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Odawara City in central Japan, in the northernmost margin of the Philippine Sea (PHS) plate, suffered from
severe earthquake disasters five times during the last 400 years with a mean repeat time of 73 years; in 1633, 1703,
1782, 1853 and 1923. In this region, non-volcanic Izu outer arc (IOA), the easternmost part of the PHS plate, has
been subducted beneath Honshu (Japanese main island), and volcanic Izu inner arc (IIA) on the west of IOA has
made multiple collision against Honshu. I hypothesize ‘West-Sagami-Bay Fracture’ (WSBF) beneath Odawara, a
north-south striking tear fault within the PHS plate that has separated the descending IOA crust from the buoyant
ITA crust, through examinations of multiple collision process and the PHS plate configuration. WSBF is considered
a blind causative fault of the 1633, 1782 and 1853 M 7 Odawara earthquakes, and is inferred to have ruptured also
during the 1703 and 1923 great Kanto earthquakes simultaneously with the interplate main fault. A presumable
asperity on WSBF just beneath Odawara seems to control the temporal regularity of earthquake occurrence. Though
WSBF has not yet been detected directly, it is considered an essential tectonic element in this region, which might
be a fracture zone with a few or several kilometer thickness actually. The WSBF hypothesis is the only conceptual
model to explain the earthquake recurrence beneath Odawara.

Key words: Odawara earthquake, repeating earthquake, West-Sagami-Bay Fracture, South Fossa Magna, earth-

quake prediction, seismotectonics, collision zone.

1. Introduction

Odawara City on the northwestern coast of Sagami Bay,
the Pacific coast of central Honshu (the Japanese main is-
land) (Fig. 1), suffered from severe earthquake disaster five
times since the 17th century with a constant interval of about
73 years; in 1633, 1703, 1782, 1853 and 1923. Odawara was
one of the important vanguard castle towns in the Kanto dis-
trict (Tokyo Metropolitan area and its surroundings) for the
military government in Edo (present Tokyo; Fig. 1(b)) in the
Edo period (1603-1867), and has been the central city in the
western part of Kanagawa-ken (Kanagawa Prefecture; see
Fig. 7(a)) since the Meiji Restoration of 1868 (now, nearly
200,000 population). Before the 16th century the seismicity
around Odawara is obscure because of the lack of historical
records.

The ‘Odawara earthquake,” which has been a popular
name since the Edo period, is considered an important and
interesting target of earthquake prediction research. In gen-
eral, seismotectonic modeling of, or understanding the tec-
tonic significance of, a remarkable seismic activity includ-
ing a future earthquake is very important, as a target set-
ting, for physical short-term earthquake prediction research
(Ishibashi, 1982) as is the case of the hypothetical Tokai,
Japan, earthquake (e.g., Ishibashi, 1981a). The study of
Odawara earthquake, however, has not been so active be-
cause the area in question is tectonically very complicated.
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The Odawara area is among the northernmost boundary
of the Philippine Sea (PHS) plate (Fig. 1). To the west of
Odawara, the Izu Peninsula, the northern tip of the PHS
plate, is colliding against Honshu because of its buoyancy,
and to the southeast of Odawara, the PHS plate is being
subducted beneath Honshu at the Sagami trough bringing
about M 8-class interplate earthquakes such as the 1703 and
1923 great Kanto earthquakes (K in Fig. 1(b)). Odawara
suffered the heaviest damage among disaster areas by these
two earthquakes. The 1633, 1782 and 1853 disasters were
caused by M 7-class earthquakes around Odawara.

Despite the remarkably constant repeat time of the five
disasters at Odawara due to earthquakes, there has been little
interest in modeling the earthquake recurrence in this area,
the regular sufferings being regarded as accidental. Main
reasons for this view are: M 7-class local earthquakes and
M B8-class regional earthquakes are mixed, and no causative
fault of the M 7-class local events has been known.

The region along the northern boundry of the PHS plate,
i.e., the Izu collision zone and its surroundings, is called the
South Fossa Magna (SFM) (stippled area in Fig. 1(a)). The
pre-Miocene geologic terranes surrounding SFM (Am and
Km in Fig. 1(b)) bends sharply to form a cusp, and the Neo-
gene to Quaternary terranes in SFM undergo strong compres-
sive deformation (e.g., Matsuda, 1978). For five-year period
from 1985 to 1989 a research project entitled ‘Collision tec-
tonics in the South Fossa Magna’ was carried out as a part of
the Japanese national program (DELP; Dynamics and Evo-
lution of the Lithosphere Project) for the International Litho-
sphere Project (ILP) (e.g., Niitsuma, 1989, 1999). In this
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Fig. 1. (a) Plate tectonic setting of the Izu collision zone, or the South Fossa Magna (SFM; stippled area). EUR, Eurasian plate; NAM, North American
plate; PAC, Pacific plate; PHS, Philippine Sea plate. Subduction boundaries of PAC and PHS are shown by solid lines; Sgz, Sagami trough; Sr¢, Suruga
trough. Arrows and italic numerals (in cm/yr) roughly indicate the relative plate motions at each boundary (Seno et al., 1993, 1996). The boundary
between the two continental plates (broken line) remains controversial. /z, Izu Peninsula; K7, Kanto district; Tk, Tokai district; IIA, Izu Inner Arc; 10A,
Izu Outer Arc; SB, Shikoku Basin. The chain line (VF') in northeast Japan and the Izu-Bonin arc is the volcanic front associated with the subduction of
PAC. (b) Close-up of SFM (east side of Am and south side of Km) including Odawara. Two large ellipses with K and T roughly represent the source
regions of great interplate Kanto and Tokai earthquakes, respectively. / and /I indicate paleo-trough I and paleo-trough II, respectively. The line VF is
the volcanic front. Water depths are in meters. Am, Akaishi Mountains; Ap, Ashigara Plain; Bs, Boso Peninsula; Fj, Mt. Fuji; Hk, Hakone volcano;
Io, Izu-Oshima Island; Iz, Izu Peninsula; Kf, Kozu-Matsuda fault; Km, Kanto Mountains; Mi, Miura Peninsula; Mk, Miyake Island; Ms, Misaka
Mountains; Tz, Tanzawa Mountains. 1, pre-Neogene basement rocks; 2, Miocene pyroclastics; 3, Neogene intrusives; 4, late-Miocene to Pleistocene
trough-fill sediments; 5, Pliocene and Quaternary (except for the west of Am, where pre-Neogene).

project various phenomena related to the multiple collision
of the proto-Izu-Bonin arc in SFM were revealed by many
geological and geophysical investigations. In order to eluci-
date causative faults of the M 7-class Odawara earthquakes,
full consideration of multiple collisions in time and collision-
subduction transition in space in SFM is indispensable.
Ishibashi (1976, 1977, 1985) first paid attention to the
Odawara earthquakes from the viewpoint of plate tecton-
ics. He proposed a working hypothesis, through investi-
gations of the 1923 Kanto earthquake, historical Odawara
earthquakes and crustal movements around Odawara, that
a NS-striking and westerly-dipping low-angle thrust within
the PHS plate (‘West-Sagami-Bay fault’) had been devel-
oping south-off and beneath Odawara due to the long-term
collision of the Izu Peninsula. He considered that not only
earthquake disasters at Odawara but also large-scale seismic
ruptures on this ‘nascent subduction boundary’ had recurred
every ca. 70 years. In this modeling, however, little atten-

tion was paid to the evolution of the PHS plate convergence.
Ishibashi (1988b, c), then, taking into consideration the mul-
tiple collision process in SFM since the middle Miocene, re-
vised the seismotectonic model of the Odawara earthquake.
He changed the idea of West-Sagami-Bay fault to a concept
of ‘West-Sagami-Bay Fracture’ (hereafter WSBF), a high-
angle tear fault within the PHS plate. As for the earthquake
name, he also used ‘Kanagawa-ken-seibu (Western Kana-
gawa Prefecture) earthquake.’

Various investigations to examine the WSBF hypothesis
were carried out in the research project entitled ‘Research
on the prediction of M 7-class inland earthquakes’ under
the Special Coordination Funds for Promoting Science and
Technology during 1987-1991 (e.g., Hagiwara, 1993). The
existence of WSBF, however, has not yet been proved nor de-
nied. During the last decade, mostly after the drastic change
in circumstances of earthquake research in Japan due to the
1995 Kobe earthquake, investigation and discussion on the
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Odawara earthquake have been depressed. Still, not a few
Japanese seismologists are concerned about near-future oc-
currence of a large earthquake around Odawara, apart from
its mechanism. And, it seems that the WSBF hypothesis is
yet the only conceptual model of the earthquake recurrence
in the Odawara area.

In this paper I summarize the discussions related to the
WSBF hypothesis, which has been done mainly in the
Japanese language, and present the latest interpretation. I
will focus on a seismotectonic modeling rather than statistic
or probabilistic discussions. It should be noted that clarify-
ing the tectonophysical nature of the Odawara earthquake is
also a key to understand the PHS plate convergence process
in SFM, which is directly related to the true mechanism of
the Tokai, Kanto and underneath-Tokyo earthquakes.

2. Tectonic Setting of the Odawara Area

The Japanese Islands are located in the midst of the plate
convergence zone at the northwestern margin of the Pacific
Ocean. Two oceanic plates, the Philippine Sea (PHS) and
the Pacific (PAC), are converging with two continental plates
(Fig. 1(a); e.g., Seno et al., 1993, 1996) (I do not touch
on the issues of the two continental plates because they are
controversial and not important in this paper).

The PAC plate is being subducted beneath both northeast
Japan and the PHS plate west-northwestward at the Japan
and Izu-Bonin trenches. Due to this subduction, the eastern
margin of the PHS plate is an oceanic island arc, the Izu-
Bonin volcanic arc (Fig. 1). A distinct volcanic front asso-
ciated with the PAC plate subduction runs in the northeast
Japan and Izu-Bonin arcs continuously and crosses the con-
vergent boundary between the PHS plate and Honshu. This
feature and its fundamental origin of the arc-arc collision are
the most conspicuous points that make the study area very
unique on the earth in terms of plate tectonics, and are con-
sidered the key to understand the Odawara earthquake.

The PHS plate on the south of Honshu can be divided
into three parts from east to west (Fig. 1); non-volcanic Izu
outer arc (IOA), volcanic Izu inner arc (IIA) and back-arc
basin (Shikoku Basin; SB). The non-volcanic IOA is be-
ing subducted beneath the southern part of northeast Japan
(Kanto district) at the Sagami trough, which runs northwest-
ward into Sagami Bay from the off-Boso TTT-type triple
junction. SB is being subducted beneath southwest Japan
at the WSW-ENE running Nankai trough. This subduction
boundary continues eastward to the Suruga trough, which
runs almost north-south entering into Suruga Bay. The rel-
ative motions are north-northwestward and about 3 cm/yr at
the Sagami trough, and west-northwestward and 4 to 5 cm/yr
at the Suruga-Nankai trough (Seno et al., 1993). This differ-
ence in a narrow region is due to the east-west convergence
between northeast and southwest Japan. The volcanic Izu
inner arc (ITA) between IOA and SB is colliding against the
Honshu arc to the north of the Izu Peninsula because of its
buoyancy.

Odawara (Fig. 1(b)) is located just between the subduction
boundary of IOA and the collision boundary of IIA, and very
near to the vocanic front running along Mt. Fuji, Mt. Hakone,
Izu-Oshima Island and Miyake Island.

The Sagami trough reaches the northwestern coast of
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Sagami Bay. Its landward continuation is the Ashigara Plain
on the east of Odawara (Fig. 1(b)). At the northeastern
edge of the Ashigara Plain there exists a remarkable active
fault, the Kozu-Matsuda fault, and its northeastern side, the
Oiso Hills (see Fig. 4(a)), has been considerably uplifted. It
has been widely accepted since Ando (1971) and Kanamori
(1971) that on the plate interface northeasterly dipping from
the Sagami trough, the seismic rupture of the 1923 Kanto
earthquake of My 8.2, the last event that caused serious dis-
aster to Odawara, took place.

On the west of Odawara, there is Hakone volcano on the
north of the Izu Peninsula (see also Fig. 4(a)). Sugimura
(1972) pointed out that the present northernmost surface
boundary between the PHS plate and the land plate of Hon-
shu runs along the northern foot of Hakone volcano connect-
ing the Sagami trough and the Suruga trough. Since then, it
has become a common view that the starting line of the PHS
plate subduction beneath the Kanto district is the axis of the
Sagami trough and the Ashigara Plain (see Fig. 2). Naka-
mura and Shimazaki (1981), Shimazaki et al. (1981) and
Nakamura ef al. (1984) delineated this line clearly, calling it
‘plate material boundary,” which has solidified the common
view.

In this plate tectonic framework the tectonic implication of
the 1703 and 1923 Kanto earthquakes is basically clear. The
tectonic meaning of M 7-class earthquakes around Odawara,
on the contrary, has been very obscure. Are they smaller
interplate events along the northernmost Sagami trough or
the Kozu-Matsuda fault? Or, are they intraplate events within
the PHS plate like large earthquakes in the Izu Peninsula or
within the overriding land plate?

3. Multiple Collision in the South Fossa Magna
(SFM)

There are two remarkable and essential tectonic features in
SFM; one is mainly geological and superficial, and the other,
seismological and deeply interior.

The first is that intermittently accreted masses of Miocene
submarine volcanics and pyroclastics originating from the
paleo-Izu volcanic arc (paleo-IIA) (Ms, Tz, Iz and others
in Fig. 1(b)) and thickly piled late-Miocene to Pleistocene
detritus filling paleo-troughs between them (I, II and others
in Fig. 1(b)) have been strikingly compressed and uplifted.
This means that considerable portion of the paleo-IIA crust
has not been subducted into the asthenosphere beneath Hon-
shu but remained on the surface. Amano (1986, 1991) and
Takahashi (1986, 1989) proposed models of multiple colli-
sion in SFM since the middle Miocene, essentially similar
to each other, based on investigations of surface geology and
granitic magmatism, respectively.

The second noticeable feature is that, to the north to north-
west of the Izu Peninsula, there exists a fan-shaped large gap
of the seismic PHS slab, whereas beneath the Kanto and the
Tokai districts the PHS slabs (the Kanto slab and the Tokai
slab, respectively) are clearly seen. This feature is obvious
in all plate configuration maps obtained in the 1980’s and
early 1990’s based on seismicity data (e.g., Ishida, 1992;
Fig. 2; for references and figures up to 1989, see Ishibashi
and Ishida (1989), Okada (1990) and Ishida (1992)), and is
also shown by the recent high-quality integrated hypocenter
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Fig. 2. Depth contour map of the upper surface of the subducted PHS plate
proposed by Ishida (1992) (reproduced from figure 9 in the paper). The
dashed lines and light-shaded zones denote uncertain results. The white
arrow indicates the direction of the PHS plate motion relative to the EUR
plate. The chain line and solid circles represent the volcanic front and
major Quaternary volcanoes, respectively.

data of the Japan Meteorological Agency (see Figs. 11 and
12). In Fig. 12 the contrast is clear that a descending seis-
mic slab cannot be seen to the north of the Izu Peninsula
(N1 and N2) while it is traced as the Kanto slab in the east
(N4 and N5). Many investigators suppose that the descend-
ing PHS slab itself does exist in this apparent gap, just being
aseismic because of the relatively warm nature of the slab,
which is partly intrinsic and partly due to the subduction of
the PAC plate, otherwise the areal conservation of the litho-
spheric plate would be broken. Recently, Seno and Yamasaki
(2003) suggested that the gap of slab seismicity was due to
the lack of dehydration of the slab. Ishibashi (1986), on the
contrary, interpreted that there was actually no descending
slab to the north of the Izu Peninsula.

The Kanto slab is regarded as the subducted paleo-IOA
lithosphere. Since it is traced northward continuously from
the Sagami trough down to the depth around 90 km as long
as more than 200 km (Fig. 2), the paleo-IOA lithosphere is
inferred to have been subducted at the Sagami trough, with-
out any jump of the surface boundary, throughout the entire
period of subduction. The net duration of the subduction is
estimated at 7 ~ 8 million years, if we assume the same rel-
ative velocity as the present one, 3 cm/yr (Seno et al., 1993),
for the whole period.

These distinct facts in and around SFM strongly suggest
that during the whole course of the PHS plate convergence
with Honshu, two different modes of plate consumption,
contrasting remarkably with each other, have been progress-
ing in the central part of SFM and at the Sagami trough as
follows: (1) Concerning the relatively warm and buoyant ITA
crust, a few stages of buoyant subdution and underplating
have been taking place, each of which was followed by colli-
sion and accretion of a larger submarine volcano or volcanic
island, then by an interruption of relative motion and, on oc-
casion, by a jump of subduction boundary; (2) The relatively

K. ISHIBASHI: SEISMOTECTONIC MODELING OF THE REPEATING ODAWARA EARTHQUAKE

150 km 100 50 0 50
T T T T l T T T T | T T T L] 1 T T T T
- 0
N14°W
paleo- paleo-
trough 1 trough I1 lzu-
Tanzawa i O na
Kanto Mountains 2u Pgninsula

Mits.

<)

5% depth

pre-Miocene Kanto Mts.
granitic intrusions

[ West-Sagami-Bay Fracture (WSBF)

Izu Inner-Arc crust
trough-fill sediments

Od, Odawara; Mc, Manazuru Cape; Hi, Hatsu-shima Island

Fig. 3. Schematic underground structure in and around SFM inferred by
the plate evolution model of Ishibashi (1986) (slightly modified from fig-
ure 2 in Ishibashi (1988b)). Cross sections of IIA and IOA projected to
the lines A and B in Fig. 4(a), respectively, are overlapped. Vertical line
O indicates the position of 35°N on line B. C1, C2 and C3 represent un-
derplated buoyant ITA crust. EY, eastern Yamanashi earthquakes; E; and
E,, hypocenters of the 1923 Kanto earthquake and the 1929 earthquake,
respectively (see Fig. 4).

cold and less buoyant IOA lithosphere has been subducted
beneath the Kanto district at the fixed surface boundary, the
Sagami trough, though its location may have moved to some
extent, especially in its northwestern part. Since IIA and IOA
are parts of the identical PHS plate, these two kinds of mo-
tion should have been taking place synchronously, and the
ITA and IOA crusts should have been separated from each
other somewhere around the western edge of the Sagami
trough.

Detailed discussion on the Neogene to modern colli-
sion/subduction process in SFM and reconstruction of the
plate motion will be made in another paper. Here, I just
briefly summarize Ishibashi’s (1986) model of synchronized
evolution of multiple collision of ITA and subduction of IOA
which developed Amano’s (1986) and Takahashi’s (1986)
geological models (Fig. 3). Ishibashi (1986) assumed a
3 cm/yr velocity and north-northwestward direction of the
PHS plate motion relative to the Kanto district for the whole
period, and considered that the ITA lithosphere consisted of
buoyant crust only because of the PAC plate subduction,
while the IOA lithosphere had crust and upper mantle.

Concerning the buoyant IIA crust, Figure 3 incorporates
(see also Fig. 1) the underplating of C1 beneath the proto-
Kanto Mountains at the paleo-trough I (ca. 12 ~ 10 Ma),
its interruption due to the collision of the Misaka block (not
shown in Fig. 3 because it is situated to the west of this pro-
file), restarting of the underplating of C2 at the paleo-trough
I (late Miocene) which caused remarkable uplift of the proto-
Kanto Mountains, its interruption due to the collision of the
Tanzawa block (ca. 6 ~ 5 Ma), jump of the boundary to the
paleo-trough II on the south of the Tanzawa block, the buoy-
ant subduction of C3 (since late Pliocene) and the collision
of the Izu block (since ca. 1 Ma) which has caused enormous
uplift of the Tanzawa Mountains. This model well explains
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Fig. 4. (a) Inferred depths of the upper surface of the subducted PHS plate in and to the north of the western Sagami Bay region (thickest solid lines;
numerals are in km) (modified from figures in Ishibashi (1988c, 1999)). Thick broken line is the surface projection of the upper edge of the hypothesized
West-Sagami-Bay Fracture (WSBF). Double line on the south of WSBF shows the fault plane of the 1980 East-off-Izu-Peninsula earthquake (M 6.7;
e.g., Takeo, 1988). White arrow on the north of Izu-Oshima Island (/o) indicates the direction of the PHS plate motion relative to the Kanto district.
Line MC and point P in Sagami Bay represent the multi-channel seismic reflection survey line and the 5 km-deep reflection point, respectively, after
Kato et al. (1983). E; and E; are epicenters of the 1923 great Kanto earthquake (Hamada, 1987) and its large aftershock in 1929 (Ishibashi, 1981b),
respectively. Isobaths are every 100 meters (1000 meter is indicated). Ap, Ashigara Plain; Hi, Hatsu-shima Island; Hv, caldera rim of Hakone volcano;
Ki, Kita-Izu active fault system; Kf, Kozu-Matsuda fault; Mc, Manazuru Cape; Mk, Manazuru Knoll; Od, Odawara; Oh, Oiso Hills; Sh, Sagami Basin.
pt-11 is paleo-trough II. (b) Vertical cross section along line B in (a) for estimating the upper surface of the subducted IOA lithosphere. Lines a (solid in
the deeper part), b (broken in the deeper part) and ¢ show upper surfaces of the PHS slab estimated by Noguchi (1985), Ishida (1986) and Ishida (1992),
respectively. E; and E; in (a) are also projected with error bars of depth calculation. Fault-plane solutions of E; and E; (equal-area projections of lower

focal hemisphere) are after Ishibashi (1981b). For details see text.

the fact that the crust around the Kanto Mountains is now
extraordinarily thick in Japan, as thick as about 40 km (Fu-
rumoto et al., 1989). Figure 3 also illustrates the subducted
IOA lithosphere to the east.

Kaizuka (1984), from the viewpoint of geomorphology,
examined the tectonic processes of growth of landforms in
and around SFM and pointed out the importance of the
differential motion between IOA and IIA by assuming a
short transform fault, which was a scissor-fault-type with a
larger vertical displacement toward the north, along the vol-
canic front where the crust was considered relatively weak.
Ishibashi (1986, 1988b, c¢) concluded that the place where
the buoyant ITA crust and the descending IOA crust had been
separated from each other was the scissor fault hypothesized
by Kaizuka (1984), and considered that it was still function-
ing at present in the west part of Sagami Bay, northeast off
the Izu block. In the next section we will examine the current
geometry of the PHS plate in this area in detail.

4. 3-D Geometry of the PHS Plate and the West-
Sagami-Bay Fracture (WSBF)
Concerning the geometry of the subducted PHS plate in
SFM or in the Kanto-Tokai district, including the surface
plate boundary, Ishida’s (1992) isodepth contour map for the

plate upper surface inferred by hypocenter distribution, ve-
locity structure and fault-plane solutions (Fig. 2) has been
widely referred to, whereas there are many other depth con-
tour maps proposed in the 1980’s in the same manner, as
mentioned in the previous section.

A remarkable point in these maps is that depth contours
are considerably different from map to map especially in the
shallower part (see Fig. 4(b)). This implies that estimated
depths of the upper surface of a subducted oceanic plate in
the shallower part than 30 or 40 km are not necessarily objec-
tive no matter how accurate hypocentral data are; in general,
it is difficult in the shallower part to distinguish earthquakes
occurring within a subducted plate from events in the over-
riding plate, and in every map a surface plate boundary is
assumed as a basic constraint of the plate configuration.

Ishida (1992) also made an assumption that the subduction
of the PHS plate began at the Sagami and Suruga troughs
(almost the same as the plate material boundary delineated
by Nakamura er al. (1984) judging from Fig. 2). She also
assumed that the slab shape was more or less continuous.
However, whether these two assumptions are appropriate or
not is a fundamental problem in the particular place around
Sagami Bay. Here, it should be noted that the plate material
boundary drawn by Nakamura and Shimazaki (1981), Shi-
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mazaki et al. (1981) and Nakamura et al. (1984) involved
significant self-contradiction in the west part of Sagami Bay;
though they approved the West-Sagami-Bay fault as a tear
fault of the PHS plate, they did not incorporate its meaning
and geometry into the location of the plate material bondary.

Ishibashi (1988b,c, 1999) emphasized the importance of
the position where an oceanic plate starts to be subducted
beneath the overriding plate (subduction entrance), which
was also discussed by Koyama (1995), and re-examined the
location of the subduction entrance and the depth of the
upper surface of the PHS plate in and to the north of the
western Sagami Bay region as follows (Fig. 4).

First, two profiling lines have been taken; line A in the
ITA side and line B in the IOA side (Fig. 4(a)). B is a line
with a strike of N14°W connecting the northern tip of Izu-
Oshima Island and the point of 36°N/139°E. There is no
special meaning for these particular points, but the line has
been drawn near the western edge of the Kanto slab in the
direction roughly parallel to the edge. A is a line parallel to
B and 15 km apart from it.

4.1 IOA lithosphere

Along B, special attention has been paid to the subma-
rine topography of the Sagami Basin in Sagami Bay, the
hypocentral location of the 1923 great interplate Kanto earth-
quake recalculated by Hamada (1987), and the PHS slab up-
per surface deeper than 50 km estimated by Noguchi (1985)
and Ishida (1986, 1992). By smoothly connecting the topo-
graphic profile from Izu-Oshima to the Sagami Basin, the
projection of the 1923 hypocenter to line B, and the slab up-
per surface in the deeper part, the upper surface of the PHS
plate (IOA lithosphere) along line B has been inferred as the
thick solid line in Fig 4(b). Here, the recalculated hypocenter
of a M 6.3 earthquake in 1929 which is considered an inter-
plate event from its fault-plane solution (Ishibashi, 1981b)
has also been used. Some of the isodepth contours of Ishida
(1986, 1992), which do not cover line B, have been extrap-
olated to the line B (broken part in Fig. 4(b)). The slab up-
per surfaces in the shallower part than 40 km estimated by
Noguchi (1985) and Ishida (1986, 1992) have been ignored
because they appear unreliable reflecting the situation ex-
plained above. On the contrary, slab upper surfaces in the
deeper part estimated by them coincide one another well.

Then, the depths have been read on the thick solid line
in Fig. 4(b) every 5 km for the shallower part than 30 km
and every 10 km for the deeper part. On the other hand,
the point P in Fig. 4(a), where the basement forming the Izu
Peninsula was recognized at the depth of 5 km by a multi-
channel seismic reflection survey along the line MC in the
figure (Kato et al., 1983), has been regarded to represent the
upper surface of the PHS plate. P and the point of 5 km deep
on line B have been connected smoothly and the contour line
for the depth of 5 km has been obtained as shown in Fig. 4(a).
Depth contour lines for 10 km, 20 km and 30 km have been
drawn almost in parallel to that of 5 km passing each depth
point on line B. The subduction entrance along line B has
been inferred as show in Fig. 4(a) and (b).

4.2 1IIA lithosphere

Geometry of the upper surface of the IIA lithosphere of
the PHS plate has been estimated along line A as follows.
First, the depth zero point, which is a kind of subduction
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entrance in a statical sense, can be taken around the plate
material boundary proposed by Nakamura et al. (1984) in the
northern periphery of Hakone volcano. The bases include the
facts that the middle Miocene submarine volcanics, which
are the oldest exposed basement rocks of the Izu Peninsula,
lie as high as 550 m above sea level even in the northern
part of the Hakone caldera (Nakamura et al., 1984), and that
on the immediate north of Hakone volcano there exists the
paleo-trough II where the buoyant subduction of IIA had
been continuing since late Pliocene till early Pleistocene. In
this paleo-trough-II area the upper surface of the IIA crust is
inferred to be considerably deep now (e.g., Nakamura et al.,
1984).

To the north of this area, there is a remarkable site of
continual seismicity in eastern Yamanashi Prefecture in the
depth range of 15 ~ 30 km under the Tanzawa Mountains
(see Figs. 11 and 12). Earthquakes are occurring due to
the maximum compressional stress roughly in the NW-SE
direction. By interpreting this activity as the manifestation
of the underground collision of the tip of the buoyant ITA
crust against the Honshu block, the depth of 15 km can be
drawn as shown in Fig. 4(a). Then, rough estimation of the
depths of 5 km and 10 km has been made by interpolation.
4.3 West-Sagami-Bay Fracture (WSBF)

The subduction entrances of IOA and IIA are located
about 50 km apart from each other. It is impossible to con-
nect them smoothly on the surface. Moreover, there is a
large difference in depth between the upper surfaces of IOA
and ITA lithospheres. The two surfaces can never be con-
nected smoothly. Therefore, it is very simply concluded
that there exists a north-south striking tear fault within the
PHS plate. Since the upper edge of this fault coincides
with the upper surface of the IOA lithosphere, it should be-
come deeper toward the north. Although the tear within the
PHS plate may not be a single sharp fault plane but a frac-
ture zone with a few or several kilometer thickness, as the
first-order approximation, the location of its upper edge has
been inferred as the thick broken line in Fig. 4(a) (note again
that this is the surface projection of the buried upper edge).
Ishibashi (1988b) called this fault "West-Sagame-Bay Frac-
ture’ (WSBF). WSBF is regarded as the present manifesta-
tion of a tear fault which had separated descending IOA crust
from the buoyant IIA crust during the entire course of the
PHS plate convergence in SFM. The prolongation of WSBF
to the north smoothly continues to the western edge of the
Kanto slab shown by Noguchi (1985).

5. Sub-faulting during the 1923 Kanto Earthquake

Another strong basis for WSBF is a sub-faulting in the
northwestern part of Sagami Bay at the time of the 1923
great Kanto earthquake. The occurrence of this sub-faulting,
a reverse faulting striking roughly north-south and westerly
dipping, simultaneously with the interplate mega-thrusting
along the Sagami trough is beyond doubt, as Ishibashi (1985)
discussed in detail. The evidence is the remarkable coseis-
mic crustal uplift of the northwestern coast of Sagami Bay,
especially 2 or 3 meter uplift of the tip of Manazuru Cape and
about 1.8 meter uplift of the whole Hatsu-shima Island (for
locations, see Fig. 4(a)). Obviously, these coseismic crustal
deformation can never be explained by various fault mod-
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Fig. 5. Vertical surface displacement field (in cm) calculated for a trial
static fault model of the 1923 Kanto earthquake in the framework of the
WSBF hypothesis (Ishibashi, 1988a). Surface projections of four fault
planes (F1~F4) are shown. F1 models a plate-boundary mega-thrust
(dip direction, N24°E; dip angle, 25°; maximum length, 96 km; width,
60 km; depths of the upper and lower edges, 5 and 30.4 km, respec-
tively, as shown by italic numerals; dislocation amount, 6 meters).
F2, F3 and F4 model WSBF (dip direction, N100°W; dip angle, 80°;
length/width/upper-edge-depth, 10 km/10 km/2 km, 14 km/15 km/10 km
and 14 km/15 km/15 km, respectively; dislocation amount, 6 meters).
White arrow represents the slip vector of the PHS plate (N30°W). Bs,
Boso Peninsula; Fj, Mt. Fuji; Hi, Hatsu-shima Island; Io, Izu-Oshima Is-
land; Iz, Izu Peninsula; Kf, Kozu-Matsuda fault; Kn, Kan’nawa fault; Mi,
Miura Peninsula.

els so far proposed by Ando (1971), Matsu’ura et al. (1980),
Wald and Somerville (1995) and many others. Such a sub-
faulting is also in harmony with the violent ground shaking
on the northwestern coast of Sagami Bay including Hatsu-
shima Island (Ishibashi, 1985).

In Ishibashi’s (1985) static fault model of the 1923 Kanto
earthquake, a low-angle left-lateral reverse fault (dip direc-
tion, N75°W; dip angle, 30°; length, 30 km; depth of the
upper edge, 1 km; width and dislocation amount, 15 km and
4 m for the southern half, 30 km and 6 m for the northern
half) was hypothesized for the above-mentioned sub-fault, in
the framework of the West-Sagami-Bay fault hypothesis. In
the revised tectonic model of WSBF, however, a high-angle
fault is inferred to have ruptured. Ishibashi (1988a) made a
trial fault model in the framework of the WSBF hypothesis
as shown in Fig. 5, and got a rather good result of vertical
crustal movement, though not yet satisfactory.

Aida (1993), in his work of numerical simulation of histor-
ical tsunamis originated in the northwestern part of Sagami
Bay, tried eight fault models for the 1923 tsunami, including
Ando’s (1971) model, model II of Matsu’ura et al. (1980)
and Ishibashi’s (1985) model. He found that his original
model in which a sub-fault representing WSBF was added
to the interplate main fault gave the best result (see Fig. 8
and its caption). However, in order to confirm the 1923 sub-
faulting on WSBE, inversion analyses of coseismic crustal
deformation data by assuming its geometry is necessary.

height inm 30 km

Oiso Hill
18

Miura Pen.

Boso Pen.

Fig. 6. Altitude (a.m.s.l.) of the highest Holocene marine terrace of about
6,000 years B. P. at Hatsu-shima Island as compared with those at some
typical places on the south Kanto coasts (reproduced from figure 12 in
Ishibashi et al. (1982)).

The 1923 sub-faulting which caused 1.8 m uplift of Hatsu-
shima Island is considered to be non-incidental but to have a
primary tectonic significance in this area, because the island
has been continuously uplifted during at least the last ca.
10° years with an average uplift rate of about 1 m/10° years
(Ishibashi et al., 1982). Although the uplift rate is not among
the largest on the south Kanto coasts, the highest Holocene
marine terrace, for example, has almost the same altitude
as those in the Miura Peninsula (Fig. 6). In addition, as
Ishibashi (1976, 1977, 1985) pointed out, there is a north-
south striking remarkable submarine scarp as high as 1,000
meters in the west part of Sagami Bay (see Figs. 4(a) and
6), which also suggests that WSBF is a fundamental tectonic
element in this region. The Research Group for Active Faults
of Japan (1991) draws a submarine active fault along the foot
of this scarp.

6. Historical Earthquakes around Odawara

The fact that Odawara suffered severe damage by earth-
quakes five times every ca. 70 years does not necessarily
mean the space-time regularity of underground seismic fault-
ing in the Odawara area. Since the soil condition in the cen-
tral part of Odawara City is not good, the city may suffer
heavy damage by large earthquakes originated various places
around Odawara. Moreover, Usami’s (2002, 2003) earth-
quake catalogue lists up 10 earthquakes which caused any
damage to Odawara since the 17th century.

Ishibashi (1977, 1985), however, inferred that the large
earthquake occurrence just beneath Odawara, itself, had a
remarkable temporal regularity of ca. 70 year repeat time,
through examination of historical earthquakes. Ishibashi
(1988b, 1993) further investigated historical Odawara earth-
quakes, and there has been more progress in historical seis-
mology in general after that (Ishibashi, 2004). Table 1 sum-
marizes the latest results on historical earthquakes that af-
fected Odawara.

The keys to identify a M 7-class (shallow) earthquake
beneath the Odawara area are the sharp contrast of seismic
intensities at Odawara (6 or 7 on the JMA scale) and in
Edo (4 to 5 on the JMA scale), about 75 km away from
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Table 1. Earthquakes that caused damage to Odawara since the 17th century.

Date and S. Lat S Lat

; M (1) : : Remarks
lime ( Odawara (6) Edo (6)
1633 Mar. | T7.0£1/4(2) 7 45 Kan'ei Odawara earthquake . In Odawara, castle destroyed and many houses collapsed, ground fissure
ca. 5h 7.1-7.2(3) e and liquelaction, 150 or 230 dead. In Mt. Hakone, landslide, rock-fall and deaths. In Edo, strong shaking
about 7.0 (4) but no damage record. Tsunami at Atami, Ajiro and Usami. Felt aftershocks for about 20 days in Edo.
1645 Nov. 3 - 4 ~5 about 3 Slight damage to Odawara castle. Felt in Edo. No record of aftershocks.
7~9h
1647 Jun. 16 6.5£1/4(2) 5 5 In Odawara, castle’s stone walls, fences and gates broken and a small number of houses collapsed. [n Edo,
5~Th castle's stone walls and feudal lords' residences damaged, felt aftershocks for about a month, many shocks
further followed and another strong quake in September.
1648 Jun, 13 about 7.0 (2) 5 &4 In Oddawara, castle’s stone walls and fences partly broken, some roofing tiles fell down, In Mt Hakone,
11-13 h about 6 (4) death by rock-fall. In Edo, long-period strong shaking but no damage record. No record of altershocks.
Felt also in Kyoto and Shikoku? Possibly a large far-off-shore or deep earthquake,
1703 Dec, 31 7.9~8.2(2) 7(2) 5~6(2)  Genroku Kanto earthquake . Essentially, a great interplate earthquake along the northern part of the
2-3h Sagami trough. Violent earthquake disaster and large tsunami in the whole southern Kanto district.
Though the source region was wider than in 1923 to the southeast, the feature in the Sagami Bay area was
the same as in 1923, Odawara's ground motion and damage were the heaviest; castle and town totally
collapsed and bumnt out, about 850 deaths. Oiso coast was uplifted as well as the Miura~Boso coasts.
1782 Aug. 23 about 7.0 (2) 6 5 Ten'mei Odawara earthquake . Second event was a little larger. In Odawara, damage was lighter than in
-3 h,19-21h 7.2-73(3) 1633, 1703 and 1923; castle's main tower tilted, turrets and stone walls broken, 800 houses broken, In
about 7 (4) Edo, sli:_'hl damage. No tsunami, Aftershocks lasted at least several days.
7.2(5)
1843 Mar. 9 6.5£1/4(2) 5 ¥ In Odawara, slight damage to castle and town. More damage around the northwestern part of Kanagawa
10~11h Prefecture. In Edo, sloshing out of water tanks
1853 Mar. 11 6.7+0.1 (2) 67 15 Ka'ei Odawara earthquake . 24~100 deaths. Odawara's damage was lighter than 1633, 1703 and 1923 but
9~11h alittle under 7 (3) 2 heavier than 1782; many castle's structures and town houses destroyed. In Edo, slight damage. Small
tsunami at Manazuru. Many aftershocks
1870 May 12 6.0-6.5(2) 5 3-4 Walls, fences and roofing tiles broken in Odawara castle. Other damage records unknown. Note that
ca. 4h Odawara castle was devastated after the Meiji Restoration of 1868, Seems earthquakes had been
continuing since around May 2nd.
1923 Sep. 1 7.9(2) 7 5~6 Taishe Kanto earthquake . Essentially, a great interplate earthquake along the northern part of the Sagami
11:58 trough. Violent earthquake disaster and large tsunami in the whole southern Kanto district, Odawara's

ground motion and damage were the heaviest; large-scale collapse of the castle's stone walls, most houses
collapsed and burnt out,

(1) equivalent to M ; , magnitude assigned by JMA (e.g., Ishibashi, 2004); (2) after Usami (2003), (3) after [shibashi (1993); (4) alter Matsu'ura et al. (2002); (5) after Tsuji
(1986). (6) Seismic intensity on the JMA scale estimated by Ishibashi (1993) (slightly modified) except for the 1703, 1870 and 1923 earthquakes (Estimation for the 1870 and
1923 events is from the present study). + and - mean the upper and the lower levels, respectively,

Odawara, and many successive felt earthquakes (presumable
aftershocks). Although Usami’s (2002, 2003) catalogue still
lists the 1648 earthquake as an event near Odawara with
the same epicentral coordinates as those of 1633 and with
magnitude 7, this is clearly misinterpretation judging from
the above-mentioned criteria (Ishibashi, 1978, 1985, 1993;
see Table 1). Events in 1645, 1647, 1843 and 1870 are also
eliminated from the category of M 7 earthquakes beneath
Odawara in the same way.

Figure 7 illustrates distributions of seismic intensities and
tsunamis for the three M 7 Odawara earthquakes in 1633,
1782 and 1853. Although seismic intensity at each place
more or less includes site effects (e.g., three ‘6’ around ‘Ni’
in southeast Yamanashi Prefecture in 1782 may have been
amplified by surface geology), I estimated source regions of
these earthquakes as shown in Fig. 7 based on the illustrated
data and assuming their occurrence on WSBF. Of course,
macroseismic data alone cannot prove this assumption, but
there is no other tectonic element whose rupture explains
these distributions of ground motions and tsunamis. If we
make this assumption, we can estimate three source regions
reasonably. Though Ishibashi (1985) inferred their source re-
gions on the hypothetical low-angle West-Sagami-Bay fault,
we can re-estimate them on the high-angle WSBF because
the east-west widths of the source regions are not very im-
portant.

Concerning

the 1633 Kan’ei Odawara -earthquake,

Matsu’ura et al. (2002) proposed a different interpretation
that this earthquake had been a low-angle reverse faulting
along the Kozu-Matsuda fault and its southeastern exten-
sion under the sea bottom. If so, strong ground motion is
expected on the hanging-wall side (east side) of the Kozu-
Matsuda fault, but there is no evidence for that. Rather, a
diary written by the Director of Dutch Trading House, who
was traveling to Edo passing through Odawara and Oiso (for
location, see Fig. 7(c)) about eight months after the disaster,
suggests no severe damage to the east of the Kozu-Matsuda
fault, whereas it describes serious damage and reconstruction
of Odawara. On the basis of the strongest ground motion
at Odawara and tsunamis at Atami, Ajiro and Usami (e.g.,
Ishibashi, 1985) the 1633 source region is estimated as in
Fig. 7(a).

As for the 1782 Ten’mei Odawara earthquake, after
Ishibashi (1985) concluded that there had been no tsunami
and inferred its source region to be inland north of Odawara,
Tsuji (1986) claimed that it had generated tsunami. Follow-
ing this opinion Usami’s (2002) earthquake catalogue in En-
glish says “tsunami hits Odawara and Atami.” Tsuji’s con-
clusion was, however, drawn by very intricate interpretation
of historical documents which did not give any explicit de-
scription of tsunami. Ishibashi (1997) demonstrated both
seismological and historiographical contradiction and prob-
lems in Tsuji’s (1986) interpretation, and concluded again
that the 1782 earthquake had not generated tsunami and its
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Hy, caldera rim of Hakone volcano:; Kf. Kozu-Matsuda fault;
Kn, Kan-nawa fault.

in(a)~(c)

Aj, Ajiro; At, Atami; Ed, Edo; Fj, Mt. Fuji; Fm, Fujinomiya;
Fs, Fujisawa; He, Hachioji; Hk, Hakone; Km, Kamakura;

Mi, Mishima; Mz, Manazuru; Ni, Nagaike; Nz, Numazu;

Od, Odawara; Oi, Oiso; Oy, Ohyama; Us, Usami; Ym, Yamura;
Ys, Yagurasawa; Yw, Yoshiwara; - tsunami.

Fig. 7. Distributions of seismic intensities and tsunamis (arrows) for the three historical Odawara earthquakes (modified from figure 1 in Ishibashi (1993)
which revised Ishibashi’s (1985) results). Seismic intensities are on the JMA (Japan Meteorological Agency) scale, and the comparison among JMA,
MM and MSK scales (Ishibashi, 2004) is shown in (d). (a) shows all data for the 1633 Kan’ei Odawara earthquake, and (b) (c), near-field data for the

1782 Ten’mei Odawara and the 1853 Ka’ei Odawara earthquakes, respectively. ‘+’, ‘—

’, “>"and ‘<’ represent upper level, lower level, ‘larger than’

and ‘smaller than’, respectively. Inferred source regions (stippled ellipses) are also shown. For full locality names, see Ishibashi (1993).

source region had lain on the inland side of Odawara.

The 1853 Ka’ei Odawara earthquake had been considered
not to have generated tsunami (e.g., Ishibashi, 1985). How-
ever, Ishibashi (1988b) suggested a possibility of tsunami
based on a historical description, and Aida (1993), by care-
ful examinations of historical records, verified that slight
tsunami hit a small bay at Manazuru. Based on this tsunami
and seismic intensity distribution the source region is esti-
mated as shown in Fig. 7(c). The following noteworthy his-
torical description (Ishibashi, 1993) suggests an aftershock
distribution in harmony with this estimation; among many
aftershocks, one was felt strong near Manazuru, another
shook strongly around the northern edge of the estimated
source region causing landslide, and another was so strong as
Japanese sliding doors were off their grooves near the eastern
mouth of the caldera rim of Hakone volcano.

Aida (1993) carried out numerical simulations of histori-
cal tsunamis originated in Sagami Bay by assuming six, six,
two and eight fault models for the 1633, 1703, 1853 and 1923

tsunamis, respectively. He found that the best fault models
for the 1633, 1853 and 1923 tsunamis were those incorporat-
ing WSBEF as shown in Fig. 8.

As discussed by Ishibashi (1985, 1993), at the time of
the 1703 great Genroku Kanto earthquake, strong ground
motions, tsunamis, and aftershock occurrence on the north
to west coast of Sagami Bay and its inland adjacencies were
very similar to those in 1923, and a sub-faulting like in 1923
on WSBEF is inferred to have taken place, though there is
no direct evidence yet. According to Aida’s (1993) tsunami
simulation, however, a fault model which does not include a
sub-fault on WSBF is the best for this event to explain the
initial tsunami motion at Usami (for location, see Figs. 7 and
8) of up. But, there remains a question on this model because
the initial motion of tsunami at Usami in 1923, when a sub-
faulting evidently took place, was also up (e.g., Ishibashi,
1985). Thus, a sub-faulting on WSBF in 1703 is possible but
awaiting further investigation.

Figure 9 is the plot of occurrence times of five presumable



852

P P
Tanzawako

K. ISHIBASHI: SEISMOTECTONIC MODELING OF THE REPEATING ODAWARA EARTHQUAKE

o=

’
1633 1853 /1923
'3 ’;
= i
20 ——— g 1 ¥ ———-20‘
2 /
o /
410{
ﬂi"‘*" N Odawara k [q T Q‘-‘/g
10 T - o'
Manazury P '
Atami
o
35"~ 1’\_‘ ——135%
139° 15" 139 15" 139° 15!
0 20km
| S PR B |

Fig. 8. Best fault models for three historical tsunamis originated in the northwestern part of Sagami Bay obtained by Aida (1993) (reproduced from
figure 7 in the paper). Solid rectangles are horizontal projections of fault planes modeling WSBF (dip direction, N100°W; dip angle, 80°; left-lateral
reverse fault). Length, width, depth of the upper edge and dislocation amount of each fault plane are as follows. 1633N; 14 km, 14 km, 5 km and 5
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Fig. 9. Event number versus occurrence time (in year) plot for five seismic
faultings presumed on WSBF (reproduced from figure 4 in Ishibashi
(1988b)). The simple linear regression line, mean recurrence time with
standard deviation and estimated times of the Oth and 6th events with
standard deviations are also shown.

WSBF ruptures versus event numbers (Ishibashi, 1988b). A
simple linear regression gives the mean recurrence time of
73.0 years. The estimated occurrence year of the Oth earth-
quake is 1560.3 &£ 3.1. Although earthquake records around
Odawara is very poor before the 16th century because the
area was far from the political and cultural center of Japan
except for the Kamakura period (1192-1333), there is, by
chance, a fragmentary historical record on a seismic event at
Odawara around this time point. Ryuenji Nendaiki, a chron-

icle of Ryuenji Temple located to the north of Odawara at
a distance of about 100 km written in the early 17th cen-
tury, says that there were earthquakes at Odawara from May
26 till June 1, 1556 (converted to the Julian calendar from
the original Japanese lunar calendar) (Tsuji, 1985; Ishibashi,
1993). There is no other information at all so far, but a re-
markable earthquake and its aftershocks may have occurred
in the Odawara area. It should be emphasized that we can-
not deny the earthquake recurrence in the Odawara area in
older times if we understand the incompleteness of historical
earthquake records in the Japanese Islands (e.g., Ishibashi,
2004).

7. Nature of the West-Sagami-Bay Fracture

As logical consequences of long-term subduc-
tion/collision process of IOA and IIA as examined in
Section 3, and of present-day remarkable discontinuity of
underground geometry of the IOA and IIA crusts together
with their subduction entrances as clarified in Section 4, a
tear fault within the PHS plate, West-Sagami-Bay Fracture
(WSBF), should exist beneath the northwestern part of
Sagami Bay and its northern inland adjacencies. WSBF
runs almost north-south, and separates the subducting
non-volcanic IOA crust on the east side, which is considered
relatively cold and less buoyant, from the colliding volcanic
ITA crust on the west side, which is considered relatively
warm and buoyant. Its upper edge becomes deeper toward
the north. Since there is a westward component in the
relative motion of the PHS plate, WSBF is considered to
have a thrust component (westerly dipping, high-angle,
left-lateral reverse fault, as a whole).

The rupture zones of the 1633, 1782, 1853 Odawara earth-
quakes and the 1923 sub-faulting estimated before are as-
signed on WSBF as shown in Fig. 10(a), (b). In these figures
it is assumed that in 1703 almost the same-scale sub-faulting
as in 1923 took place.
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Figure 10(c) shows schematically the distribution of the
slip vectors on WSBF. The velocity vector of the buoy-
ant ITA crust is considered horizontal all along WSBF from
south to north, but the rate is inferred to decrease toward the
north because of the collision. On the other hand, the veloc-
ity of the down-going IOA crust along WSBF is considered
constant, but the vector probably declines gradually toward
the north. As the result, it is presumed that the slip vector of
WSBF is small and horizontal in the southern part and be-
comes larger with increasing vertical (thrust) component in
the northern part, that is, the slip angle and the slip rate on
WSBF increase toward the north.

The 1980 Izu-Hanto-Toho-Oki (East-off-Izu-Peninsula)
earthquake (M 6.7), a left-lateral strike-slip faulting on a
shallow vertical plane with a strike of N10°W (Takeo, 1988;
see Fig. 4(a)), has been sometimes referred to as a contradic-
tion to the hypothesized WSBF. This event, however, took
place just on the southern extension of WSBFE, representing
the motion at P in Fig. 10(c), and, hence, was in harmony
with the WSBF hypothesis.

The maximum slip rate on WSBF is roughly estimated at
about 3 cm/yr, because the velocity of the IIA crust is almost
zero and the velocity of the IOA crust is almost equal to that
of the PHS plate, 3 cm/yr. The mean repeat time of 73 years
for a M 7 earthquake is reasonable in view of this estimation.
Inferred rupture areas of five events are in harmony with
the tectonic consideration on the geometry and strain rate
distribution of WSBF. An asperity-like portion that ruptures
in every event may exist just beneath Odawara (Fig. 10(b)),
which may control the regular recurrence.

WSBF is not evident in recent seismicity. Figures 11
and 12 show the high-quality hypocenter distribution in and
around the Izu collision zone during the period from Octo-
ber 1997 through December 2003. There are several notice-
able seismic activities around WSBF such as the east-off-
Izu earthquake swarm, very shallow volcanic earthquakes in
the Hakone caldera, and the eastern- Yamanashi earthquakes
around 35.5°N/139°E.

Yoshida (1990, 1993) paid special attention to the notable
earthquake belt running from south to north along the west-
ern border of Kanagawa Prefecture (along 139.1°E, from
around 35.2°N to around 35.4°N in Fig. 11(a)), and called
it ‘Doshi-Odawara seismic zone.” He interpreted that the
sharp western boundary of this seismic zone represented an
intraplate fracture of the PHS plate, which was the bound-
ary between the subducting Kanto slab and the colliding Izu
block, and considered that the boundary continued to the
Tan’na fault (main part of the Kita-Izu active fault system;
Ki in Figs. 4(a) and 13). However, this interpretation is hard
to accept because it disregards such remarkable tectonic fea-
tures as the 1923 coseismic uplift of the west coast of Sagami
Bay and late-Quaternary continuous uplift of Hatsu-shima
Island. At the same time, tectonic meaning of Odawara
earthquakes is unclear in this interpretation.

As for the ‘Doshi-Odawara seismic zone,” Ishibashi
(1993) considered that it was a seismic activity in the
hanging-wall side of WSBF caused basically by a left-lateral
compressional stress accumulation, and that the sharp west-
ern boundary was probably an eastern border of the warm
volcanic block of aseismic nature. The P-axes in this seis-
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Fig. 10. (a) and (b) show inferred rupture zones of five historical seismic
faultings on WSBF (modified from figure 3 in Ishibashi (1988b)). (a) is
a map view and (b) is the vertical cross section. Thick solid and broken
line in (a) represents surface projection of the upper edge of WSBF. Thin
lines of 500 m and 1000 m in (a) are isobaths in Sagami Bay. The styles
of lines delineating source regions of five events in (a) and (b) correspond
each other. (c) shows schematically velocity vector of the IOA crust
(thin black arrows), that of the IIA crust (grey arrows) and slip vector
on WSBEF (thick black arrows) on three representative points, P, Q and
R. Hi, Hatsu-shima Island; Kf, Kozu-Matsuda fault; Kn, Kan’nawa fault;
Kz, Kawanazaki Point; Mc, Manazuru Cape; Od, Odawara; Us, Usami.

mic zone are mostly in the direction of NNW-SSE to NW-SE
(e.g., Ishida, 1993). In 1990, a M 5.1 earthquake, a dip-slip
event with a NW-SE P-axis and a high stress drop of 880
bar, occurred in this zone at a depth of 17 km (Ishida and
Kikuchi, 1992). Ishida and Kikuchi (1992) proposed that
this event was a possible foreshock of a future large Odawara
earthquake, and that the future event would be the same-type
faulting as the 1990 one within the subducted PHS plate.
Hagiwara (1993) referred to this earthquake and suggested
different mechanism of the M 7 Odawara earthquake from
the WSBF hypothesis. My interpretation, on the contrary, is
that this event took place in the hanging-wall side of WSBF,
matching the WSBF hypothesis and reflecting a high-stress
state along WSBF.

Figure 13 is a schematic bird’s-eye view summarizing the
WSBF hypothesis. Odawara is located very near to ITA
proper, but is considered to exist on an accretionary wedge
overriding the IOA lithosphere. Basically, there should be no
differential motion between the ITA crust on the west and the
accretionary wedge on the east in the shallower part above
the upper edge of WSBF.

In Fig. 13 two pairs of short arrows between [zu-Oshima
Island and the east coast of the Izu Peninsula show that



854

K. ISHIBASHI: SEISMOTECTONIC MODELING OF THE REPEATING ODAWARA EARTHQUAKE

Oct.1, 1997 - Dec.31, 2003

a) depth, 0~33 km
36°( ) p - 3

(b) depth, 33~80 km

A s RS FT ] ] o
L1 REE TS ) :
el - N
SBK
35.5 . le}355°
E6|.. .. - |EB
E5): “rles
vl + ...
E4f QOdawara Ed
E3| 1)-|E3
?2 ~. 4§ ) ‘P:alsu-sh:ma - E2_
35'NEF SR 35°N
E1 lzu Ren. }i |1 A E1
LV L e, 1808 & . 3 | £IN1N2 NS N4 N5+
138.5°E N1 N2 N3 N4 N5 139.5° 139° 139.5°

Fig. 11. Epicentral distributions of earthquakes in and around the Izu collision zone during the period from October 1, 1997 to December 31, 2003 for
two depth ranges. Data are from the integrated hypocenter database prepared by the Japan Meteorological Agency. In (a), surface projection of the
upper edge of WSBF (broken line) and the caldera rim of Hakone volcano (solid curve) are shown. E1~E6 and N1~N5 indicate belts of vertical cross
sections shown in Fig. 12. Isobaths are every 500 meters.

138

50

o}

35.5° 36°

25§

50

E6 (35.4°-35.5°N)

257

50

.
T e
3 eng |

E5 (35.3°-35.4°N)

E4 (35.2°-35.3°N)

3
e

N1 (138.8°-138.9°E)
T t

N2 (138.9°139.0°6) 3

ST

-rg‘ i

N3 (139.0°-139.1°E)
T t

50

0_
km

254"

50

E2 (35.0°-35.1°N)
E1 (34.9°-35.0°N)

EN

138.

Fig. 12.

5 139°  139.5°

1

N4 (139.1°-139.2°E)
T T

N5 (139.2°-139.3°E)

35I°N 35‘.5° 36°

Vertical cross sections of hypocentral distribution of the earth-
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NS cross sections for the depth range of 0-80 km from 138.8°E to
139.3°E (N1~NS5; right) are shown.

around the subduction entrance, presumably, a tensional
stress field perpendicular to the strike of the entrance (o3 in
the NNE-SSW direction) is predominant in the IOA crust
due to the bending associated with subduction. This fea-
ture can explain why the remarkable east-off-Izu earthquake
swarm, which is considered to be caused by dike intrusion
(e.g., Okada et al., 2000), has been localized in this partic-
ular area, mostly south of 35°N (see Fig. 11(a)), for more
than 20 years. This stress field is considered to permeate
into IIA to some extent causing swarm activity also in the IIA
crust. Anyway, it is noteworthy that the stress fields around
the southern end of WSBF and along its northern part exhibit
marked contrast with each other.

Sometimes a question is addressed whether there is ‘East-
Suruga-Bay Fracture’ or not. The essential causes of WSBF
are the existence of the volcanic front and differences in
nature and behavior between IOA and IIA. In contrast to
these situations in Sagami Bay, in the Suruga Bay region,
almost uniform lithosphere of the western margin of IIA has
been subducted beneath the Tokai district, and there are not
such conditions. In addition, the direction of the PHS plate
motion is not parallel to the major trend of tectonic structure
in the Sagami Bay-Izu Peninsula-Suruga Bay region, but
asymmetric. Therefore, ‘East-Suruga-Bay Fracture’ is not
postulated.

8. Discussion

Kasahara (1985) and Sakata (1987) interpreted the 1633,
1782 and 1853 Odawara earthquakes as interplate events be-
neath Odawara on a northerly dipping segment of the PHS
plate. Kasahara (1985) adopted the western fault plane (F-
1) of MODEL-III of the 1923 Kanto earthquake proposed
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Fig. 13. Schematic bird’s-eye view of the three-dimensional PHS plate geometry and underground structure around Odawara in SFM representing the
WSBF hypothesis (slightly modified from figure 6 in Ishibashi (1988c)). C1, C2 and C3 correspond to those in Fig. 3. Ki denotes the Kita-Izu active

fault system.

by Matsu’ura et al. (1980), and Sakata (1987), the idea that
the northern surface boundary of the PHS plate ran along an
‘Atami-Numazu line’ to the south of Hakone volcano (Tada,
1977). However, the view that the PHS plate boundary runs
along the F-1 or the ‘Atami-Numazu line’ conflicts with geo-
logical and geomorphological features in this area (e.g., Mat-
suda, 1993). In addition, Kasahara’s (1985) model of the
1633 earthquake was not supported by numerical simulations
of tsunami (Aida, 1993).

Ohkouchi (1990) inferred an northerly-dipping active
thrust at the southern foot of the Manazuru Knoll (for lo-
cation, see Fig. 4(a)) in the examination of active geological
and topographical structures in Sagami Bay based on many
seismic profiling data, and suggested that the PHS plate mo-
tion was partly accommodated here. Hagiwara (1993) con-
sidered this interpretation as a strong evidence to deny the
WSBF hypothesis. However, if the finding of an active
thrust is true, it means that the subduction entrance exists
to the south of the knoll as Ohkouchi (1990) himself illus-
trated, very near to the place shown in Fig. 4(a), supporting
the geometry of the IOA lithosphere discussed in Section 4.
And, after all, the proposed thrust becomes a good evidence
to support the WSBF hypothesis as a logical consequence.
But, as a matter of fact, the inference of the thrust, itself,
is not convincing because of insufficient data and discussion
(Ishibashi, 1999). Even if there is a thrust at the southern
foot of the Manazuru Knoll, it is considered a small-scale lo-
cal one because the knoll has very limited lateral dimension.

WSBEF has not yet been detected by seismic survey exper-
iments both in Sagami Bay and on land (e.g., Kato et al.,
1993; Yoshii, 1993). Hagiwara (1993) referred to this point

also as a matter denying the existence of WSBF. But, as
was discussed by Yoshii (1993), direct detection of WSBF by
reflection/refraction seismic survey is considerably difficult
because it is not very large-scale, being situated rather deep
under the surface, and probably almost vertical. The essen-
tial point of the WSBF hypothesis is a proposal of a new view
on the geometry of the subducted IOA lithosphere including
the location of its subduction entrance. Therefore, for ex-
amining the hypothesis, indirect investigation of WSBF by
elucidating the IOA geometry through, for example, a long-
distance dense onshore-offshore seismic survey along the
line B in Fig. 4(a) is very important. At least crustal structure
beneath Sagami Bay obtained by a seismic refraction experi-
ment by using OBS’s (Nishizawa et al., 1996) is in harmony
with the IOA geometry proposed in Section 4. Anyway, to
clarify the PHS plate geometry in and around Sagami Bay
is indispensable not only for checking the WSBF hypothesis
but also to understand plate tectonics in this region including
seismotectonics of interplate Kanto earthquakes.

Koyama (1995), basically supporting the WSBF hy-
pothesis, proposed a modified model of active tectonics
around WSBF. He newly hypothesized a ‘Manazuru mi-
croplate’ taking into account the Higashi-Izu (eastern Izu)
monogenetic-volcano field in the central part of the Izu
Peninsula, the Tan’na fault, the Kozu-Matsuda fault, the Oiso
Hills and the Tanzawa Mountains. Although this model
seems to be involved mainly with the shallower part, it is
worth considering carefully in order to improve the WSBF
hypothesis.

An apparently big problem in earthquake recurrence be-
neath the Odawara area is that the earthquake series does not
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Fig. 14. Horizontal velocity vectors of the GEONET (GPS Earth Observa-
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ber 1998 and June 2000 (reproduced from figure 2 in Ishibashi and Itani
(2004)). PHS, IP and ha denote the Philippine Sea plate, the Izu Penin-
sula and Hatsu-shima Island, respectively. Isobath interval is 1000 m.

have a characteristic earthquake. Obviously, M 7-class local
events and M 8-class regional interplate events are mixed,
and even among M 7-class Odawara earthquakes, locations
of source regions and sizes appear different from event to
event, though my interpretation is that this is a reasonable
manifestation of the unique nature of WSBF as discussed in
the previous section. In addition, a sub-faulting during the
1703 Genroku Kanto earthquake still remains a kind of con-
jecture. The asperity mentioned in the previous section is
yet a very rough idea, though Ohtake (1993) showed that the
recent geodetic data supported its existence. Anyway, more
detailed consideration of the dynamics of the Odawara earth-
quakes is necessary.

The anticipated time of the next earthquake by a sim-
ple linear regression analysis of five historical events and
its standard deviation were 1998.4 £ 3.1 (Fig. 9; Ishibashi,
1988b). Ohtake (1993) applied a Weibll distribution to the
recurrence intervals of five events, and obtained cumulative
probabilities of 18% as of the beginning of 1993 and 83% as
of the end of the 20th century. Although nearly 81 years have
already passed since the last event in 1923, it should be noted
that in case of the 1782 earthquake 78.5 years had elapsed
since the 1703 great Genroku Kanto earthquake. According
to Utsu (1994), it can easily happen, purely statistically, that
the time interval between the future and the last events devi-
ates from the recent average of 73 years by 10 years or more,
if the Odawara earthquake sequence has a moderately inter-
mittent nature. If we apply the Brownian passage time (BPT)
distribution (Ellsworth ez al., 1999; Earthquake Research
Committee, 2001) to four recurrence intervals from 1633 to
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1923, two specific parameters i (mean time to failure) and o
(aperiodicity of the mean) are 72.6 years and 0.042, respec-
tively. Since « is surprisingly small, the five-year probabil-
ity from September 1, 2004 becomes 99.4%. If we include
the 1556 earthquake mentioned in Section 6 in the Odawara
earthquake series, then, i, @ and the five-year probability
are 73.5, 0.052 and 95.9%. If we use @ = 0.24 following
Earthquake Research Committee (2001), then the five-year
probability from September 1, 2004 becomes 25 ~ 26% for
both cases with and without the 1556 event.

Tectonophysically, as Ishibashi (1988c) discussed, the
next Odawara earthquake may be delayed because the last
rupture of WSBF in 1923 is considered to have been excep-
tionally large-scale by comparing the 1.8 m coseismic uplift
of Hatsu-shima Island to its average uplift rate of about 1
m/10° yrs during the last ca. 10* ~ 10° yrs (Ishibashi et al.,
1982). In addition, the rupture of the Kita-Izu active fault
system (Figs. 4(a) and 13), which is considered an event of
every 700 ~ 1,000 years (e.g., Matsuda, 1993), during the
1930 Kita-Izu earthquake of M 7.3 may affect the activity
of WSBF, though the mechanism is unknown. In the next
Odawara earthquake, northern (inland) part of WSBF seems
more likely to break. Anyway, recent GPS observation data
show clearly that the Izu-Hakone block is actually colliding
against Honshu and along WSBEF left-lateral shear strain has
been accumulated (Fig. 14; Ishibashi and Itani, 2004).

9. Conclusion

A hypothesized WSBF (West-Sagami-Bay Fracture) be-
neath the northwestern part of Sagami Bay and its northern
inland adjacencies is regarded as the present form of a tear
fault within the PHS plate which has separated the subduct-
ing IOA crust from the buoyant IIA crust during the cource of
the PHS plate subduction/collision in SFM. It is considered
a north-south striking, high-angle, left-lateral reverse fault in
average, but the slip vector on it probably varies from south
to north. This fracture is inferred to be causative of the re-
peating seismic faultings beneath Odawara that recurred five
times every ca. 70 years during the last 400 years. In actual
situation, WSBF may not be a thin fault plane but a fracture
zone with a few or several kilometer thickness. The WSBF
hypothesis has not yet been proved nor denied. It still re-
mains the only conceptual model to explain the earthquake
recurrence in the Odawara area as well as a comprehensive
idea to understand the Neogene to modern plate convergence
process in SFM. Since many Japanese seismologists are con-
cerned about a near-future possibility of a large earthquake
near Odawara, setting up a source model based on more-
improved seismotectonic interpretation is required.
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