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Onshore-offshore seismic transect from the eastern Nankai Trough to central
Japan crossing a zone of the Tokai slow slip event
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In the summer of 2001, an onshore-offshore integrated seismic survey was carried out along a 485 km long
profile crossing the eastern Nankai Trough and central Japan from the western edge of the Izu island arc. Seismic
velocity and reflectivity images show ongoing subduction of repeated ridges. Two ridges are clearly resolved,
the Paleo Zenisu-south ridge and -north ridge located between the Nankai Trough and central Japan. The two
subducting ridges are 12 km thick by 40 km wide, and 20 km thick by 60 km wide, respectively. We propose that
the north ridge may have prevented the eastward propagation of co-seismic slip during the 1944 earthquake due to
strong coupling. Highly reflective subducting oceanic crust is imaged at 25–45 km depth beneath central Japan,
and has a 2 km high dome structure at 30–40 km depth, indicating an even deeper ridge structure. This highly
reflective subducted oceanic crust overlaps with the high Poisson’s ratio zone imaged in a seismic tomography
study. From these relations, we propose that the Tokai silent slip can be attributed to a high pore pressure zone,
which significantly extends the conditionally stable region at the top of the subducted crust.
Key words: Nankai Trough, seismic imaging, subduction zone, slow slip, earthquake.

1. Introduction
The Nankai Trough is an active subduction zone where

the Philippine Sea Plate subducts beneath the Japanese is-
land arc. The convergence rate at the Nankai Trough is
estimated to be 43–46 mm/yr from earthquake mechanism
studies with geological constraints (Seno et al., 1993). Re-
cent continuous Global Positioning System (GPS) data have
revealed an eastward decrease in the convergent rate along
the Nankai Trough, from more than 50 mm/yr in the west to
less than 30 mm/yr in the east (Heki and Miyazaki, 2001).
The Nankai Trough is a unique subduction zone because

of the long historical record available that provides detailed
information on the recurrence intervals and segmentation of
the rupture zones of magnitude eight class earthquakes. The
recurrence intervals of these events are estimated to be 100–
150 years, based on historical data that traces back to as
early as the seventh century (Ando, 1975; Sangawa, 1998).
Although the recurrence interval is fundamental informa-
tion for understanding the earthquake process, the spatial
distribution of slip is also represents an important because
it shows systematic variations (e.g., Ando, 1975). All four
segments shown in Fig. 1 have slipped with one or two suc-
cessive events, except for the easternmost segment (segment
D, hereafter referred to as the Tokai segment). For exam-
ple, the 1707 Hoei earthquake ruptured the entire Nankai
Trough from the western end of the trough to the Tokai
segment, whereas the 1854 Ansei earthquakes, which were
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two successive events (Ansei I and II) with a two day in-
terval, ruptured pairs of segments: C–D and A–B, respec-
tively. The most recent events were the 1944 Tonankai and
1946 Nankai earthquakes. The 1946 Nankai earthquake
ruptured segment A–B, which is the same segment as the
Ansei II event, whereas the slip of 1944 Tonankai earth-
quake only extended across segment C. Consequently, the
Tokai segment has not been ruptured since 1854 (Ando,
1975; Tanioka and Satake, 2001a; Kikuchi et al., 2003).
Although much debated, several seismological studies have
suggested a large earthquake may occur in the Tokai seg-
ment in the near future (Ando, 1975; Ishibashi, 1976).
Recent progress with modeling tsunami and seismic

waveforms has significantly improved our knowledge of the
co-seismic slip distribution of the 1944 Tonankai and 1946
Nankai earthquakes (Tanioka and Satake, 2001a, b; Baba
et al., 2002; Cummins et al., 2002; Kikuchi et al., 2003;
Baba et al., in press). According to Tanioka and Satake
(2001b) and Baba et al. (2002), the slip of the 1946 event
was not distributed uniformly in the segments, but extended
over the entire area of segment B while only propagating
in the deeper part of segment A. A study of sub-events of
the 1946 event (Cummins et al., 2002) also showed that the
rupture started offshore of the Kii peninsula near the up-
dip end of segment B and propagated westward along the
down-dip limit of segment A. For the slip distribution of
the 1944 event, both tsunami wave (Tanioka and Satake,
2001a; Baba et al., in press) and seismic wave (Kikuchi et
al., 2003) modeling studies clearly showed that the slip of
the 1944 event propagated across the entire segment C, with
maximum slip at the center of the segment, but that no slip
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Fig. 1. Topographical map of central Japan and the location of the onshore-offshore wide-angle seismic profile. Stars and small circles indicate land
explosions and seismic stations, respectively. The red arrows indicate estimated slow slip at the subduction interface (Ozawa et al., 2002). Four
segments, A–D, indicate rupture zones complied from historic earthquake data (Ando, 1975). Grey squares indicate the slip distribution of the 1944
Tonakai and 1946 Nankai earthquakes determined from tsunami wave inversion (Tanioka and Satake, 2001b; Baba et al., in press). Black contours
indicate the slip distribution of the 1944 Tonankai earthquake determined from strong ground motion data (Kikuchi et al., 2003). The dotted blue
line indicates the seaward limit of the back stop of the present day accretionary system proposed by Nakanishi et al. (2003). Bathymetry data were
compiled by the Hydrographic Department, Japan Maritime Safety Agency. NAP, North American Plate; PP, Pacific Plate; EP, Eurasian Plate; PSP,
Philippine Sea Plate. The Kyusyu-Palau ridge and the Kinan seamount chain are located at the center and the western edge of the Shikoku basin,
respectively. The area between J2 and T6 is referred to as the central mountain range.

extended into the Tokai segment, at least for the off-shore
part of the Tokai segment.
An important result from these studies is that the max-

imum slip of both events is estimated to have been near
4 m, which is comparable to the plate subduction rate
for the inter-seismic period between the 1854 events and
the 1944/1946 events. Geodetic studies using GPS data
(Mazzotti et al., 2000; Heki and Miyazaki, 2001) obtained
consistent results for the present inter-seismic period fol-
lowing the 1944/1946 events. Although they have a low
resolution in the offshore part of the Nankai Trough because
they used land GPS data, Mazzotti et al. (2000) concluded
there is almost 100% inter-seismic coupling between 15–24
km depth at present in the central Nankai. In the deeper
part of the inter-seismic coupled zone, recent dense GPS
data have revealed a remarkable aspect of the slip in the
Tokai segment. Ozawa et al. (2002) detected an aseismic
slow slip, which corresponded to a magnitude of 6.8, over
18 months in 2001 at 20–30 km depth in a 60× 60 km area

in the Tokai segment.
Even though a spatial correlation between the segments

of the slip zone and the forearc basins along the strike of the
Nankai Trough has been suggested (Sugiyama, 1996; Wells
et al., 2003), the cause of the segmentation had remained
an unsolved question before precise subduction structures
were recently obtained. There have been many efforts in
imaging subduction structures around the Nankai Trough
in central Japan since the 1980s. Around the up-dip limit
of the co-seismic slip zones, seismic reflection studies have
successfully imaged structures that were interpreted to be
related to co-seismic/inter seismic slip processes. Seismic
reflection images acquired around the deformation front
showed that a decollement steps down to the top of sub-
ducted oceanic crust 30–40 km from the trough axis (Moore
et al., 1990; Taira et al., 1991). This step down of the
decollement is believed to be attributed to the up-dip end of
the inter-seismic coupled zone; i.e. stable slip occurs along
the decollement at depths shallower than the step down. Re-
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cently Park et al. (2002) also found from seismic reflection
data, a steeply landward dipping splay fault at the up-dip
end of the co-seismic slip region of the 1944 event. Baba
et al. (in press) proposed that slip on the splay fault that
reached the sea floor might have had a strong effect on the
generation of tsunami.
Several wide-angle seismic studies have been carried out

in the Nankai subduction zone (e.g., Kinoshita and Mat-
suda, 1989; Nishizawa and Suyehiro, 1989; Nishisaka et
al., 1997; Nakanishi et al., 1998, 2002a, 2002b; Kodaira et
al., 2000a; Iidaka et al., 2003). These mainly studies fo-
cused on imaging the geometry of the subducted crust as
well as the overriding crust, however, they did not address
the structural factors that control the segmentation of co-
seismic slip. As a result of advances in data acquisition
techniques, important structural studies concerning the co-
seismic slip distribution of the 1944 and 1946 event were
published recently (Kodaira et al., 2000b, 2002, 2003). At
the boundary between segments A and B, Kodaira et al.
(2000b) imaged a large subducted seamount, and Kodaira et
al. (2002) proposed that co-seismic slip that started offshore
of the Kii peninsula turned around at the landward foot of
the subducted seamount due to locally strong coupling at
the seamount; i.e., the subducted seamount functioned as a
seismic barrier at the segmentation boundary.
Previous studies focused on the seismic velocity struc-

tures of either the offshore part or the onshore part of our
profile (Kodaira et al., 2003; Iidaka et al., 2003). Struc-
ture at the oceanic crust-island arc transition has thus, not
been resolved, even though this would provide key infor-
mation for understanding the earthquake rupture process.
The purpose of this study is, therefore, to map the crustal
transect from the incoming Philippine Sea plate to central
Japan, crossing the Tokai segment, by using newly pro-
cessed onshore-offshore wide-angle seismic data. The res-
olution and uncertainties of the structural model are also
discussed. The detailed implications of the transect for co-
seismic/inter-seismic slip are discussed in an accompanying
paper (Kodaira et al., 2004).

2. Tectonic Setting of the Eastern Nankai Subduc-
tion Zone

The incoming plate to the Nankai Trough, the northern
part of the Philippine Sea Plate, is composed of several geo-
logical units: the Sikoku Basin, the Kyusyu-Palau ridge, the
Kinan seamount chain, and the Izu-Bonin arc. The Sikoku
Basin is a north-south elongated basin between the Kyusyu-
Palau ridge and the Izu-Bonin island arc (Kobayashi et al.,
1995). Rifting between the Kyusyu-Palau ridge and the Izu-
Bonin island arc started at 30–27 Ma and continued until
15 Ma with an E-W direction during the rifting stage and a
NE-SW direction at the end of the spreading stage (Okino
et al., 1999). The Kinan seamount chain formed from post-
spreading off-ridge activity along the spreading axis of the
Shikoku Basin (Kobayashi et al., 1995; Sakamoto and Kim,
1999; Okino et al., 1999). En echelon seamount chains
trending NE-SW (cross-arc seamount chains) are also rec-
ognized at the western edge of the Izu-Bonin arc. The
Zenisu ridge is the northernmost member of these chains.
On the basis of ages determined from rock samples, the

cross-arc seamount chains were created after the spreading
of the Sikoku Basin ceased (Ishizuka et al., 1998). These
geological units on the incoming plate result in an age vari-
ation in the subducting plate along the Nankai Trough; i.e.,
it generally becomes older west and east of the spread-
ing center, which is located off the Kii peninsula. It has
been proposed on the basis of several seismological studies
that the variation in the age of the subducted oceanic crust
might contribute to the variation in seismic activity along
the Nankai Trough (e.g., Sugi and Uyeda, 1984; Shiono and
Sugi, 1985).
The eastern part of the Nankai Trough has a complicated

tectonic regime compared to the western part of the trough.
This is because the subducting crust has been affected by
the volcanic activity of the Izu-Bonin arc and is influenced
by the collision and subduction of the Izu-Bonin arc un-
der central Japan. Several thrust faults have been traced in
seismic images of the southern flank of the Zenisu ridge
(Aoki et al., 1982; Mazzotti et al., 2002; Takahashi et al.,
2002). These faults have been proposed to be the result
of the collision and to have resulted from crustal shorten-
ing/thickening processes. On the basis of this, Mazzotti et
al. (2002) suggested that the Zenisu ridge originally formed
from crustal shortening/thickening processes at an old frac-
ture zone. However, this idea cannot explain volcanic and
petrological observations. As described above, the rock
samples collected at the Zenisu ridge indicate volcanic ac-
tivity after the spreading of the Shikoku basin ceased, and
suggest the same origin as the cross-arc seamout chains at
the western edge of the Izu-Bonin arc (Yuasa, 1985; Naka-
mura et al., 1987; Ishizuka et al., 1998). It is more likely,
from both seismic and petrological evidence, that the north-
ernmost part of the cross-arc seamount system, the Zenisu
ridge, formed from volcanic activity and was overprinted by
the crustal shortening and thickening.
Another member of the cross-arc seamount system is pro-

posed to have been subducted beneath the Tokai segment.
Lallemand et al. (1992) suggested that the steeper slope of
the accretionary prism in the Tokai segment is related to
subduction of a ridge that is similar to the Zenisu ridge,
based on a comparison with analog sand-box modeling. Le
Pichon et al. (1996) supported this idea through modeling
gravity and magnetic data. They identified a large magnetic
body landward of the trough, and named it the Paleo-Zenisu
ridge. Le Pichon et al. (1996) also considered that the sub-
ducted Paleo-Zenisu ridge may be a key structure control-
ling earthquake processes in the Tokai segment.

3. Data Acquisition
From August to September 2001, the Japan Marine Sci-

ence and Technology Center (JAMSTEC), in cooperation
with the University of Tokyo, acquired integrated onshore-
offshore wide-angle seismic data along a 485 km profile
from the western edge of the Izu-Bonin arc to the coast
of the Japan Sea, crossing the Nankai Trough and central
Japan (Fig. 1). Mutichannel seismic (MCS) reflection data
were also acquired at a part of the profile (Fig. 1).
Along the offshore part of the profile seventy OBSs

were deployed with spacing of approximately 3 km for
acquiring wide-angle seismic data. Three of the OBSs



946 S. KODAIRA et al.: ONSHORE-OFFSHORE SEISMIC TRANSECT IN CENTRAL JAPAN

40 80 1200 160 200
0

4

8

12

T
 -

 D
/8

 (
s)

40 80 1200 160 200
0

4

8

12

T
 -

 D
/8

 (
s)

SENW OBS04

Distance (km)

Top of oceanic 
basement

Oceanic Moho

Refraction arrival

ZR
(a)

40 80-40 0-80-120
0

4

8

12

T
 -

 D
/8

 (
s)

40 80-40 0-80-120
0

4

8

12

T
 -

 D
/8

 (
s)

SENW OBS44

Distance (km)

Refraction arrival

Oceanic Moho
Top of oceanic 

basement

Oceanic Moho

ZR
(b)

Fig. 2. Examples of OBS record sections (upper panels) and calculated travel times from the final model superimposed on the observed data (lower
panels). A bandpass filter (5–20 Hz), a predictive deconvolution filter and an automatic gain control of 4 s were applied. The reduction velocity is 8
km/s. Horizontal axes indicate offset distance from the OBS. Only prominent reflection phases as well as first arrival refraction phases modeled in
this study are plotted in the lower panels. (a) OBS04, (b) OBS44, (c) OBS68. ZR; location of the Zenisu ridge.

were not recovered (OBS21, OBS31, OBS47) and two of
them did not recorded signals (OBS2, OBS51) because of
mechanical troubles. The OBS (4.5 Hz three-component
gimbal-mounted geophone and hydrophone, continuous
16bit digital recording with 100 Hz) used were designed by
Kanazawa and Shiobara (1994) and Shinohara et al. (1993).
For deep penetration of seismic energy, a large volume air
gun array (197 L) was fired every 100 m by JAMSTEC’s
research vessel Kaiyo. We acquired MCS data using a seis-
mic system mounted on another JAMSTEC research ves-

sel, Kairei (156-channel streamer with 25 m group spacing,
50 m shot interval using the same volume of air gun array
described above).
For the onshore part of the profile, six explosions were

shot. Charge sizes were 500 kg at J1, J2, J3, J4 and J5,
and 100 kg at T6. A total of 391 seismic stations were
deployed along the 262 km profile. 328 of the stations had
a vertical component sensor (2.2 Hz), while the 63 stations
deployed at the southern part of the profile had a three-
component sensor (4.5 Hz). The average spacing of the



S. KODAIRA et al.: ONSHORE-OFFSHORE SEISMIC TRANSECT IN CENTRAL JAPAN 947

04080120 0160200
0

4

8

12

T
 -

 D
/8

 (
s)

Distance (km)

04080120 0160200
0

4

8

12

T
 -

 D
/8

 (
s)

SENE OBS68

Refraction arrival

Oceanic Moho

Top of oceanic 
basement

ZR

Intra-crustal reflection

(c)

Fig. 2. (continued).

stations was 669 m. Sampling rate was 100 Hz at both types
of stations. Both the land stations and the OBSs recorded
signals from the land explosions, whereas signals from the
air gun array were recorded by the OBSs and some of the
land stations deployed at the southern part of the onshore
profile (approximately between J4 and the coast line). In
our previous studies (Iidaka et al., 2003; Kodaira et al.,
2003), we processed the onshore and the offshore parts of
the wide-angle data separately. In this study, we have newly
combined the onshore-offshore wide-angle data, including
land recordings of the air gun shots. These new data allow
us to image the onshore-offshore boundary, and to resolve
deeper structures.

4. Processing and Description of Wide-Angle Seis-
mic Data

4.1 Data processing
The onshore-offshore wide-angle seismic survey pro-

vides three types of record sections depending on the shot-
receiver pairs, i.e., a conventional type of offshore receiver
gather, a conventional type of the onshore shot gather, and
a receiver gather of air gun signal recorded by the land
stations. The third type of record was only obtained for
land stations deployed between approximately J4 and the
coast line, due to limitations of the recording memory. This
type of data is a critical for mapping the seismic struc-
tures around the coastline, and had been missing from the
previous studies that considered the onshore and offshore
data separately (Iidaka et al., 2003; Kodaira et al., 2003).
We also paid attention to the major secondary arrivals,
which were not used in the previous studies (Kodaira et al.,
2003). These provide useful information for determining
the crustal thickness more accurately.
For the signal from the airgun, we applied simple prepro-

cessing including a 5–20 Hz band-pass filter to increase the
signal to noise ratio, a predictive deconvolution filter to re-
duce reverberation after strong first and later arrivals, and an
4 s window automatic gain control to make the first arrivals
clear when we picked arrival times. For the land explosion
data, we only applied the 5–20 Hz band-pass filter and the
4 s window automatic gain control.
4.2 Air gun shot recorded by OBSs
Examples of the OBS record sections are shown in Fig. 2.

The quality of the data is generally high, except for the data
from the OBSs located around the Zenisu ridge (OBS36–
39). Clear first arrivals are observed up to the end of the pro-
file for most of the OBSs. The long offset first arrivals pro-
vide important information for deep structural imaging by
wide-angle seismic surveys. The topography of the Zenisu
ridge strongly affects the apparent velocity of the first ar-
rivals in the middle of the profile; i.e. the 2 s forward bend-
ing of the travel time over a 30 km wide corresponds to the
Zenisu ridge.
Due to the complicated topography and underground

structure, the character of the observed sections strongly
varies along the profile. For example, the data for the north-
ern part of the profile are characterized by slower apparent
velocity, less than 8 km/s, phases traced to 60 km offsets
(Fig. 2(a)), whereas in the middle of the profile slower ap-
parent velocity phases (less than 8 km/s) are only observed
to 20 km offsets (Fig. 2(b)). This implies a significant thick-
ening of the crust to the north. The data for the southern
part also show a longer observable range for the crustal re-
fraction phase (i.e. apparent velocity slower than 8 km/s),
however the apparent velocity of the crustal phase (10–60
km offset in Fig. 2(c)) is faster than the crustal phase ob-
served in the northern part (Fig. 2(a)). This may not only be
affected by topography but can also be attributed to crustal
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Fig. 3. Examples of record sections from land stations (upper panels) and calculated travel times from the final model superimposed on the observed
data (lower panels). A bandpass filter (5–20 Hz), a predictive deconvolution filter and an automatic gain control of 4 s were applied. The reduction
velocity was 8 km/s. Horizontal axes indicate offset distance from the station. Only prominent reflection phases as well as first arrival refraction
phases modeled in this study are plotted in the lower panels. (a) Land16, (b) Land49.
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Fig. 4. Examples of record sections of land explosions (upper panels) and calculated travel times from the final model superimposed on the observed
data (lower panels). A bandpass filter (5–20 Hz), and an automatic gain control of 4 s were applied. The reduction velocity was 8 km/s. Horizontal
axes indicate offset distance from the station. The calculated travel times are plotted as circles on traces on which the observed travel times were
picked. Only prominent reflection phases as well as first arrival refraction phase modeled in this study are plotted in the lower panels. (a) J2.
Calculated travel times of reflections from the Island arc Moho and the top of the subducted crust are plotted as dotted lines, because the travel times
of those phases were not picked due to unclear onsets (see the observed data in the white rectangular). (b) J5. Calculated travel times of reflections
from the Moho of the subducted oceanic crust are plotted as dotted lines, because the travel times of this phase were not picked due to unclear onsets
(see the observed data in the white rectangular).

material with a slower P-wave velocity in the northern part
compared to the southern part.
Phase identification is necessary for conventional layer-

stripping modeling, however, the strong variations in the
first arrivals made this difficult. Therefore, as described
below, we used a tomographic modeling approach that does
not require phase identification of the first arrivals to obtain
a seismic velocity image.
Clear reflection phases can also be recognized (Fig. 2).

The most prominent reflection phase is the last reflection

phase observed (e.g. 40–60 km offset in Figs. 2(a) and 2(c)).
Another reflection phase can be recognized at nearer off-
sets, 15–40 km offset in Fig. 2(a). There, two phases can be
continuously observed across the profile (e.g., Fig. 2), ex-
cept around the Zenisu ridge. According to previous wide-
angle studies of the eastern Nankai trough (e.g. Nakanishi
et al., 1998, 2002a; Kodaira et al., 2003), strong acous-
tic impedance contrasts, which may produce strong reflec-
tion phases, are obtained for the bottom and the top of the
oceanic crust. We thus interpreted the two observed con-
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tinuous reflection phases as reflections from the bottom and
top of the oceanic crust. In addition to these two reflection
phases, reflection phases interpreted to be from locally dis-
tributed reflectors in the crust are also observed, e.g., 30 km
offset at OBS68 (Fig. 2(c)), however, we did not model the
locally observed reflection phases in this study.
4.3 Air gun shot recorded by land stations
The air gun shots were observed at the land stations de-

ployed in the southern part of the onshore profile (Fig. 1).
As shown by previous onshore-offshore studies (e.g. Ko-
daira et al., 2003), the onshore recording of the offshore
shots provides useful data for revealing structures beneath
coastal areas, which are usually missing when imaging uses
only onshore or offshore data independently. The data qual-
ity differs from station to station because of a difference in
background noise mainly caused by human activity. The
southernmost part of the onshore profile had to be situated
in a highly populated region and the quality of the data there
is poor.
The first arrivals can be traced to more than 250 km offset

on higher quality sections (e.g., Fig. 3(a)). First arrivals
showing an apparent velocity of nearly 8 km/s are observed
at larger offsets in the onshore data than in the offshore OBS
data for near the coastline. For example, these arrivals are
observed at further than 90 km offset in Fig. 3(a), but at
only 50 km offset in Fig. 2(a). This implies that the crust—
mantle boundary (Moho) becomes deeper toward the land.
We also observed the two prominent reflection phases

(Fig. 3) on the onshore data. These phases are interpreted as
reflections from the top and bottom of the oceanic crust on
the basis of a continuation from the OBS data. The reflec-
tions from the bottom of the crust have a similar amplitude
character to the OBS data, whereas the reflections from the
top of the oceanic crust are even clearer in the land station
data (Fig. 3(b)).
4.4 Land explosions recorded by land stations
All land explosion data show clear first arrivals up to

150–200 km offsets (Fig. 4). Most of the first arrivals
are interpreted as crustal refraction arrivals, with apparent
velocities of less than 8 km/s. Only the arrivals at offsets
farther than 150 km show apparent velocities of nearly 8
km/s (Fig. 4(b)). This indicates, from comparison with the
OBS data, a significant thickening the crust toward the land.
The most notable features of the land explosion data are

the strong reflection phases observed from nearly zero off-

set in the J5 section (Fig. 4(b)). The two reflection phases
appear to have a similar amplitude in Fig. 4(b) because
of the amplitude correction (4 s window automatic gain
control), however, a true amplitude section shows that the
later reflection arrivals are stronger than the faster reflec-
tion phase. By comparing the travel time of the later re-
flection arrival to the reflection arrivals observed at Land49
(Fig. 3(b)), we interpreted the later phase as the reflection
from the top of the subducted (landward dipping) oceanic
crust beneath the land, i.e., with a reduced travel time of 6 s
and 5 s at 30 km offset in J5 section and Land49 section, re-
spectively. Thus, the faster reflection phase in the J5 section
is interpreted as the reflection from the overriding plate (an
intra-crustal reflection). Additional weak reflection phases,
which are interpreted as intra-crustal reflections, are also
recognized. For example, the phase observed from 90 km
offset at 7 s reduced travel time on Fig. 4(a).

5. Modeling Procedure
We present a seismic velocity and a seismic reflectivity

image obtained from the combined the onshore-offshore
wide-angel seismic data and the MCS data. First arrival
refraction tomography was applied for mapping the seismic
velocity image. Forward modeling the observed prominent
reflection phases was also used to plot the geometries of
the incoming subducting crust, the bottom of the island arc
crust, and intra-crustal reflectors. For the reflector mapping,
the velocity structure was fixed as it was obtained from
the refraction tomography, i.e., reflectors are mapped as
floating reflectors on the continuous velocity structure.
An advantage of refraction tomography compared with

conventional layer stripping modeling is that phase identi-
fication of the observed refraction phases is not required.
In this sense the tomographic approach is considered to be
more objective and robust (Zelt et al., 2003). However, the
final model strongly depends on the initial model. There-
fore, an appropriate initial model must be selected. A best-
fitting laterally homogeneous (1-D) model (e.g., Zelt et al.,
2003) or a model based on information obtained from previ-
ous studies (e.g. Kodaira et al., 2000b) are commonly used
as initial models. The initial model used in this study was
constructed by combining, simplifying and smoothing the
results of the previous studies that used the onshore data
(Iidaka et al., 2003) and the offshore data (Kodaira et al.,
2003) (Fig. 5).
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The software package used for the refraction tomography
was GeoCT-II, which is based on the algorithm of Zhang et
al. (1998). This software allowed both the forward mod-
eling of refraction and reflection travel times, and an inver-
sion of refraction travel times for constructing a velocity im-
age using a uniform grid of velocity nodes. For travel time
and ray path calculations, this software applies a wave front
method (Zhang and Toksöz, 1998) employing graph theory
that allows only straight rays within a cell of constant slow-
ness (Zhang et al., 1998). For calculation of the reflection
travel time, the travel time calculation mentioned above was
modified following Moser (1991) and Hole and Zelt (1995).
In the inversion step, a regularized nonlinear inversion was
applied for reconstructing velocities. Details of the travel
time calculations and the inversion are described by Zhang
et al. (1998).
In our case, we used 0.5× 0.5 km grids for both forward

and inversion calculations. All observed refraction and re-
flection travel times of prominent reflections were picked
with an uncertainty of up to 0.15 s, depending on the signal
to noise ratio. The maximum uncertainties for refractions
and reflections are 0.1 s and 0.15 s, respectively. An it-
eration of the inversion was stopped when the root mean
square of the travel time residual became smaller than the
observed uncertainty. All picked travel times were used for
modeling the reflection phases, whereas one of every three
picks was used for the refraction travel time inversion due
to a limitation of the software.
A reflectivity image for the entire offshore profile was

obtained in our previous study (Kodaira et al., 2003). This

image was a combined section of post-stack depth migra-
tion sections of MCS data and the pre-stack depth migra-
tion of OBS data. In this paper, for obtaining the reflectiv-
ity image of the offshore profile, we applied only a normal
move out (NMO) for two shot gathers of the land explosion
where clear reflection phases were identified. An average
one dimensional velocity structure around the shot points
was used for the NMO.

6. Seismic Velocity and Reflectivity Images and
Implications for Co-Seismic/Inter-Seismic Slip

6.1 Deep seismic velocity and reflectivity images from
wide-angle seismic data

Figure 6 shows the seismic velocity image with reflectors
obtained from the wide-angle reflection travel times. As de-
scribed in the previous section, we only modeled prominent
reflection phases, which include the reflections from the
top and bottom of the subducting oceanic crust, the island
arc Moho and intra-crustal reflectors (Fig. 6). The travel
time residuals calculated from the final model are shown in
Fig. 7. In this figure, we plot the mean travel time residu-
als of each phase group calculated for each OBS at its po-
sition, as it is not practical to show all travel time curves
for all OBSs and land stations. From these plots it can be
recognized that most of the residuals are less than the max-
imum ranges of the uncertainties of the observed data (e.g.
+/−0.1 s for refraction arrivals and +/−0.15 s for reflec-
tion arrivals). The residuals of the reflections from the top
of the oceanic crust between 370–420 km show larger mis-
fits than other parts. This misfit may result from a misin-
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terpretation of the reflection phases, as several sub-parallel
interfaces are observed in the MCS section (Kodaira et al.,
2004).
6.2 Seismic image

6.2.1 Subducting crust As shown in our previous
study (Kodaira et al., 2003), the offshore part of the model
is characterized by repeated crustal thickening, which is
interpreted as a cyclic ridge subduction consisting of the
Paleo-Zenis-north ridge and -south ridge (Fig. 6) (hereafter,
referred as to the north ridge and the south ridge, respec-
tively). Kodaira et al. (2003) described the existence of the
north ridge, however, could not estimate the landward ex-
tension of the ridge due to limitations in the coverage of the
data. The newly processed onshore recorded offshore shots
enable us to estimate the volume of the subducted ridge sys-
tem. In Fig. 6, we recognize subducting ridges at 300 km
(the north ridge) and 350 km (the south ridge) with max-
imum thicknesses of 12 km and 20 km, respectively. The
north ridge extends beneath the coast line. These thick-
nesses are estimated more accurately than in the previous
study (Kodaira et al., 2003), because this study includes
both the top and the bottom of the crust obtained from re-
flection phases. We emphasize that the volume of the north
ridge is larger than that of the present day Zenisu ridge (the
width of the north ridge and the present day Zenisu ridge are
60 km and 40 km, respectively), whereas the south ridge is
smaller than both of these ridges.
The subducting crust can be traced down to 45 km depth

beneath the Japanese island. The geometry of the subduct-
ing crust was mainly obtained from the wide-angle reflec-
tion phases from the land explosions. The clearly observed
reflection phase for land explosion J5 (Fig. 4(b)) provides
an accurate geometry for the top of the subducting oceanic
crust between 180–250 km at 45–25 km depth. The sub-
ducting crust in this area was already imaged in a previous
study (Iidaka et al., 2003), however the dip angle is slightly
shallower in this study. We believe our obtained dip an-
gle may be more reliable as we included onshore recorded

offshore shots for estimating the velocity above the reflec-
tor around the coastline. It is also emphasized that a slight
doming structure (2 km high) on top of the subducted crust
can be recognized at 190–230 km (Figs. 6(a) and (b)). This
may be attributed to an even deeper ridge system that has
already been subducted beneath central Japan.
At around 40 km depth, the top and bottom of the sub-

ducted crust are plotted at 155–180 km and 200–215 km,
respectively. As described below, the uncertainties in this
region are high, because the onsets of the observed reflec-
tion phases used for obtaining these reflectors are obscure.

6.2.2 Overriding crust The structure of the overrid-
ing plate is characterized by an accretion related accre-
tionary wedge and two-layered island arc crust. From the
Zenisu ridge to near the coast line (250–370 km), the ac-
cretionary wedge above the subducting crust can be divided
into two parts based on differences in the velocity gradi-
ent; i.e., a higher velocity gradient block with a velocity
of 2–5 km/s above a lower velocity gradient block with a
velocity of 5–6 km/s. Similar variations in velocity gradi-
ent with depth have been obtained for the Nankai trough
accretionary wedge in previous wide-angle seismic studies
(e.g., Nakanishi et al., 2002a; Kodaira et al., 2002; Taka-
hashi et al., 2002). Recently, Nakanishi et al. (2002b)
compiled all available wide-angle seismic results. They
interpreted the two layers as the Cretaceous-Tertiary ac-
cretionary prism underlying the Neogene-Quaternary ac-
cretionary prism. They also proposed that the boundary
between the two blocks functions as the back stop of the
present day accretionary process. In view of this interpre-
tation, we note that our imaged subducted north ridge has
already been subducted beneath the back stop, whereas the
south ridge is still under the Neogene-Quaternary accre-
tionary prism.
Beneath the Japanese island the seismic velocity image

has a similar structure to that obtained in the previous on-
shore seismic study (Iidaka et al., 2003). Following the in-
terpretation of Iidaka et al. (2003), the onshore structure
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is divided into two layers, consisting of a predominantly 6
km/s block in the upper half and a 6.4–7.0 km/s block in
the lower half. Thickening of the 6.0 km/s block beneath
the central part of the onshore profile (70–220 km, referred
to as the central mountain range) with maximum thickness
of 20 km, is more clearly imaged in this study using the to-
mographic approach. A seismic velocity of 6.0 km/s is typ-
ical for reported continental upper crust (Christensen and
Mooney, 1995). We did not resolve any notable differences
in the lower half of the crust.
The seismic velocity structure of the island arc crust is

similar to that of northern Japan (Iwasaki et al., 2001), but
comparing to structures intra-oceanic island arcs, for exam-
ple the Izu-Bonin arc (Suyehiro et al., 1996) and Aleutian
arc (Holbrook et al., 1999) shows significant differences. A
thick high velocity (∼7.3 km/s) lower crust is obtained in
the Izu-Bonin arc, a typical continental upper crust having
a 6 km/s-layer does not imaged in the Aleutian arc. Those
differences may reflect a variation of crustal accretionary
process in an island arc system.
Several reflectors were obtained in the overriding crust.

The most prominent is a steeply landward dipping reflector
at 8–20 km depth from 220–250 km, which produced strong
wide-angle reflection phases observed at J5 (Fig. 4(b)). This
reflector is also clearly imaged in the seismic reflectivity
section (Fig. 6(b)), but the dip is slightly different from the
reflector obtained from the travel time modeling (Fig. 6(a)).
This is because of the strong lateral velocity variation above
this interface, i.e., the reflectivity image, obtained with an
NMO correction using the average velocity, does not show
the true dip. Sato et al. (2002) imaged the same reflector
with high resolution reflection data, and interpreted it to be
the deeper extension of the Median Tectonic Line, which
extends for more than 1000 km along western Honshu and
Kyushu Islands.
Beneath the central mountain range we recognize two

intra-crustal reflectors. One is located at the boundary be-
tween the 6.0 km/s upper crustal block and the 6.4–7.0 km/s
lower crustal block. The other reflector is located in the
middle of the lower crustal body at 20–25 km depth and is
slightly northward dipping. This was obtained from a clear
wide-angle reflection phase observed from the land shot J2
(Fig. 4(a)).
The base of the overriding crust (Island arc Moho) was

partly obtained at 50–75 km (27–30 km depth) and 120–170
km (27–30 km depth) from weakly observed wide-angle
reflection phases observed at J1 and J5 (e.g. Fig. 4). The
Island arc Moho, by interpolating between the two obtained
parts of the reflector, shows a deepening toward the central
mountain range.

6.2.3 Resolution and reliability of model In this
section we describe the results of a checkerboard test to
demonstrate the spatial resolution of the seismic velocity
structure, and numerical tests to examine the reliability of
the key structures of the model.

Checkerboard test: In order to assess model resolution
in tomographic studies, checkerboard tests are commonly
used (e.g., Hearn and Ni, 1994; Zelt and Barton, 1998).
Although details of the test vary, they are generally similar.
In this study we followed the checkerboard test described by
Zelt and Barton (1998). Synthetic data from a known model
consisting of the preferred starting model with an anomaly
pattern of positive and negative regions were inverted using
the same method as that used to obtain the final model.
The lateral anomaly pattern is a sin(x) sin(y) function form
with a peak anomaly value of +/−5% of the background
velocity. The observed source-receiver geometry was used
and the data were inverted using the same starting model.
Looking at the ray coverage, in which the offshore part has
a significantly denser ray coverage than the onshore part
(Fig. 8), we would expect higher resolution in the offshore
part of the model. We thus introduced a different anomaly
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size in the offshore and onshore parts; i.e. 10 km grids in
the offshore part and 20 km grid in the onshore part.
The result of the checkerboard test shows reasonable re-

covery of the pattern for the offshore part (Fig. 9). The
10 km positive—negative patterns are reproduced well in
the crust from 275–485 km (i.e. 0–15 km depth). This re-
sult clearly demonstrates that the repeated 12–20 km crustal
thickening, i.e., the cyclic ridge structure, is well resolved.
Around the coastline at 255–275 km, the checker board pat-
tern is elongated along the rays at 10–30 km depth (cf.,

Fig. 9). As this part corresponds to the landward foot of
the north ridge, this is important for estimating the volume
of the north ridge. We discuss the reliability of this imaged
structure in the next section.
Although, the checker board pattern of the onshore part

(0–255 km) was not as well recovered as that of the offshore
part, the checker board pattern corresponding to the 6 km/s
upper crustal body (5–10 km depth between 25 and 255 km)
was better recovered than we had expected. This pattern
strongly supports our results concerning the 6 km/s body,
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which thickens toward the central mountain range at least
from J5 to J4. In the lower half of the crust the checkerboard
pattern shows a broader positive-negative pattern. This indi-
cates that the spatial resolution of this part is larger than 20
km, and the image we obtained may be a smoothed version
of the true structure. The most distorted part of the model
is in the upper 5 km. The checkerboard test shows hori-
zontally layered positive-negative patterns at depths shal-
lower than 5 km. We can deduce from this that the obtained
seismic velocities in the uppermost part (<2.5 km deep)
maybe overestimated, whereas the velocities at 2.5–5 km
depth may be underestimated to compensate for this over-
estimation. A reason for the layered distortion would be
the sparse shot intervals and, consequently, the horizontally
biased ray paths at this depth.

Tests to examine the reliability of key structures: As
mentioned above, the cyclic ridge subduction is the most
remarkable structure imaged in our model. However, it
could be considered from the checkerboard test that the
velocity structure imaged at 255–275 km, corresponding to
the landward half of the north ridge, may be elongated along
the ray paths, and consequently, the volume of the north
ridge may have been overestimated. In order to examine if
the structure of the north ridge (i.e., the crustal thickening
at 255–320 km) is an artificial structure due to a biased
ray distribution, we performed a simple numerical test as
follows. First, we calculated the synthetic travel time data
from a test structure (Fig. 10), which included a smoothly
dipping Moho in the area where we imaged the north ridge
(255–320 km), using the same receiver-shot geometry as
the actual data. Second, the inversion of the synthetic data

was performed from the same starting model we used for
the observed data. We then checked if any artificial crustal
thickening appeared.
The inversion (Fig. 10(b)) clearly recovered the smoothly

dipping structure at 255–320, whereas an artificial down-
ward distortion of the iso-velocity contours appeared north
of 255 km. We conclude from this test that the crustal thick-
ening we obtained for the north ridge was not artificially
imaged from a smoothly dipping Moho, but that the im-
aged structure showing downward steps of the iso-velocity
contours north of 255 km is more likely to be an artificial
structure caused by biased ray coverage.
As discussed above, there is a possibility of an even

deeper ridge structure consisting of the 2 km high dom-
ing structure at the top of the subducted crust at 190–230
km. In order to test the reliability of this structure, we
compared the travel times calculated from the final model
with those calculated from a smoothly landward dipping
interface (Fig. 11). Reflection travel times are affected by
both the geometry of the interface and the velocity above it
(Fig. 6). We therefore, assumed the seismic velocity above
the interface as shown in Fig. 6 during the test, and then ex-
amined the effects of an undulation of the interface on the
travel time data.
We compared the reflection travel times calculated from

an interface with a 2 km high doming structure (final model)
and a smoothly dipping interface (Fig. 11(a)). As shown
in Fig. 11(b), the reflection travel times calculated from
the smoothly dipping reflectors are 0.4 s slower than the
observed travel times between 135 and 190 km, whereas the
travel times calculated form the final model fit within 0.1 s.
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From this we conclude that the 2 km high doming structure
at the top of the subducted oceanic crust at 30 km depth,
presumably indicating an even deeper ridge, is a resolvable
structure when the seismic velocity is assumed as is shown
in Fig. 6. A small scale velocity perturbation which cannot
be resolved may affect on a small scale perturbation of the
shape of the doming structure.
6.3 Effect of ridge subduction on co-seismic/inter-

seismic slips
The most significant structure from the eastern Nankai

Trough to central Japan is the cyclic ridge subduction. The
possibility of a subducted ridge in this area had been pre-
viously suggested at the depth of our obtained south ridge
based on several geophysical and geological studies. Re-
cent improvements in the quality of seismic reflection data
have greatly helped to image the subducted ridge at depths
shallower than 10 km. For example, Park et al. (2003)
mapped a subducted ridge that continues from offshore Kii
peninsula to offshore of the Tokai district using compiled
multichannel seismic data. Our imaged south ridge is the
eastern most member of this ridge. Dessa et al. (2004) also
imaged a subducted ridge immediately west of the south
ridge using high resolution OBS data. Park et al. (2003)
concluded from mapping that the western half of the ridge,
which is located off the Kumano basin, is colliding with the
back stop. In other words, the eastern half of the ridge has
not yet reached the back stop.
A few previous studies imaged a ridge structure at the

depth of the north ridge. Kodaira et al. (2003) first showed
structural evidence for a north ridge, even though only the
seaward half of the ridge was imaged due to the limitation
of the profile length. Nakanishi et al. (2002a) obtained an
abrupt deepening of the subducted Moho 50 km east of the
north ridge. This structure was obtained at the end of their
profiles, resulting in poor resolution, however, because of
the similarity between their structure and our image of the
north ridge, we consider that the abrupt deepening of the
Moho may represent crustal thickening due to a westward
continuation of the north ridge.
On the basis of GPS data, Sagiya (1999) obtained a back

slip rate of more than 35 mm/year 50 km offshore of the
Tokai district, which is comparable to the plate convergent
rate. Comparing the location and size of the north ridge and
the back slip rate, Kodaira et al. (2003, 2004) showed that
the north ridge is situated in the area where strong coupling
is expected from the large back slip rate. As described in
the introduction, the slip distribution of the 1944 Tonankai
earthquake obtained from tsunami and earthquake data in-
dicated that the co-seismic slip was concentrated in the Ku-
mano basin (Segment C in Fig. 1), but did not extend to
the Tokai segment (Fig. 1). Historical earthquake data also
suggest that the recurrence intervals for offshore Tokai are
not as regular as those for the other segments (e.g. Ando,
1975). This slip distribution and longer recurrence interval
may be explained well by a stronger coupling due to ridge
subduction under the back stop. Kodaira et al. (2003, 2004)
thus proposed that the subducted ridge under the back stop
may have prevented eastward propagation of the co-seismic
slip during the 1944 Tonankai earthquake.
Recently Kanda et al. (2003) used ground motion in-

tensity data, including historical earthquake in the Nankai
trough, to show that an area of strong energy release
in some historical earthquakes can be recognized where
the ridge/seamount is being subducted. This is inter-
preted to mean that the proposed strong coupled area due
to ridge/seamount subduction may be sometimes ruptured
when the accumulating stress exceeds the critical strength
of the coupled area.
From a global point of view of ridges/seamounts sub-

duction, it should be mentioned that ridge/seamounts on in-
coming plate may not be always subducted. A recent struc-
tural study in the Ontong Java plateau (Miura et al., 2004)
clearly shows accretion of a upper half of its thick crustal
body (30 km thick). This is good evidence indicating that
ridge/seamount subduction may depend on their size and
volume.
Another remarkable structure imaged in this study is the

highly reflective oceanic crust that is subducting under cen-
tral Japan down to 45 km depth. Moreover, the velocity and
reflectivity images indicate a 2 km high doming structure
at the top of the oceanic crust at 30–40 km depth. Sev-
eral seismic studies have imaged similar highly reflective
layers at several depth ranges in subduction zones. For ex-
ample, in the central Cascadia margin off Oregon, Gerdom
et al. (2001) obtained a strong reflection phase from the top
of the subducting crust at 18–25 km depth. In the western
Nankai Trough, Kodaira et al. (2002) imaged highly reflec-
tive oceanic crust at a similar depth (15–27 km depth). In
the northern Cascadia margin, at Vancouver island, Hynd-
man (1988) discussed a strong reflector at 20–30 km depth
that is situated slightly above the oceanic crust. The AN-
CORP Working Group (2003) imaged a bright reflector at
30–75 km depth that is most likely linked to the subduct-
ing oceanic plate in the central Andes. All these strong re-
flectors were considered to be related to fluid interpreted
to form by dehydration of subducting oceanic plates, as all
studies except Gerdom et al. (2001) found evidence of low
velocity or high V p/V s (and consequently high Poisson’s
ratio) structures.
Recently, seismic tomography for central Japan (Kamiya

and Kobayashi, 1997, 2000), imaged a landward dipping
high Poisson’s ratio zone (∼0.34). This structure occurs
only in the Tokai district, at 25–55 km depth. The high
reflectivity zone is situated in the same place as the high
Poisson’s ratio zone (Kodaira et al., 2004) (Fig. 12). Ko-
daira et al. (2004) proposed a high pore pressure zone as a
possible cause of the highly reflective zone, and discussed
a mechanism for the transportation of water into the sub-
ducted oceanic crust. A possible mechanism for generating
a high pore fluid pressure zone in subducting oceanic crust
is a dehydration of hydrous minerals in the oceanic crust
(Hacker et al., 2003; Kodaira et al., 2004). We also propose
that the zone of high pore fluid pressure reaches around sub-
duction interface, because the highly reflective nature at the
subduction interface indicates a large acoustic impedance
contrast. A part of the high pore fluid pressure may leak into
the overriding plate immediately above the plate interface,
like a proposed model in the Cascadia margin (Nedimovic
et al., 2003; Brocher et al., 2003; Preston et al., 2003). This
may by supported by the partly observed reverberation of
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the reflection phase from the plate interface (e.g., 30–50 km
offset in Fig. 4(b)).
Kodaira et al. (2004) also concluded that the highly re-

flective/high Poisson’s ratio zone effectively extends the
conditionally stable slip zone, which can generate silent slip
in the subduction zone (e.g., Scholz, 1998) at the Tokai seg-
ment. This is because pore fluid pressure may approach
normal stress in a high pore pressure zone (i.e. effective nor-
mal stress may approach to zero), and the critical stiffness
of the plate interface would decrease as a result, maintain-
ing a conditionally stable region over the high pore pressure
zone.

7. Conclusions
The onshore-offshore crustal transect from the western

edge of the Izu island arc to central Japan is characterized
by a series of subducting ridges. The seismic velocity and
reflectivity images clearly show two subducted ridges with
a 50 km separation offshore of the Tokai district: the south
ridge and the north ridge. The two subducted ridges are
12 km thick by 40 km wide, and 20 km thick by 60 km
wide, respectively. This indicates that the crustal volume of
the north ridge, currently subducted to a depth of 10 km, is
larger than that of the Zenisu ridge. From the travel times
of wide-angle reflection phases, the top of the subducting
oceanic crust can be traced down to 45 km depth beneath
central Japan, and shows evidence for a 2 km high doming
structure at 30–40 km depth. This may indicate an even
deeper ridge system subducted under central Japan.
From the coast line to the Nankai Trough, a wedge

shaped low velocity layer (2.0–5.0 km/s) is imaged above
the subducting crust. This is interpreted as young (pre-
sumably Neogene-Quaternary) accretionary material. The
lower boundary of this layer is proposed to form a back
stop to the present day accretion system. The north ridge
lies beneath the back stop whereas the south ridge has not

yet reached at the back stop. The central Japan crust is de-
scribed as a simple two layered crustal structure with a 6.0
km/s layer and 6.4–7.0 km/s layer. The total thickness of the
two layers is about 30 km. The subducting oceanic crust is
imaged as a highly reflective layer at 25–45 km depth be-
neath central Japan. The 2 km high doming structure is
resolved at this highly reflective region of the subducting
crust. This structure may indicate an even deeper subducted
ridge.
Comparing the structure of the ridge subduction and the

back slip distribution obtained from GPS data indicates that
the north ridge is situated precisely where the largest back
slip rate of ∼4 cm is estimated. This indicates that there is a
strong coupling between the plates off the Tokai district due
to ridge subduction under the back stop. As the slip distri-
bution of the 1944 Tonankai earthquake did not extend to
the offshore Tokai district, we propose that the subducted
ridge under the back stop may have prevented eastward slip
propagation because of the strong coupling at the subduct-
ing ridge in this region. The highly reflective subducting
oceanic crust at 25–45 km depth beneath central Japan is lo-
cated in the same place as the high Poisson’s ratio (∼0.34)
zone, which is localized only in the Tokai district. We pro-
pose that the highly reflective/high Poisson’s ratio zone can
be attributed to water in the subducted crust, and that this
significantly extends the conditionally stable region, which
generates the silent slip observed in the Tokai segment.
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