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We estimated three-dimensional seismic velocity structure in and around the Philippine Sea plate
subducting beneath southwestern Japan by applying the double-di#erence tomography method to
arrival time data of earthquakes obtained by the dense nationwide seismic network (Kiban-network).
A low S-wave velocity and high Vp/Vs layer shallowly dipping toward the subduction direction of the
slab and several km thick has been clearly imaged at locations immediately above the top of intraslab
seismicity in a wide area from Tokai to Kyushu. Comparison with the location of the upper surface of
the Philippine Sea slab estimated from seismic refraction surveys at four survey lines shows that this
low S-wave velocity and high Vp/Vs layer corresponds to the crust of the Philippine Sea slab. This
indicates that many of intraslab earthquakes are occurring in the slab mantle, suggesting that the
location of the upper plate interface previously estimated only from spatial distribution of intraslab
seismicity is not correct. Based on the presently obtained location of the low S-wave velocity and high
Vp/Vs layer and hypocenter distribution of relocated intraslab earthquakes, we estimated the config-
uration of the upper surface of the Philippine Sea slab in the whole area of southwestern Japan.
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Fig. 1. Map of southwestern Japan. Rectangles a through e show the study areas. Red triangles denote
active volcanoes. Red crosses denote non-volcanic deep low-frequency earthquakes [Obara (2002)],
and pink circles denote long-term slow slip events [Hirose et al. (1999), Ozawa et al. (2001, 2002),
Miyazaki et al. (2006)]. Seismic refraction survey lines [Kodaira et al. (2000, 2002, 2004), Ito et al.
(2005)] are shown by black lines. Depth contours of the slab Moho imaged by receiver function
analyses [Yamauchi et al. (2003) and Shiomi et al. (2004)] are shown by green lines and purple lines
with an interval of 10 km, respectively. The Japan Median Tectonic Line is shown by golden line.
Areas enclosed by blue lines represent the expected source region of the Tokai earthquake [the
Central Disaster Management Council (2001)], the Tonankai earthquake and the Nankai earthquake
[the Headquarters for Earthquake Research Promotion (2001)]. Areas enclosed by orange lines
denote the estimated asperities or locked zone [Wald and Somerville (1995), Matsumura (1996),
Yagi et al. (1998)]. Arrow shows direction of plate motion of the Philippine Sea plate relative to the
land plate [Wei and Seno (1998), Heki and Miyazaki (2001)].
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Fig. 2. Epicenter distribution of earthquakes (color dots) and seismograph stations (solid inverted
triangles) used for double-di#erence tomography. Colors indicate the depth of hypocenters
according to the color scale on the top left. Blue broken lines show the locations of vertical cross
sections 1 through 28 shown in Figs. 3, 4 and 5. Red broken lines denote the locations of seismic
refraction survey lines A through D. Other symbols are the same as those in Fig. 1.

Table 1. Data sets used in this study and the reduction of root-mean-square (RMS) residuals of travel
times.

Area a b c d e

Number of Events 16,573 15,619 13,960 12,598 15,323
Number of Stations 198 151 98 74 116
Number of absolute
travel times

P 352,918 325,147 270,216 203,553 317,328
S 344,848 327,204 262,814 210,394 308,111

Number of di#erential
travel times

P 3,624,536 3,267,728 3,011,370 2,195,998 2,948,660
S 3,580,950 3,229,343 2,836,181 2,329,858 2,996,051

RMS residuals of travel
times (s)

P 0.12�0.09 0.10�0.07 0.10�0.06 0.12�0.10 0.14�0.11
S 0.23�0.13 0.21�0.11 0.21�0.11 0.23�0.15 0.28�0.18
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Fig. 3. Vertical cross sections of S-wave velocities (Vs) along the lines 1�28 in Fig. 2. Presently
estimated location of the plate boundary is shown by red lines. Black crosses denote earthquakes
relocated by the double-di#erence tomography. Red crosses denote non-volcanic deep
low-frequency earthquakes [Obara (2002)]. Gray line denotes land area. Brown and pink lines
denote the surface locations of the estimated locked zone or asperities [Matsumura (1996), Yagi et
al. (1998)] and long-term slow slip events [Ozawa et al. (2002)], respectively. Blue lines denote the
expected source region of the Tonankai earthquake and the Nankai earthquake [the Headquarters
for Earthquake Research Promotion (2001)]. Red triangles denote active volcanoes. Open triangles
denote the Japan Median Tectonic Line. Black thin lines represent DWS [Thurber and
Eberhart-Phillips (1999)] is equal to 500. Rectangles on the panels from 18 to 25 show the area
magnified in fig. 10.
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Fig. 3. Continued
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Fig. 4. Vertical cross sections of CRTs for Vs along the lines from 1 to 28 in Fig. 2. Other symbols are
the same as those in Fig. 3.
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Fig. 4. Continued
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Fig. 5. Vertical cross sections of Vp/Vs along the lines from 1 to 28 in Fig. 2. Other symbols are the
same as those in Fig. 3.
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Fig. 5. Continued
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Fig. 6. Vertical cross sections of (a) P-wave and
(b) S-wave velocities, (c) Vp/Vs ratio, and (d)
CRTs for S-wave velocity, along the line A
in Fig. 2. The color or black and white
scale is shown at the bottom right in each
figure. Solid black lines denote the plate
boundary estimated by the seismic
refraction survey [Kodaira et al. (2004)].
Red line in (c) shows presently estimated
location of the plate boundary. Broken
lines denote the island arc Moho [Kodaira
et al. (2004)]. Red broken line in (a) denotes
velocity contour of 7.0 km/s estimated in
this study. Blue crosses in (d) denote grid
points adopted in the inversion. Other
symbols are the same as those in Fig. 3.

Fig. 7. Vertical cross sections of (a) P-wave
and (b) S-wave velocities, (c) Vp/Vs ratio,
and (d) CRTs for S-wave velocity, along the
line B in Fig. 2. Solid black lines denote the
plate boundary and broken lines denote
another reflection plane estimated by the
seismic refraction survey [Ito et al. (2005)].
The slab Moho imaged by receiver
function analysis [Yamauchi et al. (2003)] is
shown by green lines. Other symbols are
the same as those in Fig. 3.
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Fig. 8. Vertical cross sections of (a) P-wave
and (b) S-wave velocities, (c) Vp/Vs ratio,
and (d) CRTs for S-wave velocity, along the
line C in Fig. 2. Solid black lines denote the
plate boundary and the slab Moho
estimated by the seismic refraction survey
[Kodaira et al. (2002)]. Broken lines denote
the island arc Moho [Kodaira et al. (2002)].
The slab Moho imaged by receiver
function analysis [Yamauchi et al. (2003)
and Shiomi et al. (2004)] are shown by
green lines and purple lines, respectively.
Other symbols are the same as those in
Fig. 3.

Fig. 9. Vertical cross sections of (a) P-wave
and (b) S-wave velocities, (c) Vp/Vs ratio,
and (d) CRTs for S-wave velocity, along the
line D in Fig. 2. Solid black lines denote the
plate boundary and the slab Moho
estimated by the seismic refraction survey
[Kodaira et al. (2000)]. Broken lines denote
the island arc Moho [Ikami et al. (1982),
Kodaira et al. (2000)]. Other symbols are
the same as those in Fig. 8.
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Fig. 10. Vertical cross sections of S-wave velocities, distribution of P-axis (red or orange) and T-axis
(blue or light blue) of focal mechanisms derived from the first motion data, for the rectangles on
the panels from 18 to 25 in Fig. 3. P and T axes of focal mechanisms newly determined in this
study are shown by orange and light blue lines, respectively, while those determined by the JMA
are shown by red and blue lines, respectively. Other symbols are the same as those in Fig. 3.
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and iso-depth contours of 60�200 km are taken from Nakajima and Hasegawa (2007), in which the
upper boundary of the Philippine Sea slab is estimated from seismic tomography. Blue crosses
denote non-volcanic deep low-frequency earthquakes [Obara (2002)]. Other symbols are the same as
those in Fig. 1.
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Fig. 13. Vertical cross sections of P-wave and S-wave velocities, and Vp/Vs ratio, distribution of P-axis
(red or orange) and T-axis (blue or light blue) of focal mechanisms derived from the first motion
data, along (a) the line a and (b) the line b in the inset map. Solid black lines on the top denote the
estimated locked zone [Matsumura (1996)]. Red lines show presently estimated location of the plate
boundary. Blue crosses denote non-volcanic deep low-frequency earthquakes [Obara (2002)].
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