED), in central
Japan (Fig. 2). The period of the analysis covers mainly
the years from 1998 to 2002 for all stations except those of
the Japanese university joint seismic observations at NKTZ.
For the stations around the Atotsugawa fault zone (in area 2
in Fig. 2), in particular the stations of the Japanese univer-
sity joint seismic observations at NKTZ, the analyzed pe-

riod covers form October 2004 to the end of 2006.
We analyze waveform data that satisfy the following con-

ditions. Source depths are restricted within 30 km to inves-
tigate crustal anisotropy. Incident angles are less than 35◦

to minimize the effect of phase conversion from S to P or
the distortion of particle motions at the free surface (Booth
and Crampin, 1985). For the calculation of ray path from
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Fig. 4. An example of waveform data and splitting analysis at station DP.KHK. (a) Original waveforms of band-pass filtered two horizontal components.
Dashed lines show the time window for particle motion and splitting analysis. (b) Particle motion of two horizontal components. (c) Rotated
waveforms of faster shear wave (upper) and slower one (lower). (d) Contour map of the confidence level by the method of Silver and Chan (1991).
Plus shows the optimum splitting parameters of δt and φ. A contour interval corresponds to the confidence level of two times of the standard error.

a source to a station and incident angle, we divide the ana-
lyzed region into four areas depending on the velocity struc-
ture used for the hypocenter determination of local events
(Tsukuda et al., 1992; Ito et al., 1995) (Fig. 2 and Fig. 3).
We usually use events whose magnitudes are larger than 1.5
to certify high signal to noise ratios and clear S waveforms.
However, we use some events whose magnitudes are larger
than 1.0 if those waveforms are clear enough to obtain the
splitting parameters. The sampling frequency of waveform
data differs with stations, mainly 100 Hz, 80 Hz and 200 Hz.
We estimate the splitting parameters, φ and δt, using the co-
variance matrix decomposition method of Silver and Chan
(1991) from the band-pass filtered (1–20 Hz) two horizon-
tal components of S waves (Fig. 4). We also confirm vi-
sually that the obtained splitting parameters are coincident
with the initial motion of S waves from the particle motion.
Finally, we obtain a total of 501 shear wave splitting mea-
surements at 67 stations from 477 events (Fig. 2 and Fig. 5).

3. Spatial Variations in the Splitting Parameters
in and around the NKTZ

We show all splitting parameters obtained in this study in
Fig. 5. Most of φ show the orientation of NW-SE or WNW-
ESE and are parallel to the axis of maximum horizontal
compression stress as reported by Ando (1979) or the axis
of maximum horizontal compression strain rate estimated
from continuous GPS data (Sagiya et al., 2000) as shown in
Fig. 1, indicating stress induced anisotropy. Noting around

the Atotsugawa fault zone, our result is consistent with a
recent regional study of shear wave splitting (Mizuno et al.,
2005). However, some stations, especially in area 1, show
that φ is not coincident with the axes of the stress or the
strain rate but the strike of active faults and folds around the
stations, indicating structure induced anisotropy. Figure 6
shows the depth distribution of δt in each area. The ob-
served δt reaches mainly up to 0.1 s, which is typical value
of crustal anisotropy. It seems that the δt is likely to be pro-
portional to the source depth up to 10–15 km and seems not
to be proportional past the depth of 15 km, suggesting the
anisotropic layer is restricted in the upper ∼15 km depth.
To discuss the strength of crustal anisotropy, it is preferable
that we do not use time delay, δt, but time delay normalized
by path length in the anisotropic layer, δtn . Considering the
depth variations of δt and event number, we assume that the
anisotropic layer is upper 15 km in the crust in areas 1, 3 and
4 and upper 12 km in area 2 although the depth variation of
δt may not be so clear in areas 1 and 2. A considerable
uncertainty of the thickness of the anisotropic layers, about
1–2 km, has little effect on the following discussion. Here-
after, we use the average value of the normalized time delay
at each station to show the strength of the crustal anisotropy
as well as φ.

We show the spatial distribution of the average orienta-
tion of φ and the average normalized time delay at each
station in Fig. 7. Here, we consider that the anisotropy
is the stress induced anisotropy when the angular differ-
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Fig. 5. Results of shear wave splitting at each station. The orientation and the length of each bar show the orientation of faster shear waves and the time
delay between two split shear waves. Lines are Quaternary active faults.

ence between the average φ and the principal compressional
axis of the strain rate is within 30◦. Otherwise, we treat
the anisotropy as the structure induced anisotropy. This
map confirms again that most stations in areas 2, 3, and 4
show stress induced anisotropy (black and dark gray bars in
Fig. 7) and most stations in area 1 show structure induced
anisotropy (light gray bars in Fig. 7). Area 1 is character-
ized by a thick, 6 km thickness, Miocene–Pleistocene sedi-
mentary basin where NNE-SSW trended faults and folds are
developed actively (Yanagisawa et al., 1986). Such a thick
sedimentary basin was confirmed also by a seismic tomog-
raphy (Kato et al., 2006). A high activity of faulting and
folding in the sedimentary basin may generate more easily
the structure induced anisotropy rather than the other areas,
suggesting less stress induced anisotropy in area 1. The
normalized time delay ranges mainly from 1 to 6 ms/km
and shows large values in area 2. To investigate the rela-
tionship between the strength of crustal anisotropy and the
strain rate, we focus on the stations whose angular differ-
ence between the average φ and the orientation of the prin-
cipal compressional axis of the strain rate is within 30◦ and
the data number is greater than or equal to 3 (black bars in

Fig. 7).
Figure 8 shows the relationship between the normalized

time delay and the differential strain rate estimated from the
GPS data (Sagiya et al., 2000). The differential strain rate
is calculated by subtracting the strain rate of the compres-
sional axis from that of the extensional axis because this
differential strain rate acts to open the micro-cracks aligned
parallel to the principal compressional axis of the strain rate.
We recognize a positive correlation between the normalized
time delay and the differential strain rate. In general, the
strength of the anisotropy in the upper crust is interpreted
by the strength of the crustal stress. This positive correla-
tion, however, indicates that the strength of the stress in-
duced anisotropy is controlled by the strain rate, in other
words, the stressing rate in the crust as well.

4. A Variation in the Stressing Rate in the NKTZ
Estimated from Shear Wave Splitting

Here we estimate a variation in the stressing rate in the
NKTZ from the spatial variation in the normalized time de-
lay of shear wave splitting. Hiramatsu et al. (2005) reported
that the increase in time delay induced by the static stress
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Fig. 6. Plots of depth versus time delay of two split shear waves in each area.

change due to a moderate size earthquake recovered to the
pre-event value within about two years from the observation
of shear wave splitting. This means that a variation in the
condition of micro-cracks due to a step-wise stress change
recovers to a steady state within about two years. The bal-
ance between the opening of micro-cracks due to a constant
stressing rate and the rate of the healing of micro-cracks de-
termines the steady state crack condition. As proposed by
Hiramatsu et al. (2005), the time constant of the healing of
cracks is universally constant. Thus, the normalized time
delay is expected to be a function of the stressing rate. The
proportional relationship between the normalized time de-
lay and the differential strain rate supports the proposition
by Hiramatsu et al. (2005). The observed variation in the
normalized time delay can, therefore, be interpreted to re-
flect the variation in the stressing rate in the NKTZ.

To estimate the variation in the stressing rate from shear
wave splitting, we use RSCSP , the response of normalized
time delay per unit stress change, as follows,

RSCSP = 1

�σ

�δtn
δtn

(1)

where �σ is the static stress change and �δtn/δtn the frac-
tional change of the normalized time delay. The results of
the temporal change in the normalized time delay due to
the static stress change by the Aichi-ken Tobu earthquake
(Saiga et al., 2003; Hiramatsu et al., 2005) provides δtn of
1.6 ms/km as the steady state value and �δtn of 1.4 ms/km
as the increase of the normalized time delay due to �σ of
1.0 kPa as the increase of the effective static stress for open-
ing or enlargement of micro-cracks. Based on these values,
RSCSP is estimated to be 880 (MPa)−1. Applying the value
of RSCSP estimated from the temporal change to the case

of a spatial variation in stress, the spatial variation in the
stressing rate is defined as,

σ̇ = 1

RSCSP

�δtn
δtn

1

TC
(2)

where σ̇ is the spatial variation in the stressing rate,
�δtn/δtn the fractional change of the normalized time delay
in a region of interest, and TC the time constant. This for-
mulation can be interpreted that a constant stressing rate is
approximated by a successive step-wise stress change with
a constant time interval TC . The value of �δtn/δtn is esti-
mated to be 5.5 in this study using a linear trend between
the differential strain rate and the normalized time delay
(Fig. 8) because higher strain rates correspond to the inner
zone of the NKTZ and lower ones to the outer zone. We
apply two years as TC (Hiramatsu et al., 2005). Substitut-
ing these values into Eq. (2), we can estimate the variation
in the stressing rate in the NKTZ as 3±0.6 kPa/year. As-
suming the rigidity of 40 GPa, we obtain the variation in
the stressing rate is about 3 kPa/year in the NKTZ from
the strain rate estimated from GPS observation shown in
Fig. 1. We calculate here the variation in stressing rate as
0.5×rigidity×(a variation in differential strain rate), that is,
the variation in stressing rate of shear stress. This value
is coincident with that estimated from shear wave splitting
data. The variation in the stressing rate estimated from
shear wave splitting represents the average one in the brittle
upper crust. We can, thus, regard the variation in the stress-
ing rate at surface estimated from GPS data as that in the
brittle upper crust.
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Fig. 7. The average orientation of faster shear waves and the average time delay normalize by path lengths in anisotropic upper crust. Black bars show
that the angular difference between the average orientation and the orientation of the principal compressional axis of the strain rate is within 30◦ and
the data number is greater than or equal to 3 that are used for the plot of Fig. 8. Dark gray bars indicate that the angular difference is within 30◦ and
the data number is smaller than or equal to 2 and light gray bars indicate that the angular difference is greater than 30◦. Lines are Quaternary active
faults.
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5. Discussion
We estimate the variation in the stressing rate of

3±0.6 kPa/year in the NKTZ from the results of shear wave
splitting. The variation deduced from shear wave splitting

is considered to reflect that in the brittle upper crust. To dis-
cuss a cause of the concentration of high strain rate in the
NKTZ, this information is insufficient because a previous
model stressed an importance of the role of ductile lower



682 Y. HIRAMATSU et al.: SPATIAL VARIATION IN SHEAR WAVE SPLITTING

80

100

120

140

C
od

a 
Q

150

200

250

300

C
od

a 
Q

0.10 0.15 0.20

Differential Strain Rate (ppm/yr)

1 - 2 Hz

2 - 4 Hz

(a)

(b)

QC

QC

Fig. 9. Plots of the differential strain rate observed by GPS (Sagiya et al., 2000) versus the coda Q of (a) 1–2 Hz and (b) 3–4 Hz reported by Jin and
Aki (2005). Dashed line is the least squares fit to the data. Gray lines and an arrow represent the definition of QC and �QC in Eq. (3).

crust (Iio et al., 2002, 2004). Seismic tomography studies
also showed that the NKTZ was characterized by low ve-
locity zones in the lower crust (Nakajima and Hasegawa,
2007a; Matsubara et al., 2008). One of the possible tools
to infer the stress state in the ductile lower crust is coda Q
because coda waves sample the whole crust and are consid-
ered to be a good indicator of the stress state in the crust
(Aki, 1980; Hiramatsu et al., 2000). It is, thus, interesting
to discuss the spatial variation in the stressing rate in the
NKTZ using results of a spatial variation and a temporal
variation in coda Q of previous studies.

Jin and Aki (2005) showed that the NKTZ was char-
acterized by low coda Q, lower than 90 for 1–2 Hz and
lower than 170 for 2–4 Hz. Hiramatsu et al. (2000) re-
ported a temporal variation in the coda Q in the Tamba re-
gion that is included in the NKTZ due to the static stress
change induced by the 1995 Hyogo-ken Nanbu earthquake
only at frequency bands lower than 4 Hz. They estimated
the response of coda Q per unit stress change (RSCQC ) of
10 (MPa)−1 at lower frequencies. Sugaya et al. (2009) an-
alyzed a temporal variation in coda Q in the Tamba region
following the period of Hiramatsu et al. (2000). They con-
firmed that the value of coda Q recovered to the pre-event
value within two years at lower frequencies. This suggests

that a modification of crack condition due to a step-wise
stress change recovers to a steady state within about two
years as well as the case of shear wave splitting. If we ap-
ply the same approach mentioned in the previous section,
the spatial variation in coda Q at 1–2 Hz and 2–4 Hz fre-
quency bands in and around the NKTZ reported by Jin and
Aki (2005) can be interpreted to reflect the variation in the
stressing rate in the crust.

We, thus, estimate a spatial variation in stressing rate in
the analyzed region, σ̇ , from coda Q as follows,

σ̇ = 1

RSCQC

�QC

QC

1

TC
(3)

where �QC/QC is the fraction of the spatial variations in
coda Q. We adopt RSCQC = 10 (MPa)−1 based on the
temporal change in the coda Q at lower frequencies in the
Tamba region (Hiramatsu et al., 2000) and TC = 2 years
in the same way as the shear wave splitting. To evalu-
ate �QC/QC , we use a linear trend between the coda Q
(Jin and Aki, 2005) and the differential strain rate in and
around the NKTZ (Sagiya et al., 2000) (Fig. 9). We can
find a negative correlation between the coda Q and the dif-
ferential strain rate for both frequency bands. Following
the measurement of �QC/QC of Hiramatsu et al. (2000),
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we define �QC and QC as shown in Fig. 9, providing
�QC/QC = 0.26 at 1–2 Hz and �QC/QC = 0.27 at 2–
4 Hz. Substituting these values into Eq. (3), we estimate the
variation in the stressing rate of about 13±3.5 kPa/year for
1–2 Hz frequency band and about 13±10 kPa/year for 2–
4 Hz frequency band in the analyzed region. The variation
in the stressing rate estimated from coda Q of 1–2 Hz fre-
quency band is, thus, larger obviously than that from GPS
or shear wave splitting. The variation in the stressing rate
estimated from coda Q of 3–4 Hz frequency band also pro-
vides a larger stressing rate than that from GPS or shear
wave splitting. However, a large error obscures its signifi-
cance for 3–4 Hz frequency band.

One of the keys to solve this discrepancy of the variation
in the stressing rate is to examine what the variation in coda
Q reflects. Jin and Aki (1989) proposed the creep model in
which coda Q was a parameter that reflects the degree of
creep in the ductile part of the crust. Sugaya et al. (2009)
also concluded that the variation in coda Q reflected pos-
sibly a change in the ductile fracture in the brittle-ductile
transition zone in the crust from studies of the temporal
variations in coda Q and seismicity. A spatial correlation
between the low coda Q zone (Jin and Aki, 2005) and the
low velocity zone in the lower crust from seismic tomog-
raphy (Nakajima and Hasegawa, 2007a; Matsubara et al.,
2008) in NKTZ also suggests that the coda Q at 1–2 Hz
and 2–4 Hz frequency bands is related to a scattering prop-
erty in the lower crust primarily. These studies suggest that
the variation in the stressing rate estimated from coda Q at
1–2 Hz and 2–4 Hz frequency bands is caused by a varia-
tion in the ductile deformation rate below the brittle-ductile
transition zone in the crust.

We, thus, interpret that the discrepancy between the vari-
ations in the stressing rate estimated from shear wave split-
ting and from coda Q reflects the difference of the variation
in stressing rate between the brittle upper crust and the duc-
tile part below the brittle-ductile transition zone in the crust.
From this point of view, we prefer the weak zone model
(Iio et al., 2002) as the cause of the NKTZ. The weak zone
model explains the high strain rate in terms of deformations
in a weak zone with lower viscosity in the lower crust be-
neath the NKTZ. The high deformation rate inferred from
the high stressing rate from coda Q possibly suggests that a
weak zone is formed by ductile fractures as argued by Jin
and Aki (2005).

Finally, we mention a precursory change in shear wave
splitting on earthquake. Several researchers reported an in-
crease of time delay before earthquakes (e.g. Crampin et al.,
1999) although it has been controversial. This kind of in-
crease is usually interpreted to be caused by the increase or
the enlargement in micro-cracks due to the increase of re-
gional tectonic or local differential stress around the source
fault. Some numerical simulations based on the constitutive
law of the friction, such as rate- and state-dependent fric-
tion law (Dieterich, 1979), show an accelerated slip on the
nucleation region of a source fault before earthquake (e.g.
Kato, 2004). This accelerated slip generates the increase
in the strain rate or stressing rate around the source fault,
causing the temporal variation in the differential stress. As
shown in this study, the time delay of shear wave splitting

is sensitive to the differential strain rate or stressing rate.
Shear wave splitting may, therefore, detect a variation in the
stressing rate due to the accelerated slip on the nucleation
region if proper data set is available.

6. Conclusions
To understand the state of the stress in the high strain

rate zone, called the NKTZ, and the cause of the NKTZ, we
investigate a detailed spatial variation in shear wave split-
ting in the crust using waveform data at dense seismic sta-
tions. We find that the orientation of the faster polarized
shear wave is parallel to the axis of the maximum horizontal
compressional strain rate estimated from GPS data at most
stations. We call this type as the stress induced anisotropy
because the principal axes of the strain rate coincides with
those of the horizontal stress in the analyzed region. On
the other hand, the orientation of the faster polarized shear
wave is parallel to the strike of active faults at some sta-
tions, indicating the structure induced anisotropy. A pro-
portional relationship between the time delays normalized
by the path length in the anisotropic upper crust and the dif-
ferential strain rate confirms that the strength of the crustal
anisotropy is controlled by the strain rate or the stressing
rate. A spatial variation in stressing rate of the upper crust
beneath the NKTZ is estimated using a response of the nor-
malized time delay to a step-wise stress change caused by a
moderate-sized earthquake. The variation in stressing rate
estimated from shear wave splitting is 3 kPa/year. This
value is coincident with a corresponding stressing rate of
3 kPa/year estimated from GPS data. Stressing rate esti-
mated from coda Q and seismological features in the NKTZ
indicate that the ductile fractures below the brittle-ductile
transition zone can cause high deformation rate in the crust,
resulting in the high strain rate at surface of the NKTZ.
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