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Stress state in the upper crust around the source
region of the 1891 Nobi earthquake through
shear wave polarization anisotropy
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Abstract

We investigate shear wave polarization anisotropy in the upper crust around the source region of the 1891 Nobi
earthquake, central Japan. At most stations, the orientation of the faster polarized shear wave is parallel to the axes
of the maximum horizontal compressional strain rate and stress, indicating that stress-induced anisotropy is dominant
in the analyzed region. Furthermore, near the source faults, the orientation of the faster polarized shear wave is oblique
to the strike of the source faults. This suggests that microcracks parallel to the strike of the source fault, which would
be produced by the fault movement of the Nobi earthquake, have healed with the healing of the faults. For
stress-induced anisotropy, time delays normalized by path length in the anisotropic upper crust as a function of
the differential strain rate are coincident with those in the inland high strain rate zone, Japan. These data, together with
those of a previous study, show that the variation in the stressing rate, estimated from shear wave splitting, is close to
that estimated from geodetic observation. This implies that the variation in the stressing rate in the brittle upper crust
is linked to that in the strain rate on the ground surface.
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Findings
Introduction
Shear wave splitting is a phenomenon induced by seismic
anisotropy due to the preferred orientation of microcracks
or minerals, or a layered structure with different seismic
wave velocities. Shear waves split into two orthogonal
wavelets, one traveling faster than the other, in anisotropic
media. Shear wave splitting is, therefore, expressed by two
splitting parameters: the polarization orientation of the
faster wavelet ϕ and the time delay between the two wave-
lets δt. In the case of the preferred orientation of micro-
cracks, a temporal variation in shear wave splitting induced
by a stress change in the crust is often accompanied by
earthquakes (e.g., Liu et al. 1997; Saiga et al. 2003) or vol-
canic activities (e.g., Miller and Savage 2001; Savage et al.
2010; Roman et al. 2011; Honda et al. 2014). Furthermore,
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detailed observations have revealed a healing process of
microcracks in the crust, after an earthquake, through
shear wave splitting (Tadokoro and Ando 2002; Hiramatsu
et al. 2005).
A dense network of global positioning system (GPS) ob-

servations has revealed a high strain rate zone, where the
strain rate is one order larger than that of the surrounding
areas, known as the Niigata-Kobe Tectonic Zone, in cen-
tral Japan (Sagiya et al. 2000) (Figure 1). This high strain
rate zone is characterized seismically by a low velocity in
the lower crust (Nakajima and Hasegawa 2007; Matsubara
et al. 2008) and a low coda Q at lower frequency band
around 1 to 2 Hz (Jin and Aki 2005; Hiramatsu et al.
2013; Tsuji et al. 2014). Hiramatsu et al. (2010) investi-
gated a spatial distribution of shear wave splitting in and
around this zone. They simply categorized the observed
shear wave splitting into two types: stress-induced anisot-
ropy and structure-induced anisotropy. The stress-
induced anisotropy shows that ϕ is parallel to the axis of
the maximum horizontal compressional stress estimated
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Figure 1 Tectonic map (modified from Figure 1 of Hiramatsu et al. (2010). 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 hori-
zontal compressional stress (Ando 1979) (gray dashed lines), Quaternary active faults (lines). A dotted rectangle shows the analyzed region of this study
shown in Figure 2.
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from focal mechanisms of crustal earthquakes and strikes
of dykes and Quaternary active faults (Ando 1979), which
has been confirmed by in situ stress measurements and
focal mechanisms (Tsukahara and Ikeda 1991) and inver-
sion of focal mechanisms from recent high-quality initial
motion data (Townend and Zoback 2006) and from cen-
troid moment tensor data (Terakawa and Matsu’ura
2010), or to the axis of the maximum horizontal compres-
sional strain rate estimated from GPS data (Sagiya et al.
2000) (Figure 1). On the other hand, the structure-
induced anisotropy shows ϕ is parallel to the strike of ac-
tive faults. For the stress-induced anisotropy, Hiramatsu
et al. (2010) showed that the normalized time delay by
path length is proportional to the differential strain rate
obtained by GPS observations and estimated a spatial vari-
ation in the stressing rate of 3 kPa/year in the upper crust
in and around the high strain rate zone.
One of the features of the high strain rate zone is the

occurrence of inland large earthquakes (Sagiya et al.
2000). The source region of the 1891 Nobi earthquake
(M8.0), which is the largest class of inland earthquakes
in Japan, lies in the high strain rate zone (Figure 2). To
promote an understanding of the generation process of
inland earthquakes, the Research Group for the Joint
Seismic Observations at the Nobi Area deploys seismic
stations densely around the source region. Seismic wave-
form data from the dense seismic network is useful for
the investigation of seismic structures from the crust to
the upper mantle, the focal mechanism of microearth-
quakes, crustal heterogeneity such as coda Q, and the
state of the crustal stress through shear wave splitting.
We report here a detailed spatial distribution of shear

wave splitting using the dense seismic network, providing
a stress state in the upper crust around the source region.
Furthermore, we examine a proportional relation between
the normalized time delay and the differential strain rate
from GPS data observed previously in and around the
high strain rate zone (Hiramatsu et al. 2010) based on
shear wave splitting data around the source region.

Data and method
We analyze the waveform data of earthquakes with mag-
nitude ≥1.0 and focal depth ≤20 km, from May 2009 to
October 2011, recorded at stations of the Research Group
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Figure 2 Distribution of earthquakes (circles) and stations used in this study. Diamonds, squares, and triangles indicate stations of The Research
Group for the Joint Seismic Observations at the Nobi Area, Kyoto University, and NIED, respectively. Gray lines are Quaternary active faults. Black
lines show the source fault of the 1891 Nobi earthquake.
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for the Joint Seismic Observations at the Nobi Area, the
Japan Meteorological Agency, the National Research Insti-
tute for Earth Sciences and Disaster Prevention (NIED),
the Disaster Prevention Research Institute, Kyoto Univer-
sity, and the Research Center for Seismology, Volcanology
and Disaster Mitigation, Nagoya University. The hypocen-
ter catalogue of the Japan Meteorological Agency is used
to select earthquakes that satisfy the above conditions.
We restrict ray paths to those having incident angle to

ground surface ≤35° to minimize the effect of phase con-
version from S to P, or the distortion of particle motions
at the free surface (Booth and Crampin 1985). The S
wave velocity structure model of area 3 of Hiramatsu
et al. (2010) is used to calculate the ray paths and those
lengths because the analyzed area is almost the same.
The distribution of events and stations used in this study
is shown in Figure 2.
An example of shear wave splitting analysis is shown

in Figure 3. The covariance matrix decomposition method
(Silver and Chan 1991) is applied to estimate the splitting
parameters of δt and ϕ and those confidence ranges from
the band-pass filtered (1 to 20 Hz) two horizontal com-
ponents of S waves. Together with this method, we examine
the particle motion visually and confirm that the initial mo-
tion of S waves is coincident with the estimated splitting pa-
rameters. As a result, we obtain a total of 50 measurements
of shear wave splitting at 21 stations from 49 events
(Figures 2 and 4).

Spatial distribution of polarization orientation
We show a spatial distribution of splitting parameters
from each event at each station in Figure 4. The observed
polarization orientation, ϕ, ranges from E-W to NW-SE.
In this study, we use two stations for which waveform data
are analyzed by Hiramatsu et al. (2010). At these stations,
we obtain almost the same ϕ as reported by Hiramatsu
et al. (2010) (Figure 4).
The observed ϕ is coincident with the orientation of

the regional maximum horizontal compressional stress
axis in this region (Ando 1979; Tsukahara and Ikeda
1991; Townend and Zoback 2006; Terakawa and
Matsu’ura 2010) or the axis of maximum horizontal
compressional strain rate estimated from continuous
GPS data (Sagiya et al. 2000). This fact indicates that
the preferred alignment of microcracks that causes
shear wave splitting is induced by the regional stress.
Tadokoro and Ando (2002) performed a shear wave

splitting analysis on the Nojima fault, which is one of
the source faults of the 1995 Hyogo-ken Nanbu earth-
quake, in Japan. They observed a fault parallel ϕ for a
period of 9 to 12 months after the mainshock, and a
fault oblique ϕ for a period of 33 to 45 months after the
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Figure 3 An example of shear wave splitting analysis. (a) An example of band-pass (1 to 20 Hz) filtered three component waveform data at station N.
IZUH. (b) Original waveforms of band-pass filtered two horizontal components around the S wave. Dashed lines show the time window for particle
motion and splitting analysis. (c) Particle motion of two horizontal components. (d) Rotated waveforms of a faster shear wave and a slower one. (e)
Contour map of the confidence level by the method of Silver and Chan (1991). The plus sign shows the optimum splitting parameters of δt and ϕ. A
contour interval corresponds to the confidence level of two times the standard error. Note that a variation of the confidence level along δt axis finer
than a sampling interval (=0.01 s) is artificial.
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mainshock. They suggested that all the fractures of shear
fault origin had completely healed and cracks of tectonic
stress origin recovered between the two periods.
In this study, we obtain a fault oblique ϕ at the sta-

tions along the source fault of the 1891 Nobi earthquake
(Figure 4), suggesting that the process of healing would
have eliminated fractures parallel to the fault strike induced
by shear faulting, if produced, accompanied with the 1891
Nobi earthquake.

Relation between strength of anisotropy and strain rate
The delay time, δt, observed in this study is displayed in
Figure 4. The observed time delay is up to 0.1 s, showing
a consistency with the typical value of δt of crustal anisotropy
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Figure 4 Results of shear wave splitting at each station. Orange bars
show the results of this study and blue ones those of Hiramatsu
et al. (2010). The orientation and the length of each bar indicate ϕ
and δt of each event, respectively. Gray lines are Quaternary active
faults. Black lines show the source fault of the 1891 Nobi earthquake.
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Figure 5 Relation between time delay and focal depth. Plot of focal
depth versus time delay, δt, of each event (black circles). The error
bar shows a confidence interval of 95%. Open circles show the
average time delay for events shallower and deeper than 12.5 km
and error bars the standard deviation.
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Figure 6 Average splitting parameters at each station. The orientation
and the length of each bar indicate the average ϕ and the average
δtn at each station using the results of this study and Hiramatsu et al.
(2010). Red bars indicate that the angular difference between the
average ϕ and the orientation of the principal compressional axis of
the strain rate is within 30° and that the data number is greater than,
or equal to, 3. Purple bars indicate that the angular difference is within
30° and the data number is smaller than, or equal to 2, and light blue
bars indicate that the angular difference is greater than 30°. Gray lines
are Quaternary active faults. Black lines show the source fault of the
1891 Nobi earthquake.
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(Kaneshima 1990) and previous work in and around the high
strain rate zone in Japan (Hiramatsu et al. 2010). At two sta-
tions that were considered in Hiramatsu et al. (2010), we ob-
tain almost the same δt as they reported.
To evaluate the strength of crustal anisotropy, the time

delay normalized by the path length in the anisotropic
layer is more suitable than the time delay itself. Figure 5
shows the relation between focal depth and δt observed
in this study. We can recognize that δt tends to be large
as the focal depth becomes deep, although the scatter is
large. The average value of δt for events with focal depth
shallower than 12.5 km is 0.04 ± 0.02 s and that deeper
than 12.5 km is 0.06 ± 0.02 s (Figure 5). Thus, we assume
simply that all ray paths lie in the anisotropic layer, and
we obtain the normalized time delay, δtn, by dividing the
time delay by the path length. This assumption is coinci-
dent with the result of Kaneshima (1990) who reported
that an increase in δt with depth was obvious for events
with focal depth up to 15 km and crustal anisotropy
existed in the upper 15 to 25 km in the crust in Japan.
This suggests that not only open cracks but also inclusion,
such as fluid-filled cracks, contributes to the crustal an-
isotropy because inclusions prevent from closing cracks
under high confining pressure at deeper parts in the crust.
Figure 6 shows the spatial distribution of the average ϕ

and the average δtn at each station. Following Hiramatsu
et al. (2010), we focus on the stations whose angular dif-
ference between the average ϕ and the orientation of the
principal compressional axis of the strain rate (Sagiya
et al. 2000) is within 30° because such stations are consid-
ered to show the stress-induced anisotropy. The angular



Hiramatsu and Iidaka Earth, Planets and Space  (2015) 67:52 Page 6 of 7
differences larger than 30° may be caused by local perturb-
ation of stress filed from the regional one, a contribution of
anisotropy of preferred orientation of minerals, or a small
number of data. Hiramatsu et al. (2010) reported a positive
correlation between the differential strain rate and δtn in
and around the high strain rate zone. The analyzed region
of this study is included in the region of Hiramatsu et al.
(2010). Thus, we compare the average δtn of the stress-
induced anisotropy of this study to that of Hiramatsu et al.
(2010) using the stations for which the data number is
greater than, or equal to, 3 (red bars in Figure 6).
Figure 7 shows the relation between the differential

strain rate and δtn of this study and that of Hiramatsu
et al. (2010). We recognize that the data of this study are
coincident with those in and around the high strain rate
zone and that there is a positive correlation between δtn
and the differential strain rate. This implies that the
crustal stress accumulates corresponding to the differen-
tial strain rate observed on the ground surface in this re-
gion. Hiramatsu et al. (2010) proposed a formula to
estimate the spatial variation in the stressing rate based
on this proportional relation as follows:

_σ ¼ 1
RSCSP

Δδtn
δtn

1
TC

; ð1Þ

where _σ is the spatial variation in the stressing rate,
RSCSP is the response of the normalized time delay per
unit stress change, Δδtn/δtn is the fractional change of
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Figure 7 Relation between differential strain rate and normalized
time delay. Plot of the differential strain rate observed by GPS
(Sagiya et al. 2000) versus the average normalized time delay, δtn, at
stations for which the angular difference between the average ϕ
and the orientation of the principal compression axis of the strain
rate is within 30° and the data number is greater than or equal to 3.
Black, gray, and open circles are the data of this study, the combination
of this study and Hiramatsu et al. (2010), and Hiramatsu et al. (2010),
respectively. Each error bar shows a standard deviation of δtn at each
station. The dashed line is the least squares fit to the data (δtn= 34.4 ×
(differential strain rate)-0.81). Gray lines represent the definition of δtn
and Δδtn in Equation 1.
the normalized time delay in a region of interest, and TC

is the characteristic time of the stress accumulation in
the crust. Following Hiramatsu et al. (2010), we adopt
here RSCSP = 880/(MPa) from the change in normalized
time delays caused by the step-wise static stress change of
a moderate size earthquake (Saiga et al. 2003; Hiramatsu
et al. 2005) and TC = 2 years from the recovery of crack
conditions to a step-wise static stress change (Hiramatsu
et al. 2005; Sugaya et al. 2009).
We obtain a Δδtn/δtn of 4.1 for the data shown in

Figure 7 and substitute this in Equation 1, together with
RSCSP and TC mentioned above, giving a _σ of 2.3 ± 0.5
kPa/year in and around the high strain rate zone, which
is almost coincident with a _σ of 3.0 ± 0.6 kPa/year of the
previous study (Hiramatsu et al. 2010). The difference in
_σ results mainly from the differences of δtn and the
resulting Δδtn/δtn between the two studies. In fact, the
introduction of new data easily causes a change in the
value of Δδtn/δtn because of the large scatter of δtn as
shown in Figure 7. We consider, therefore, that there is
no significant difference between the two _σ . The differ-
ential strain rate of 0.15 ppm/year provides a variation
in stressing rate of 3 kPa/year with a rigidity of 40 GPa
in the upper crust in and around the high strain rate
zone in Japan (Hiramatsu et al. 2010). This value is close
to that from the shear wave splitting in this study. We
consider, therefore, that the variation in the stressing
rate in the brittle upper crust is reflected mainly by the
variation in the strain rate observed by GPS on the
ground surface.
On the other hand, the stressing rate below the brittle-

ductile transition zone in the crust is about five times lar-
ger than that in the brittle upper crust in and around the
high strain rate zone from coda Q analyses (Hiramatsu
et al. 2010, 2013). This difference of the stressing rate in
the brittle upper crust and below the brittle-ductile
transition zone suggests a high ductile deformation rate
below the brittle-ductile transition zone. Several kine-
matic models have been proposed for the cause of the
high strain rate zone. A weak zone model, in which a
weak zone with a lower viscosity exists in the lower
crust, proposed by Iio et al. (2002), is a plausible model
from the point of view of the difference of the stressing
rate in the brittle upper crust and below the brittle-
ductile transition zone. In other words, the strain rate
observed on the ground surface does not represent dir-
ectly the strain rate in the ductile lower crust.

Conclusions
Shear wave splitting analyses have been performed using
dense seismic network data around the source region of
the 1891 Nobi earthquake, central Japan, to investigate
the stress condition and crack healing near the faults.
We observe an E-W to NW-SE orientation of the faster
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polarized shear wave at most stations, showing stress-
induced anisotropy because this orientation is coincident
with the axes of the maximum horizontal compressional
strain rate and stress. We recognize that the orientation
at stations near the source faults of the Nobi earthquake
is oblique to the strike of the source faults, suggesting
that microcracks parallel to the fault strike, that would be
opened by the fault movement of the Nobi earthquake,
has healed. Time delays of two split waves are typical for
crustal anisotropy. For stress-induced anisotropy, time de-
lays normalized by path length in this study are consistent
with a proportional relation between time delays normal-
ized by path length and the differential strain rate of the
high strain rate zone estimated previously. The variation
in the stressing rate is estimated from using the propor-
tional relation between time delays normalized by path
length and differential strain rate, giving 2.3 kPa/year,
which is close to the variation estimated from GPS obser-
vations. The variation in the stressing rate in the brittle
upper crust is, therefore, a main cause of the variation in
the stressing rate on the surface.
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