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The 2004 off the Kii peninsula earthquakes (M, 7.5 for the main shock) occurred within the subducting
Philippine Sea (PHS) plate near its boundary, the Nankai trough, southwest Japan. The rupture mode of the
foreshock—main shock—aftershock sequence was complicated, a combination of ENE-WSW striking (almost
trough parallel) reverse faulting beneath the trough and NW-SE trending (almost trough normal) strike-slip
faulting mostly on the landward side of the former. In this paper, we discuss the tectonic meaning of this NW-SE
running strike-slip fault. We examined hypocenter distribution and focal mechanisms of slab earthquakes from
October 1997 through September 2004 and confirmed a NW-SE striking tear of the PHS slab beneath the middle
part of the Kii Peninsula pointed out by Miyoshi and Ishibashi (2004). According to the Earthquake Research
Committee (2004) there is a NW-SE trending structural discontinuity in the PHS crust to the southeast of the
main shock epicenter. Putting all features together, we interpret that there is a NW-SE striking fracture within the
PHS plate continuously from the Nankai trough region to the slab beneath the Kii Peninsula, and that a partial
rupture of this fracture occurred during the off the Kii peninsula earthquakes together with trough-parallel reverse
faulting. It should be noted that two disastrous M 7-class slab earthquakes seem to have occurred along this tear
beneath the peninsula in 1899 and 1952.
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1. Introduction

On September 5, 2004, a large earthquake of M,
(magnitude assigned by the Japan Meteorological Agency
(JMA); e.g., Utsu, 2002) 7.4 took place just beneath the
Nankai trough off the southeastern coast of the Kii Penin-
sula, southwest Japan (Fig. 1). The Nankai trough is
the boundary between the Philippine Sea (PHS) and the
Eurasian (EUR) (or Amurian/AMR) plates, where the for-
mer is being subducted beneath the latter northwestward
and along which great interplate earthquakes have recurred
with spatio-temporal regularity (e.g., Ando, 1975). In the
near future, the next great interplate event called the To-
nankai earthquake is anticipated to occur off the Kii Penin-
sula (e.g., Earthquake Research Committee, 2001).

The 2004 earthquake was a rupture within the PHS plate.
Such a large intraplate event is so far unknown in this area.
In addition, its rupture process was complicated; due to a
N-S compression, NW-SE trending right-lateral strike-slip
faulting took place first and E-W striking reverse faulting
followed on a larger scale (Yagi, 2004; Park and Mori,
2005). Seno (2005) interpreted this complex rupture mode
as the result of the stress state in this region, which he
inferred as being the superposition of the bending stress
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and the stress due to a collision to the east of this area.
However, the structural meaning of the NW-SE running
strike-slip fault itself has not yet been discussed, though it
seems considerably large-scale and may be important for
the subduction tectonics in this region.

On the other hand, we have been studying the geome-
try of the subducted PHS plate beneath southwest Japan
based on the hypocentral distribution and focal mechanisms
of slab earthquakes, and pointed out a NW-SE trending tear
of the PHS slab beneath the middle part of the Kii Peninsula
(Fig. 1; Miyoshi and Ishibashi, 2004). We inferred that the
PHS slab is separated into two parts by this tear, with the
southwestern part underlying the northeastern part. Though
Miyoshi and Ishibashi (2004) only investigated the slab ge-
ometry deeper than 30 km, mostly beneath the land area, the
inferred slab tear seems to continue to the NW-SE striking
rupture zone of the 2004 earthquake.

In this paper, we review the rupture mode of the 2004
off the Kii peninsula earthquakes including the main shock,
the foreshock, and aftershocks, re-analyze the latest slab
seismicity beneath the Kii Peninsula, and discuss the tec-
tonic significance of the NW-SE trending rupture during
this earthquake.

2. The 2004 Off the Kii Peninsula Earthquakes
On September 5, 2004, at 14:57 (UTC), an earthquake of
M; 7.4 (M, 7.5) occurred at a depth of 44 km beneath the
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Fig. 1.

Index map of the study area. Epicentral distribution of the 2004 off the Kii peninsula earthquakes is shown for events of M; > 4 during

September. Data are from the integrated hypocenter database prepared by JMA. A to D denote epicenters of the foreshock, main shock and two
largest aftershocks, respectively (see text). Thick curves in the land area are depth contours of the upper surface of the Philippine Sea slab estimated
by Miyoshi and Ishibashi (2004). The solid triangle to the southeast of B (main shock) represents the area where a NW-SE trending structural
discontinuity with the southwestern side down was detected in the ocean bottom by a reflection survey (Earthquake Research Committee, 2004).
Bathymetric data (in meters) are after the Japan Oceanographic Data Center (J-EGG500). AMR, Amurian plate; EUR, Eurasian plate; PAC, Pacific

plate; PHS, Philippine Sea plate.

vicinity of the Nankai trough axis, off the southeast coast
of the Kii Peninsula (B in Figs. 1 to 4). It was preceded by
aMj; 6.9 (M, 7.3) foreshock at 10:07 (UTC) on the same
day (depth, 38 km; A in Figs. 1 to 3), and followed by many
aftershocks including the largest one of M; 6.5 (M, 6.3;
depth, 36 km; 14:58 UTC on the 8th; D in Figs. 1 to 4) and
the second largest one of M; 6.4 (depth, 41 km; 23:29 UTC
on the 6th; C in Figs. 1 to 3). (All these parameters are after
the Earthquake Research Committee (2004).) The depth
control by JMA in this offshore area is not good, and the
actual depth of this activity may be a little shallower (Sakai
et al., 2005; Tto et al., 2005). According to Sakai et al.
(2005), who carried out urgent aftershock observation using
ocean bottom seismometers, the depth range of aftershocks
is about 5-25 km.

Focal mechanisms of these four large events (Fig. 2)
show E-W striking reverse faulting, not low-angle, due to
P-axes in a N-S direction. Judging from these mechanisms,
epicentral locations, focal depths, and the hypocentral
distribution of the foreshock—main shock—aftershock se-
quence, this seismic activity is considered basically trough-
parallel reverse faulting within the PHS plate that is just
starting subduction at the Nankai trough.

However, there is a very noticeable point in the after-
shock distribution as follows. As can be seen in Figs. 1 to 3,

there is a remarkable lineament of aftershocks in the NW-
SE direction, mainly on the landward side of the main shock
epicenter. We compiled the distribution of focal mecha-
nisms of the foreshocks and aftershocks based on the F-net
data from NIED (National Research Institute for Earth Sci-
ence and Disaster Prevention), as is shown in Fig. 2. Many
aftershocks in this group have focal mechanisms of right-
lateral strike-slip with one nodal-plane parallel to the direc-
tion of the lineament.

Yagi (2004) investigated the rupture process of this earth-
quake sequence by waveform inversion of teleseismic body
waves recorded at IRIS-DMC stations. He obtained the re-
sult that the foreshock was northerly-dipping reverse fault-
ing and the main shock, southerly dipping reverse one, con-
jugate to each other. He discovered, however, that during
the main shock, a vertical right-lateral strike-slip fault along
the NW-SE trending aftershock area had begun to rupture
some 10 sec prior to the main reverse faulting. Yagi’s
(2004) estimation of the length of the strike-slip fault is
about 90 km with a maximum slip of around 3 m, while
the estimated length and maximum slip of the main thrust
are 110 km and about 4 m, respectively. Park and Mori
(2005) also found out that during the main shock, a M,
6.1 (My = 2.0 x 10'"® N-m) strike-slip event had occurred
first on a NW-SE striking plane followed by a M,, 7.5
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Fig. 2. Focal mechanisms (lower focal hemisphere) in and around the Kii Peninsula for the period from October 1997 through September 2004 after
JMA (in and around the land area; depth, 30 to 100 km) and after F-net of NIED (for the 2004 off the Kii peninsula earthquakes). Most of these
earthquakes are considered to have occurred within the PHS plate. The sizes of beach balls vary with magnitudes (for JMA data) and seismic moments
(for F-net data). Events A to D are the same as in Fig. 1. Event F is the 1952 Yoshino earthquake of M; 6.8, whose focal mechanism is after Kikuchi
et al. (2002). Events X to Z are earthquakes of M; > 5 around the Kii Peninsula. Depth contours of the PHS slab upper surface and submarine

isobaths are the same as in Fig. 1.

(My = 2.1 x 10?° N-m) thrust event which had started 4.2
km southeast of the initial epicenter about 14 sec later. Hara
(2005) inferred from long-period body wave data that the
main shock had been a compound event consisting of two
different source mechanisms, a strike-slip component dom-
inating during the first 20 sec and a thrust mechanism pre-
dominant between 30 and 40 sec after the rupture initiation.

Therefore, we consider that NW-SE striking faulting
along the remarkable aftershock lineation is significant dur-
ing this earthquake sequence, though the main rupture took
place on an ENE-WSW striking reverse fault. Baba et
al. (2005) and Satake et al. (2005), who analyzed tsunami
waveform data, and Hashimoto et al. (2005), who analyzed
GPS data, also concluded the necessity of the strike-slip
fault for their source modeling.

3. Slab Tear beneath the Middle Part of the Kii
Peninsula

Miyoshi and Ishibashi (2004) delineated the geometry
of the upper surface of the seismic PHS slab beneath the
middle part of southwest Japan including the Kii Penin-
sula based on hypocentral distribution of slab earthquakes,
assuming that the upper boundary of slab earthquake dis-
tribution roughly coincides with the slab upper surface.

They used earthquakes during the period from October
1997 through December 2002 in the integrated hypocen-
ter database prepared by JMA. Their estimation of depth
contours of the slab upper surface in the region around the
Kii Peninsula is shown in Fig. 1. They inferred that the slab
beneath the middle part of the Kii Peninsula is torn into two
parts along a narrow belt running roughly northwestward,
with the southwestern part underlying the northeastern part.

In the present study, we re-examined this interpreta-
tion by adding hypocenter data until the end of Septem-
ber 2004. Figure 3 is the epicentral distribution of earth-
quakes with focal depths 30-100 km (landward side) and
0-100 km (seaward side) during the period from October
1997 through September 2004. Data are from the JMA’s
integrated hypocenter database. The depth error for most
events beneath the land area is estimated at less than 3 km.
Figure 4 shows vertical cross sections of hypocenter distri-
bution of earthquakes plotted in Fig. 3, in six belts of 10 km
width along the lines a to f indicated in Fig. 3.

In the d, e and f cross sections in Fig. 4, it is clear that
the upper boundary of the slab earthquake distribution is
almost flat on the northeastern side, and dipping gently
on the southwestern side, showing abrupt differences in
depth around line b. This suggests that the dip directions
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Fig. 3. Epicentral distribution of earthquakes (M; > 0; focal depth, 30 to 100 km on the landward side of L-L" and 0 to 100 km on the sea side) for the
period from October 1997 through September 2004. Data are from the integrated hypocenter database prepared by JMA. Most of them are considered
to have occurred within the PHS plate. Lines a to f correspond to the vertical cross sections shown in Fig. 4. A to D are the same as in Fig. 1. As for

events E and F, see text. Submarine isobaths are the same as in Fig. 1.

of the slab on the northeastern and the southwestern sides
are different from each other, and that the PHS slab is not
continuous in the NE-SW direction but torn into two parts,
or at least considerably distorted, along a narrow belt near
the line b, as pointed out by Miyoshi and Ishibashi (2004).
In Fig. 4, the slab upper surface estimated by them is shown
by thin lines, which fit well the latest slab seismicity, too.

Focal mechanisms in and near the land area illustrated in
Fig. 2 have been determined by JMA for earthquakes with
focal depths 30-100 km during the period from October
1997 through September 2004. As Miyoshi and Ishibashi
(2004) showed by the distribution of P- and T -axes, be-
neath the northeastern part of the Kii Peninsula reverse or
strike-slip types with T -axes nearly in an E-W direction are
predominant, while beneath the southwestern part, normal
or strike-slip types with T -axes in a NNE-SSW direction
are predominant. Thus, the northeastern and the southwest-
ern parts of the slab are considered to be in different stress
regimes from each other, again suggesting that the slab is
separated into two parts.

There remains the possibility of another interpretation
that the PHS slab itself is continuous in this area with just
the seismogenic layers being different in the northeastern
and the southwestern parts. In this interpretation, the slab
earthquakes on the northeastern side in boxes d, e and f in

Fig. 4 are considered to be occurring in the oceanic crust
and those on the southwestern side, in the oceanic mantle.
The hypocenter distribution in the central part is regarded
as a double seismic zone in the identical slab. However,
because the reason why the seismogenic layer suddenly
changes from the crust to mantle is unknown, we do not
adopt this interpretation.

After all, we confirm Miyoshi and Ishibashi’s (2004) in-
ference that the PHS slab beneath the Kii Peninsula is sep-
arated into two parts or strongly distorted along a narrow
tear belt beneath the middle part of the peninsula striking
roughly northwestward. Although they emphasized over-
lapping of slabs that the southwestern part underlay the
northeastern part, this point should be investigated more
carefully in connection with the problem of an apparent
double seismic zone.

4. Discussion

The seaward extension of the NW-SE trending tear of the
PHS slab beneath the Kii Peninsula, which has been con-
firmed in the previous section, can be connected smoothly
with the NW-SE striking fault plane of the 2004 off the Kii
peninsula earthquakes. Yagi’s (2004) interpretation for this
faulting during the main shock is vertical right-lateral with a
slip angle of 150°, the southwestern side going downward,
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Fig. 4. Vertical cross sections of hypocenter distribution of earthquakes shown in Fig. 3 (events shallower than 30 km have been added on the landward
side just for reference). In each box, earthquakes within 10 km width along the corresponding line in Fig. 3 are plotted. Thin solid lines in boxes
indicate the upper surface of the PHS slab estimated by Miyoshi and Ishibashi (2004) (thin broken lines are just for reference). Thick and the thickest
solid lines and inverted triangles on the frames represent positions of the crossing sections, land parts, and the trough axis, respectively. Events B, D

and F are the same as in the previous figures.

and the mode is in agreement with the inferred slab tear be-
neath the Kii Peninsula.

According to the Earthquake Research Committee
(2004), a NW-SE trending structural discontinuity in the
oceanic crust, the southwestern side falling down, has been
found near the aftershock area, to the southeast of the main
shock epicenter and the Nankai trough axis (solid triangle
in Fig. 1). This structure also matches the feature of the slab
tear beneath the Kii Peninsula. It should be noted that the
NW-SE trending aftershock area extends to the southeast
side of the trough axis (Figs. 1 to 3) and that the strike-
slip fault in Yagi’s (2004) model also stretches southeast-
ward beyond the main shock epicenter and the trough axis.
Therefore, a fracture, as an origin of the slab tear, may pre-
exist on the ocean side of the Nankai trough. The submarine
topography, however, shows no feature of a fracture. Fur-
ther investigation is necessary to clarify the true nature.

Two large disastrous non-shallow earthquakes beneath
the Kii Peninsula have occurred along the inferred slab tear.
One is the 1899 Southeastern-Kii-Peninsula earthquake that
caused widespread damage in the peninsula. The epicenter,
M, and focal depth are estimated at E in Figs. 2 and 3,
as 7.0, and 40 to 50 km, respectively (Utsu, 1979). Since
its aftershock activity was low, it is considered to be a slab
earthquake. But its focal mechanism is unknown. The other
is the 1952 Yoshino earthquake (M}, 6.8; depth, 60 km; F
in Figs. 2 to 4), which also caused considerable damage in
and around the Kii Peninsula. Miyoshi and Ishibashi (2004)
considered this event to have occurred within the slab on the
southwestern side of the tear because its focal mechanism

PHS slab

Fig. 5. Schematic illustration of the faults of the 2004 off the Kii penin-
sula earthquakes and the inferred slab tear of the PHS plate. A, Bl and
B2 correspond to the foreshock, the NW-SE trending strike-slip fault
of the main shock and the ENE-WSE running reverse fault of the main
shock, respectively. Yagi (2004) and Park and Mori (2005) have been
referred to for illustration. Crosses E and F indicate the 1899 Southeast-
ern-Kii-Peninsula earthquake and the 1952 Yoshino earthquake, respec-
tively.

by Kikuchi et al. (2002) (F in Fig. 2) was similar to X in the
southwestern slab (Fig. 2). There remains the possibility,
however, that it took place just along the slab tear, though F
in Fig. 2 does not match the tearing.

Faulting of the 2004 off the Kii peninsula earthquakes
and the inferred slab tear of the PHS plate are illustrated
schematically in Fig. 5. The role of strike-slip faulting along
the slab tear during this earthquake is considered as fol-
lows. Due to critically increased trough-normal compres-
sional stress in the deeper part of the PHS plate around the
Nankai trough, which is associated with bending, reverse
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faulting of the foreshock (A in Fig. 5) occurred first. It ac-
celerated the subduction of the PHS plate on the southwest-
ern side of the tear and added right-lateral shear stress along
the tear. Then, strike-slip faulting (B1 in Fig. 5) on the tear
took place as the first stage of the main shock, which ac-
celerated the descending motion of the PHS plate on the
southwestern side of the tear and triggered large-scale re-
verse faulting of the second stage of the main shock (B2
in Fig. 5). This is, though very qualitative, an alternative
explanation for the triggering of subsequent ruptures to the
explanation by simple calculations of static stress change,
which Park and Mori (2005) tried but could not get a good
result.

The inferred slab tear is apparently situated in the middle
part of the source regions of the 1944 and the hypotheti-
cal future Tonankai earthquakes (e.g., Earthquake Research
Committee, 2001). The relationship between the inferred
slab tear and rupture process of the Tonankai earthquake is
a very interesting and important problem for the future in-
vestigation.

S.  Conclusion

We present a tectonic interpretation of NW-SE trend-
ing strike-slip faulting during the 2004 off the Kii penin-
sula earthquakes, which has not yet been discussed. By
reviewing the rupture mode of the 2004 earthquakes and
re-examining Miyoshi and Ishibashi’s (2004) inference of a
PHS slab tear beneath the Kii Peninsula, we propose a hy-
pothesis that there exists a NW-SE striking tear or a strongly
distorted narrow belt of the PHS plate continuously from the
ocean side of the Nankai trough to the deeper part beneath
the Kii Peninsula. We interpret that NW-SE trending strike-
slip faulting in the 2004 earthquakes was a partial rupture
of this tear and played an important role during the earth-
quake sequence. Along the slab tear beneath the Kii Penin-
sula, two M 7-class disastrous earthquakes seem to have
occurred in 1899 and 1952. Further investigation is neces-
sary to clarify the true nature and the tectonic significance
of this tear of the PHS plate.
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