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Abstract

We conducted high-resolution reflection analysis of data from 168 seismic stations with an average spacing of

about 5 km, in northern Kinki district, southwestern Japan. Reflection analysis has previously been conducted in this
region, assuming a homogeneous horizontal structure, resulting in an inclined planar zone of high relative reflection
strengths (S-wave reflector). However, if the reflector is actually inclined, the location of the S-wave reflector differs
from that of an assumed homogeneous horizontal structure. Hence, this study conducted high-resolution reflection
analysis to determine the accurate location of the S-wave reflector. We confirm the previously reported S-wave reflec-
tor (reflector W). Furthermore, we detected the accurate location of the S-wave reflector and obtained more detailed
results that revealed a second S-wave reflection structure (reflector E) to the east of reflector W, in an area that has not
be imaged by previous studies. The northern edges of reflector E and reflector W are located near different hypocen-

Manten system

tral areas of deep low-frequency earthquakes (DLFs). Reflector W exists along the Kyoto Nishiyama fault zone, and
its position appears to change along the fault zone as it deepens. Similarly, reflector E exists along the Hanaore and
Biwako Seigan fault zones and its position appears to change along these fault zones. The reflector W and reflector
E are imaged as separate S-wave reflectors in deeper regions, but they coalesce in shallower regions. According to
previous studies, crustal fluid by dehydration from the Philippine Sea plate exists near these epicenters and we infer
that this crustal fluid causes DLFs and forms S-wave reflectors.

Keywords: Reflection analysis, Lower crust, Fluid, Niigata-Kobe Tectonic Zone, Deep low-frequency earthquakes,

Introduction

Beneath the island arc of southwestern Japan, the Phil-
ippine Sea plate subducts to the northwest (Hirose et al.
2008) (Fig. 1a). Various interesting phenomena occur at
this boundary, such as non-volcanic deep low-frequency
earthquakes (DLFs) (Obara 2002). DLFs are categorized
based on their location, and the DLFs that are located
far from plate boundaries and active volcanoes are iso-
lated intraplate DLFs (Aso et al. 2012). Isolated interplate
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and indicate if changes were made.

DLFs often occur in the northern Kinki district, where
these are isolated intraplate DLFs, as there are no active
volcanoes.

This area is part of the Niigata—Kobe Tectonic Zone
(NKTZ), identified as a zone with high strain rates
(Sagiya et al. 2000). Iio et al. (2002) proposed the water-
weakened lower crust model, which explains that strain
rates are high in the NKTZ. According to Iio et al. (2002),
the lower crust was weakened by accumulating fluid rose
from the mantle. Therefore, deformation concentrated
at the NKTZ, and the strain rate observed at the surface
was increased.
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Fig. 1 Seismic stations and hypocenters used in this study and example of waveform on transverse component at DPYGI. a Gray dots represent
hypocenters. Red and green triangles represent temporary and permanent seismic stations, respectively, of Kyoto University, AIST, NIED, and JMA.
Blue stars represent hypocenters of deep low-frequency earthquakes (DLFs). Black lines indicate the location of active faults. Green lines show

the depth contours of the upper boundary of the Philippine Sea plate reported by Hirose et al. (2008). b In the inset map, the black star and circle
represent the hypocenter of a M2.0 earthquake on March 8, 2010, and seismic station (DPYGI), respectively. This waveform is unfiltered by a 5-8-Hz

band-pass filter

Microearthquake activity occurs continuously in this
district, in particular to the north of the Arima-Takat-
suki Tectonic Line (Ilio 1996). Waveforms of microearth-
quakes that occur in this district show distinct reflected
S-waves (Katao 2002) (Fig. 1b). Katao et al. (2007) con-
ducted reflection analysis and estimated the distribution
of S-wave reflection points using data observed at 10
permanent stations. They found a planar distribution of
S-wave reflection points inclining northward at a depth
of 20-30 km, but the detailed shape of the S-wave reflec-
tor was unknown. Aoki et al. (2016) conducted high-
resolution analysis using data from 128 seismic stations
with an average spacing of about 5 km and found that the
S-wave reflector was inclined to the north, and that iso-
lated intraplate DLFs occur near the edge of the S-wave
reflector. The relationship between DLFs and fluid has
been previously studied (Ohami and Obara 2002), and
Aoki et al. (2016) proposed that the reflector is the fluid
path, and that isolated intraplate DLFs are related to the
fluid.

Aoki et al. (2016) conducted reflection analysis, assum-
ing a homogeneous horizontal structure, but in the cur-
rent study the estimated S-wave reflector is inclined. If
the true reflector is inclined, then true locations of reflec-
tion points will differ from those obtained assuming a
homogeneous horizontal structure, since locations of
reflection points will differ from those obtained assum-
ing a homogeneous horizontal structure. Hence, the
purpose of this study is to detect the accurate location
of the S-wave reflector using a modified version of the
method of Aoki et al. (2016) investigating the relationship
between the inclined S-wave reflector and DLFs.

Data and method

In this study, we used waveforms from 168 seismic sta-
tions, 61 of which are permanent and 107 are temporary.
The temporary seismic stations have been operating since
2009, using a next-generation seismometer system called
the “Manten system,” which has a sampling frequency
of 250 Hz (Miura et al. 2010; Iio 2011). We used earth-
quakes of magnitude (M) greater than 2.0 that occurred
in this area between February 2009 and December 2013.
We modified the method used by Aoki et al. (2016) and
conducted high-resolution reflection analysis considering
the effect of an inclined S-wave reflector.

In this analysis, we converted the two horizontal com-
ponents to the transverse direction and applied a 5-8-
Hz band-pass filter to match the dominant frequency
of the reflected wave. We corrected amplitudes by the
attenuation factor Q. of coda waves and applied coda
normalization (Aki 1980) to correct relative reflection
strengths. We derived Q¢ in a window 25-28 s after
the origin time, because the seismic waveforms did
not include large phase and we do not use the seismic
waveforms that direct S-wave is included in window
25-28 s. Next, we conducted normal move-out correc-
tion (NMO) (Inamori et al. 1992) assuming an S-wave
velocity of 3.5 km/s. However, a single velocity resulted
in depth errors when we carried out depth conversion.
Hence, we used the root-mean-square S-wave velocity
(Vrms) of the JMA2001 velocity structure (Ueno et al.
2002) to determine the depth error. The Vs between
the ground surface and a depth of 34 km, corresponding
to the lower end of the S-wave reflector, is calculated
as 3.661 km/s, and the Vyys between the ground sur-
face and a depth of 22 km, corresponding to the upper
end of the S-wave reflector, is calculated as 3.502 km/s.
From these results, we estimated the depth error to be
about 0.002 km at the upper end of the S-wave reflec-
tor and at about 1.61 km at the lower end of the S-wave
reflector, when the travel time is 20 s. Because both the
depth errors and the velocity differences from Vpyg
for the reflectors at the depths of 22 km and 34 km are
small, we think that a simplified S-wave velocity struc-
ture with a constant value of 3.5 km/s is appropriate.

To detect the three-dimensional distribution of rela-
tive reflection strengths, we used the three-dimensional
stacking method (Doi and Nishigami 2007) and set X-,
Y-, and Z-axes as latitude, longitude, and vertical direc-
tions, respectively. The size of the study area is 300 km
along the X-axis, 300 km along the Y-axis, and 60 km
along the Z-axis. We set the origin of the coordinates
as the point (35.2°N, 135.7°E). The area was divided into
2,400,000 grid cells with an interval of 1.5 km along the
X- and Y-axes and 1 km along the Z-axis. We detected
the relative reflection strength for each grid cell, follow-
ing the method of Aoki et al. (2016).

The following improvements were made to the meth-
odology of Aoki et al. (2016):
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1. We increased the number of seismometers used in
the analysis from 128 to 168.

2. Aoki et al. (2016) worked with data from earthquakes
for which reflection waves are visually detectable,
whereas we used all earthquakes greater than M2.0.

3. Aoki et al. (2016) used a constant Q. value, but we
calculated Q values for each waveform.

4. We took account of the height of stations when cal-
culating reflection points.

5. We assumed an inclined stratification structure and
changed an angle of the inclined structure so that the
angle of the estimated S-wave reflector is the same
as that of the assumed inclined structure, in order to
detect accurate reflection points.

When we changed the inclined angle, we assumed that
the strike and dip directions of the reflector were E-W and
north, respectively, following Aoki et al. (2016).

Results and discussion

Inclined angle

In this study, we projected relative reflection strengths onto
cross sections shown in Figs. 2, 3, 4, and 5. When the rela-
tive reflection strength in the grid cell is greater than the
average relative reflection strength estimated by coda nor-
malization, the relative reflection strength is greater than
1. We evaluated the accuracy of the relative reflection
strength by the number of data points, which is related to
the number of rays passing through the grid. The number
of data points is computed as the number of samples in
waveform envelopes assigned to a grid cell by NMO cor-
rection. For example, if an S-wave entered a grid cell ver-
tically, the grid includes about 71 data points, because
the sampling frequency of the Manten system is 250 Hz,
the vertical grid cell size is 1 km, and the S-wave veloc-
ity is assumed to be 3.5 km/s. Aoki et al. (2016) calculated
standard errors in each grid cell and found that relative
reflection strengths are sufficiently accurate if the number
of data points is greater than 10,000. This is equivalent to
S-waves entering the grid cell at least 141 times. There-
fore, we only discuss results for which the number of data
points is greater than 10,000. These ranges are enclosed
by blue lines in each figure. Furthermore, we only discuss
results obtained below a depth of 20 km because the effect
of direct S-waves that could not be removed caused high
relative reflection strengths.
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Blue stars in each figure indicate hypocenters of DLFs
determined by Japan Meteorological Agency (JMA) occur-
ring in this region between 2000 and 2013. The DLFs
shown in each figure are located within 5 km of each sec-
tion. There are five hypocentral regions of DLFs near fault
zones where earthquakes of M7 or >M?7 class can occur
(the Headquarters for Earthquake Research Promotion
(HERP) 2003, 2005, 2009) (Fig. 1), and the most active DLF
hypocentral area is S1. Aoki et al. (2016) found that the
northern edge of the S-wave reflector is close to S1.

Aoki et al. (2016) assumed a horizontal stratification
structure and found that the remarkable S-wave reflector
was inclined. However, because the inferred reflector is
inclined, the deduced reflecting points of the seismic waves
and the location of the S-wave reflector possibly differ
from reality. Therefore, we assumed an inclined stratifica-
tion structure of constant inclination, and we changed the
angle of inclination to precisely detect the location of the
S-wave reflector (Fig. 2). In this study, we define an S-wave
reflector as a continuous planar body with relative reflec-
tion strengths greater than 1.2. Relative reflection strengths
greater than 1.2 are distributed continuously above S2 and
S3. This series of high relative reflection strengths may have
the same inclined angle.

If an inclined S-wave reflector is continuous, the assumed
angle of inclination is regarded as the real angle of inclina-
tion when the assumed angle is equal to an inclined angle
of the estimated S-wave reflector. Then, the position of the
reflector should be determined more accurate. We focused
on the S-wave reflector near S1 and varied the assumed
angles of inclination in steps of 5° from 0° to 20°. When
we assumed 15°, the assumed inclined angle was equal to
the inclination of the estimated S-wave reflector. We con-
clude that the inclined angle of the S-wave reflector near S1
is 15°. We also found that the inclined angle of the S-wave
reflector near S2 is 15°. The remaining results reported
were obtained when we assumed an inclined angle of 15°.
We call the S-wave reflector reported by Katao et al. (2007)
and Aoki et al. (2016) “reflector W, and the S-wave reflec-
tor that exists on the east side of reflector W, “reflector E”
If these S-wave reflectors are stair-shaped, in perspective
they may be imaged as inclined at 15°.

We assumed an inclined stratification structure and
obtained more detailed results than Aoki et al. (2016). We
found that reflector E is situated in an area that Aoki et al.
(2016) were unable to image. In this study, we found that

(See figure on next page.)

Fig. 2 Relative reflection strengths of an inclined stratification structure along NS vertical cross section. Reflection strengths take account of
inclined angles (0°, 5°,10° 15°, and 20°). The color scale and plane locations are shown on the middle left. Blue stars represent hypocenters of deep
low-frequency earthquakes (DLFs). Hypocenters occurring within 5 km of each plane are plotted. Black lines represent active faults. The assumed
angle of inclination is shown at the upper left-hand side in each panel. Blue lines indicate area in which the number of data points assigned to each
grid cell exceeds the threshold value of 10,000. We consider that relative reflection strengths within the blue lines are sufficiently accurate
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Fig. 3 Relative reflection strengths on horizontal cross section [depth =24, 26, 28, 30, 32, 34 km]. The blue line shows areas in which there are more
than 10,000 samples per grid cell. Black lines represent active faults. White squares represent hypocentral areas projected on the surface [S1, S2, S3,
S4,and S5]. Hypocenters of DLFs are plotted regardless of their depth. The names of the fault zones [Kyoto Nishiyama, Hanaore, and Biwako Seigan]
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reflector W near S1 exists within a range of Y=—35 km to
Y=—10 km and within a depth range of 34—24 km. Fur-
thermore, reflector E near S2 and S3 exists within a range
of Y=—30 km and Y=5 km and within a depth range of
34-24 km.

When we changed the assumed angle of inclination in
the vertical cross section of Y= —11.25 km, high relative

reflection strengths in the shape of a pillar were imaged
(Fig. 2(I) angle=15°). These are probably ghosts that are
imaged when changing the assumed angle of inclination.

S-wave reflectors and DLFs
We show results for horizontal sections at depths every
2 km in Fig. 3. The position of the inclined reflector W
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with its northern edge near S1 is (X, ¥)=(0, —40) at a
depth of 24 km. The position of reflector W near S1
appears to progress northwestward as it deepens, and
the relative reflection strengths decrease below 1.2 near
S1. In contrast, the position of reflector E near S2 and S3
progresses in a northeastward as it deepens. The relative

reflection strengths also decrease and approach 1.2 near
S2 and S3.

Hypocentral areas S1, S2, and S3 and reflector E and
reflector W are near active fault zones. S1 and reflec-
tor W are near the Kyoto Nishiyama fault zone. Reflec-
tor E is near both S2 and S3: S2 is in the vicinity of the
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Hanaore fault zone, and S3 is near the Biwako Seigan
fault zone (Fig. 3). The inclined reflector W, near S1,
and reflector E, near S2 and S3, are imaged in differ-
ent places in deeper regions, but both S-wave reflec-
tors are imaged and connected at (X, Y)=(0, —20) at
a depth of 26 km. In brief, they are imaged as separate
S-wave reflectors in deeper regions, but coincide in
shallower regions.

We show results for N-S vertical cross sections in
Fig. 4. The traverse line shown in Fig. 4a is located near
S1. We confirm the inclined S-wave reflector reported
by Katao et al. (2007) and Aoki et al. (2016). How-
ever, while Aoki et al. (2016) reported that the north-
ern edge of the inclined S-wave reflector with relative
reflection strength greater than 1.3 is located within
5 km of S1, we found that it is much further than
10 km from S1. Reflector W, with relative reflection
strength between 1.2 and 1.3, extends to S1 at the same
angle from the S-wave reflector with relative reflection
strength greater than 1.3. In Fig. 4b the same reflector
W is confirmed. The traverse line B—B' is located near
S4. Relative reflection strengths are high, but details
cannot be resolved because this region overlaps with
the area where direct S-waves that cannot be removed
cause high relative reflection strengths. In Fig. 4a and
b, relative reflection strengths are higher than 1.3 only
on the south side of Y=—20 km. Reflector W, near
S1, is coincident with reflector E near S2 and S3 at
Y=—20 km. This is confirmed by results in the hori-
zontal section. Relative reflection strengths increase in
the place where S-wave reflectors near different hypo-
central areas of DLFs are combined.

Figure 4d illustrates reflector E near S2 and S3. The
shape of reflector E is not clearer than that of reflector
W near S1. S2 is at the northern edge of reflector E.
High relative reflection strengths exist near S5. It can
also be seen in Fig. 4e relative reflection strengths are
high near S3.

We show results for E-W vertical cross sections
in Fig. 5. In Fig. 5a, we show that relative reflection
strengths near S1 extend in E-W direction, and rela-
tive reflection strengths are high near S2. In Fig. 5b, we
show that reflector E near S2 and S3 extends in E-W
directions. In Fig. 5c—e, we show reflector W near S1.
In Fig. 5¢, we show that reflector W near S1 spreads
from X=— 15 km to X=0 km, and reflector E near S2
and S3 spreads from X=5 km to X=20 km. Differ-
ent S-wave reflectors are imaged as a common S-wave
reflector on traverse lines D-D’ and E-E’ of the south
side from the traverse line C—C’. When we change the
position of the traverse line to the south, the depth of
the common S-wave reflector becomes shallower.
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Mechanism causing DLFs in the study area

Isolated intraplate DLFs occur under the hypocentral
area of the 2000 western Tottori earthquake. Tomog-
raphy of this region (Zhao et al. 2000) suggests that the
hypocentral area of DLFs is located at the edge of a low-
velocity zone. This low-velocity zone is thought to result
from the existence of fluid dehydrated from the slab
(Zhao et al. 2000). Ohami and Obara (2002) studied focal
mechanisms of DLFs and suggested that the focal mecha-
nism of this DLF indicates a single force source mecha-
nism, which suggests the transport of fluid such as water.
They consider that DLFs occur, resulting in fluid pouring
into faults.

The hypocenter of DLFs in this study is located near
active faults, and the DLFs in the S1 and S3 occur in
almost directly above the Moho discontinuity at a depth
of 30-35 km in this region (Ueno et al. 2008). Tomogra-
phy suggests the existence of a low-velocity zone in the
lower crust (Nakajima and Hasegawa 2007). From the
fact that the Philippine Sea plate is subducting in this
region to at least 50 km in depth (Hirose et al. 2008),
Nakajima and Hasegawa (2007) considered that this low-
velocity zone may imply the existence of fluid dehydrated
from the plate in the lower crust. It is possible that the
fluid generates DLFs in this region, in a similar way to
that under the hypocentral area of the 2000 western Tot-
tori earthquake.

Further evidence of fluid in this region is found in the
study of helium isotope ratios in the northern Kinki dis-
trict, southwestern Japan (Umeda et al. 2007; Sano and
Nakajima 2008). 3He is scarce in the Earth’s crust, but
abundant in the mantle, whereas the situation is reversed
for *He; hence, high helium isotope ratios imply a man-
tle source for material. Studies of helium isotope ratios
(Sano and Nakajima 2008; Umeda et al. 2007) indicate
that the helium isotope ratio is high around S3, which
indicates the existence of materials passed through the
mantle under the hypocenter of S3. The results of tomog-
raphy and helium isotope ratios may imply the existence
of fluid dehydrated from the subducting Philippine Sea
plate in the lower crust.

Results of helium isotope ratios and tomography lead
us to believe that DLFs that occur in S2 and S3 are related
to fluid dehydrated from the subducting Philippine Sea
plate. Reflector E near S2 and S3 may correspond to this
fluid, because relative reflection strengths are high under
the area with a high helium isotope ratio and around
the hypocentral area of DLFs (S3). Reflector W near S1
may also be related to the fluid, because reflector W near
S1 unites with reflector E near S2 and S3. Fluid may be
injected through the DLFs hypocentral area from the
mantle to the lower crust. The fact that the isolated DLFs
occur in S1, S2, and S3 may imply that fluid is injected
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through the hypocentral areas of the DLFs. We consider
that the S-wave reflectors may represent the fluid that
exists along fractures generated by faulting. However,
that physical process has not been investigated in detail.
Results suggesting the existence of fluid under the active
fault in the lower crust are in accordance with the water-
weakened lower crust model proposed by Iio et al. (2002).

Conclusion

We conducted high-resolution reflection analysis,
accounting for inclined angles of S-wave reflectors in the
northern Kinki district, southwestern Japan. We detected
the inclined angle and location of reflector W near S1 as
reported in previous studies (Katao et al. 2007; Aoki et al.
2016). We found reflector E near S2 and S3. This reflector
has the same angle as reflector W near S1. These S-wave
reflectors exist above the Moho discontinuity and appear
as different reflectors in deeper regions, but coalesce in
shallower regions. According to tomography and helium
isotope ratios, we consider that these S-wave reflectors
are formed from fluid dehydrated from the Philippine
Sea plate. DLFs occur when this fluid is injected through
hypocentral areas of DLFs from the mantle to the lower
crust.
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