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Abstract: Ophiolites are divided into lherzolite-type (L-type) and harzburgite-type (H-type) by
the lithology of their mantle peridotites. Rare depleted harzburgite-type (DH-type) is
distinguished from the normal H-type by the more refractory nature of its mantle peridotite and
the occurrence of orthopyroxene-type cumulate rocks including iron-rich harzburgite and
orthopyroxenite. The Shelting (Sakhalin) and Krasnaya (Koryak Mountains) ophiolites in Far
East Russia, which have both depleted harzburgite and orthopyroxene-type cumulate rocks,
belong to this newly defined DH-type. The ophiolites in SW Japan—Primorye, NE Japan—
Sakhalin, and the Koryak Mountains in the northwestern Pacific margin have diverse ophiolite
types ranging from L- to DH-types. The wide petrological diversity, the common occurrence of
DH-type, and the presence of thick crustal sections in these ophiolites suggest regionally
inhomogeneous, commonly very high degrees of mantle melting over subduction zones, as in
the modern Mariana forearc environment. The ophiolites of Japan and Far East Russia range in
age from Early Palacozoic to Cenozoic and are tectonically underlain by younger blueschists
and accretionary complexes. The spatial association of these ophiolites with blueschists is
analogous to the ophiolite—blueschist assemblages recovered from the Mariana forearc. This
association might have formed in a period of non-accretion at an oceanic subduction zone that
was followed by voluminous accretion of sediments, facilitating subsequent uplift of the

ophiolites and blueschists.

The concept of ophiolites as assemblages of mafic
and ultramafic igneous rocks formed in deep
ocean was first suggested by Steinmann (1927),
and was further developed into the current model
of obducted fossil oceanic crust—mantle by
Moores (1969), Coleman (1971) and Moores &
Vine (1971). This model helped to explain spread-
ing processes at constructive plate boundaries and
tectonic emplacement processes at destructive
plate boundaries as the theory of plate tectonics
was formulated. Ophiolites are currently used to
help identify suture zones and ancient continental
collision zones where they rest tectonically on
older continental crust. Coleman (1986) called
these ophiolites ‘Tethyan-type’ and distinguished
them from those in Circum-Pacific belts, which
were labelled ‘Cordilleran-type’. In general, Cor-
dilleran-type ophiolites are incomplete, dismem-
bered and metamorphosed; however, they are none
the less useful for unravelling global tectonic
problems. The first purpose of this paper is to
show that the Cordilleran-type ophiolites in the
northwestern Pacific margin are emplaced over

young continental crust (or an accretionary com-
plex younger than the ophiolite), are associated
with blueschists, and represent remnants of fossil
oceanic subduction zones rather than continental
collision zones.

Boudier & Nicolas (1985) classified ophiolites
into Iherzolite- and harzburgite-types (designated
LOT and HOT, respectively, by Nicolas (1989)).
They postulated that HOT form at mid-ocean
ridges with relatively fast spreading rates. How-
ever, recent studies on contrasting structural fea-
tures of the Cyprus and Oman ophiolites suggest
that these two bodies, both HOT, could be corre-
lated with slow- and fast-spreading ridges, respec-
tively (Dilek et al. 1998). Petrological and
geochemical studies have revealed that at least
some Tethyan ophiolites were generated from
suprasubduction zone (SSZ) magmas rather than
mid-ocean ridge basalt (MORB) (e.g. Cyprus:
Miyashiro 1973; Robinson et al. 1983; Hébert &
Laurent 1990; Oman: Alabaster et al. 1982;
Umino et al. 1990; Lachize ef al. 1996; Ahmed &
Arai 2002; Bay of Islands: Edwards 1995; Subr &
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Edwards 2000). Pearce et al. (1984) classified
most HOT as SSZ-type and considered all LOT as
MORB-type. Ishiwatari (1985a) divided harzbur-
gite-type ophiolites into ordinary harzburgite (H)
and depleted harzburgite (DH) categories (Fig. 1),
and pointed out that DH-type ophiolites include
olivine (Ol)-orthopyroxene (Opx) cumulates. In
contrast, L- (lherzolite) and H-type ophiolites have
olivine-plagioclase (Pl) and olivine-clinopyroxene
(Cpx) cumulates, respectively. Although the crys-
tallization order of minerals may change with
pressure, all ophiolitic cumulates are believed to
have crystallized at low, plagioclase-stable pres-
sures, and compositional variations of cumulus
minerals suggest that the crystallization sequence

was not pressure dependent (Ishiwatari 1985a).
The associated volcanic rocks also typically show
similar chemical variations.

The residual peridotite of ophiolitic mantle
sections is generally homogeneous over a scale of
kilometres, if we exclude samples from the Moho
transition zone and from dykes or veins of dunite,
pyroxenite or gabbro. The mineral chemistry of
such residual peridotite is the most reliable mea-
sure of the degree of melting of the mantle
section. Variations in the Cr-number (Cr/(Al +
Cr)) of spinel in the residual peridotite correspond
closely to variations in lithology and mineral
chemistry. The Cr-number is 0.3—0.5 (or less) in
L-type, 0.5-0.7 in H-type, and 0.7-0.9 in DH-

Ophiolite Type L type H type DH type
Volcanic Rocks| N-, T- E-MORB, : N T~ E-MORB, " Island arc basat
. « Island arc basalt ' and andesite,
alkali basait ' ) ro
. and andesite . boninite
Cumulate Type - -
Cpx TiOzin Plagioclase type | Clinopyroxene type | Orthopyroxene type
mafic rocks 0.8 wt.% 0.4 wt.% 0.1wt.%
Crystallization | O Pl Cpx Opx | O PI Cpx Opx | Ol Pl Cpx Opx
sequence of 1
mafic and I 1 | I | I
(Seismic Moho) 1
ultramafic
cumulates
Residual mantle | Lherzolite and Cpx- | Cpx-bearing Cpx-free (depleted)
peridotite rich harzburgite harzburgite harzburgite
Bulk Alz203+Ca0 3-5wt% 1-2wt% 0-1wt%
Spinel Cri# 0.3-05 05-07 0.7-0.9
Opx Al203 2-4wt% 1-2wt% 0-1wt%
Olivine Fo 90 or lower 90 - 91 92 or higher
World classic | Liguria, Alps, Trinity| Semail (Oman), Papua, Adamsfield,
examples Bay of Islands* Troodos, Vourinos | Khan Taishir
SWJapan- | eyama Yakuno (Omi chromitite?)
Primoriye Khanka
NE Japan- - . Iwanai Horokanai, Taka-
Sakhalin Poroshiri, Nukabira Miyamori domari, Shelting
Koryak Mts. Povorotny . Nabl
Taigonos P. Elistratova South Elistratova North ablyudeny
Koryak Mts. Tamvatney e Krasnaya
Mainits Zone | Yagel Chirinai? Srednaya

Fig. 1. Petrological types of ophiolites, after Ishiwatari (1991), and examples of each type in the northwestern Pacific
margin. See Ishiwatari (1985a, 1991) for references. *Lewis Hills massif of the Bay of Islands ophiolite shows a

more depleted nature (Edwards 1995).
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type ophiolites (Fig. 1), although the associated
dunite and chromitite may have more Cr-rich
spinel. An increase in spinel Cr-number with
degree of melting was demonstrated experimen-
tally by Jaques & Green (1980) and was related to
peridotite compositions by Dick & Bullen (1984).
Although the melting process may be complicated
by hydrous remelting of already depleted mantle
(e.g. Bloomer & Hawkins 1987; Sobolev &
Danyushevsky 1994) and later reaction with per-
colating melts (e.g. Cannat et al. 1990; Arai et al.
1996), the spinel Cr-number of regionally homo-
geneous residual peridotite probably reflects the
degree of melting of the primary fertile mantle.
Therefore, we consider the spinel Cr-number of
the residual peridotite as a significant parameter
for classifying ophiolites in this paper.

The second purpose of this paper is to report
new examples of DH-type ophiolites in the north-
western Pacific region, where L- and H-types are
also abundant, and to consider the geological
significance of the extreme diversity of the ophio-
litic mantle in this region.

The geological and petrological data on the
Russian ophiolites presented in this paper are
mostly based on co-operative field studies in
Primorye (1993, 1998, 1999 and 2002) and the
Taigonos Peninsula (1995 and 1997) as well as on

Major ophiolite belts in the
northwestern Pacific margins
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a 1990 field workshop in the Mainits Zone,
Koryak Mountains (Bryan 1991). Some of the
important chemical data and geological maps
reproduced here are from publications in Japan
and Russia.

Ophiolites in the northwestern Pacific
margin

The northwestern Pacific margin, which extends
from Japan to Russia, contains numerous ophioli-
tic bodies commonly associated with blueschists
(Fig. 2). These ophiolites are highly variable in
age, lithology and chemical composition, even in
an apparently continuous, ‘single’ belt. The ages
of the ophiolites and associated blueschists are
summarized in Table 1.

Ophiolite belts in SW Japan and Primorye

The Palaeozoic—Mesozoic accretionary complexes
and associated ophiolites and blueschists of south-
western Japan may have been linked with the
Sikhote—Alin Mountains of Russian Primorye
before the Miocene opening of the Japan Sea
(Ishiwatari & Tsujimori 2003). Jurassic accretion-
ary complexes in Japan (Tamba, Mino and Ashio

E160° .
E180

o/ 1

Koryak Mountains

ophiolite belts

Povorotny from N to S)
Magadan

Mainits Zon;

Langerni
(Tamvatney, Yagel.

Shelting ®s  Krasnaya and
> F Srednaya from
Susunai ¢ NW to SE)

o —
“ Kamuikotan (Horokanai, Takadomari,
Iwanai and Nukabira from N to S)

By =Y Hidaka (Poroshiri and Horoman)
\ es° Oeyama Tokyo Miyamori
Yakuno

E. Taiwan Ishigaki
Island

\ SW Japan-Primorye| Mikabu ~Mineoka
20° ophiolite belts

NE Japan-Sakhalin
ophiolite belts

Pacific Ocean

Fig. 2. Location of major ophiolite belts and ophiolite complexes in the northwestern Pacific margin. A possible
western extension of the Palaeozoic ophiolite—~blueschist belt of the SW Japan—Primorye area is also shown (see

Ishiwatari & Tsujimori (2003) for discussion).



Table 1. Ages of the ophiolites and blueschists of the northwestern Pacific margins from Japan to Russia
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zones) are believed to correlate with the Samar-
ka-Nadanhada terranes in Primorye and north-
eastern China (Xojima 1989).

Palaeozoic ophiolites in southwestern Japan
include the Ordovician Oeyama ophiolite and the
Permian Yakuno ophiolite. The hornblende K—Ar
age of the Oeyama ophiolite is 450 Ma (Nishi-
mura 1998), whereas that of the Yakuno ophiolite
is 280 Ma (Shibata et al. 1977). The latter age is
in agreement with zircon U-Pb dates from the
same body (Herzig et al. 1997).

The Oeyama ophiolite is composed of lherzoli-
tic mantle peridotite (Cr-number 0.3) in the east-
ern Chugoku area (Kurokawa 1985) and of
clinopyroxene-bearing harzburgite (Cr-number
0.5) in the western Chugoku area. Podiform
chromitites (Cr-number 0.5) encased in dunite
bodies are abundant in the western area (Arai
1980; Matsumoto & Arai 1997) (Fig. 3a). In both
areas the mantle peridotites commonly contain
vermicular spinel—pyroxene aggregates. The man-
tle peridotites are thrust over the 320-280 Ma
Renge blueschist (Tsujimori & Itaya 1999), the
Permian Akiyoshi accretionary complex, and the
Permian Yakuno ophiolite. Small mantle peridotite
bodies of analogous nature are also present in the
Hida marginal belt to the east, where they are
associated with the Renge blueschist and eclogite
in the Omi area (Tsujimori ef al. 2000). Orbicular
chromitite with high Cr-number (0.76-0.85) is
present in peridotites in the Omi area (Yamane et
al. 1988). The high Cr-number suggests formation
from highly refractory melts, although the degree
of melting of the mantle peridotite is generally
low (Fig. 3a). This ophiolite includes minor
gabbroic rocks and ultramafic cumulates (Kuro-
kawa 1985), and granulite-facies spinel metagab-
bro recrystallized to kyanite-bearing epidote
amphibolite has been reported from the Oeyama
massif (Tsujimori & Ishiwatari 2002).

The Permian Yakuno ophiolite has a complete
succession with MORB-type basalt, clinopyrox-
ene-type cumulates, and mantle peridotite consist-
ing of relatively depleted harzburgite with a
variable composition (Cr-number 0.4-0.8) (Ishi-
watari 1985a). Although regional variations in the
mantle peridotite cannot be confirmed because of
limited exposure, the gabbroic and basaltic rocks
range from T-MORB in the eastern part to island
arc tholeiite in the western part (Ishiwatari et al.
1990). In gabbros the Mg-number of clinopyrox-
ene varies from 0.85 in the eastern part to 0.7 in
the western part (Fig. 4a) although plagioclase has
a relatively uniform composition (Angy) through-
out. Another peculiar feature of the Yakuno
ophiolite is the occurrence of granulite-facies
metacumulates (e.g. spinel—two-pyroxene meta-
gabbro) at the Moho level, which suggests unu-

Mainits Zone
Elgevayam A
Mélange blocks B
Krasnaya O and
other ophiolites

Penzhina III B
Kuyul O
Pekulney O*
Penzhina II B
Penzhina I B
Ust-Belaya O

Taigonos Peninsula Penzhina Zone

Koryak Mountains
Taigonos A, B
Elistratova O
Povorotny O
Kengeveem O

Rakitinskaya A

Sakhalin
Susunai B
Shelting O

NE Japan
Hidaka A
Poroshiri O
Kamuikotan B
Horokanai O
N Kitakami A

Kurosegawa O, B Motai B
Kurosegawa O, B Miyamori O

Outer Zone
Mineoka O
Shimanto A
Sambagawa B
Chichibu A
Mikabu O

SW Japan
Inner Zone
Tamba A
Suo B
Yakuno O
Akiyoshi A
Renge B
Oeyama O

Shaiginsky B

Primorye
Samarka A
Bikin O
Kalinovka O
Khanka O
Sergeevka O

Area

|
|

Early Palaeozoic {

*The largest mafic—ultramafic complex in the Pekulney area may be of Proterozoic age (Dobretsov 1999).

O, ophiolite; B, blueschist; A, accretionary complex.

Age

Cenozoic
Mesozoic

Late Palaeozoic
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(a) SW Japan-Primorye

Khanka ophiolite, Primorye
@ in conglomerate

(b) NE Japan-Sakhalin

o in serpentinite Opx
b P . 6.0- Al203 H MHLS
10 08 06 04 02 00 wt.% oroman
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Opx Spinel Cré Nukabira Lh
4.0 Al203 4.0
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7 Yakuno BDH e @ ¢ Horokanai Hz
0.0- Omi Cr 0.0 Cape Sheltlng .
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Spinel Cr# Horokanai Du Spinel Cri#
(c) Taigonos Peninsula (d) Mainits Zone, Koryak Mountains
Opx Opx
6. 8.
0 Al20s3 0 Al03 Tamvatney Lh
[}
W% Povorotny Lh Wb
Tamvatney Hz
4.0 4.0 Yagel
melange
2.0 2.0+
7 n ™ Mt. Krasnaya
0.0 0.04— Mt Srednaya Du .

10 08 06 04 02 00
Spinel Cr#

1.0 08 06 0.4 02 00
Spinel Cr#

Fig. 3. Compilation of spinel Cr-number and Al,O3 content of coexisting orthopyroxene in residual mantle peridotite
of ophiolites in (a) SW Japan—Primorye area, (b) NE Japan—Sakhalin area, (¢) Taigonos Peninsula and (d) Mainits
Zone, Koryak Mountains. References: (a) Arai (1980), Ishiwatari (1985a, 1985b), Kurokawa (1985), Yamane et al.

(1988), Matsumoto & Arai (1997), Shcheka et al. (2001);

(b) Ishizuka (1985, 1987), Ozawa (1988), Takahashi

(1991), Tamura ef al. (1999), Vysotskiy et al. (2000); (c) Saito ez al. (1999), Bazylev et al. (2001); (d) Dmitrenko et
al. (1990) and this study. HMLS, main harzburgite-therzolite suite; BDH, banded durite-harzburgite.

sually thick (15-30 km) oceanic crust (Ishiwatari
1985b).

In Primorye, the Sergeevka, Kalinovka and
Bikin ophiolitic complexes lie along the western
margin of the Mesozoic accretionary complexes
near the boundary of the Khanka -crystalline
massif (Fig. 2). These ophiolites lack mantle
peridotite and are composed solely of volcanic
rocks, gabbros and mafic—ultramafic cumulates.

On the other hand, the Cambrian Khanka ophiolite
rests on a Cambrian limestone in a small rift zone
(Spassk zone) in the Khanka massif. Middle
Cambrian conglomerate covering the body con-
tains abundant chromian spinel grains derived
from the ophiolite (Shcheka et al. 2001). This
ophiolite contains serpentinized harzburgite with
relatively chromian, unusually Mn-rich spinel (Cr-
number 0.6-0.7) (Shcheka et al. 2001); it is
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Fig. 4. Relationship between anorthite (An) content of
plagioclase and Mg-number (= Mg/(Fe + Mg)) of
coexisting clinopyroxene in the Yakuno ophiolite in SW
Japan (a) and among the Elistratova ophiolite and
Kengevayam gabbro body, Taigonos Peninsula, NE
Russia (b). Fields for island arc basalts (IAB) and mid-
ocean ridge basalts (MORB) are from Ishiwatari et al.
(1990). Beard (1986) and Hébert & Laurent (1990)
proposed a similar discrimination between the two
suites.

considered to be an H-type ophiolite transitional
to DH-type (Fig. 3a). The residual peridotite
spinels of the Khanka and Oeyama ophiolites
suggest that the early Palaeozoic mantle of the
SW Japan-Primorye belt was inhomogeneous and
was locally relatively depleted.

Dobretsov et al. (1994) correlated the Oeyama
ophiolite with the Kalinovka ophiolite; however,
age and structural data indicate that it is part of
the Sergeevka terrane, a huge metagabbro body
covered by Devonian and Permian sedimentary
rocks. The Sergeevka terrane was later thrust onto
a Jurassic accretionary complex (Samarka terrane)
containing 250 Ma blueschist. The Sergeevka ter-
rane, however, does not contain any mantle peri-
dotite, which is abundant in the Oeyama ophiolite.
The Bikin ophiolite, which consists of granulite-
facies two-pyroxene metagabbro (Vysotskiy 1994)
may be the Russian counterpart of the Permian
Yakuno ophiolite. Recent geochronological data
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suggest that the Yakuno ophiolite may also corre-
late with the Kalinovka ophiolite, which includes
spinel-bearing troctolite and garnet-bearing meta-
gabbro (Ishiwatari & Tsujimori 2003).

Ophiolite belts in NE Japan and Sakhalin

The early Palacozoic Miyamori (and Hayachine)
ophiolite is present in the Kitakami Mountains,
NE Honshu (Ozawa 1994). This ophiolite and its
overlying Silurian to Jurassic sedimentary rocks
were thrust over the Jurassic accretionary complex
of the North Kitakami—SW Hokkaido zone (Taza-
wa 1988). The ophiolite consists mainly of moder-
ately depleted harzburgite (spinel Cr-number 0.4—
0.75) and clinopyroxene-type cumulates. The per-
vasive occurrence of hornblende (and some Ti-
poor phlogopite) in the mantle peridotite indicates
that it was derived from a hydrous mantle wedge
above a subduction zone (Ozawa 1988). The
harzburgite contains layered harzburgite—wehrlite
zones, which formed by melt—mantle interaction
(Ozawa 1994). The Miyamori ophiolite is asso-
ciated with the Motai blueschist of Late Palaeo-
zoic age (Maekawa 1988).

In Central Hokkaido, ophiolitic rocks occur in
several zones. In the Sorachi—Yezo belt, the
Jurassic Horokanai ophiolite is thrust over the
Cretaceous Kamuikotan metamorphic belt, and
dismembered equivalents of this ophiolite are
distributed throughout the belt. The Horokanai
ophiolite has a well-preserved succession, which
is composed, from bottom to top, of harzburgite,
orthopyroxenite—dunite cumulate rocks, metagab-
bros, amphibolite, MORB-type pillow lavas and
an Upper Jurassic radiolarian chert. The mantle
harzburgite is strongly depleted (spinel Cr-number
0.69-0.77 in harzburgite and 0.81—0.93 in dunite)
(Fig. 3b) (Ishizuka 1985, 1987). In the Kamuiko-
tan belt, the Takadomari harzburgite body near
Horokanai is similarly highly depleted, but the
Iwanai-dake body contains common harzburgite
and the southernmost Nukabira body consists of
lherzolite (Furue et al. 1997; Tamura et al. 1999)
(Fig. 3b). Tamura et al. (1999) also reported
dunite with highly chromian spinel and magnesian
olivine in the Nukabira lherzolite (Table 2). The
depleted harzburgite of the Horokanai and Taka-
domari complexes has been thrust onto the Ka-
muikotan metamorphic rocks, which include
typical jadeite-bearing blueschists (Ishizuka 1985,
1987, Sakakibara & Ota 1994).

In the Hidaka belt, to the east of the Kamuiko-
tan belt, the Poroshiri ophiolite has a relatively
complete succession (Miyashita 1983). This body
contains abundant troctolite—anorthosite cumu-
lates (Miyashita & Hashimoto 1975), whose oli-
vine—plagioclase crystallization trend closely
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follows that of MORB, and which is thought to be
an L-type ophiolite. Based on geological data,
Miyashita & Yoshida (1988) postulated a Cretac-
eous age for the ophiolites in the Hidaka zone.

The Horoman complex is a well-layered perido-
tite—gabbro body in the southern part of the
Hidaka belt. The main harzburgite—lherzolite
complex has spinel with Cr-number 0.2-0.6 and
contains layers of spinel-rich dunite—wehrlite,
gabbro, and minor banded dunite-harzburgite (spi-
nel Cr-number 0.8-0.9) (Takahashi 1991). The
pervasive occurrence of spinel—-pyroxene symplec-
tite after garnet suggests a deep mantle origin.
Rare, large corundum crystals in the metagabbro
suggest that the peridotite body is a fragment of
recycled oceanic crust—mantle, which has been
subducted and then emplaced as a diapir (Morishi-
ta & Arai 2001). L-type residual mantle and
mafic-ultramafic cumulate rocks constitute the
bulk of this peridotite body, but the occurrence of
highly depleted harzburgite indicates that a pre-
existing DH-type ophiolite was also incorporated
into the diapir.

Dobretsov et al. {1994) compared ophiolite—
blueschist belts in central Hokkaido and Sakhalin
and correlated the West and Central (Langeri—
Susunai) Sakhalin Zone with the Sorachi-—Yezo
and Kamuikotan belts in Hokkaido. Vysotskiy et
al. (2000) described the boninite—bearing Shelting
ophiolite from central-eastern Sakhalin (Fig. 5).
This ophiolite, composed of dunite—harzburgite,
websterite—orthopyroxenite  and  gabbronorite
units, occurs as a tectonic slice in fault contact
with Jurassic—Cretaceous volcaniclastic rtocks
containing boninite (the Rakitinskaya suite). The
nearby Berezov massif (Fig. 5) has the same
character and lithological sequence. Spinel in the
dunite and harzburgite of this ophiolite is unu-
sually chromian (Cr-number 0.86--0.89) (Fig. 3b,
Table 2). The highly depleted nature of the mantle
peridotite and the presence of the adjacent ortho-
pyroxene-type cumulate rocks help define this
ophiolite as a DH-type. The associated boninite
has 25-30 modal % orthopyroxene phenocrysts,
which show reverse zoning with an iron-rich core
(Mg-number 0.72-0.75) and a magnesian rim
(Mg-number 0.84—0.89). The spinel micropheno-
crysts also show reverse zoning with iron-rich
cores and iron-poor rims (Cr-number 0.80-0.83).
Vysotskiy et al. (2000) suggested that crystal-
lization of the boninitic magma under more and
more reducing conditions was due to the introduc-
tion of a hydrogen-rich fluid.

Ophiolite belts in the Koryak Mountains

The Koryak Mountains extend from northern
Kamchatka to the Bering Straits (Fig. 2). Fujita &
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Newberry (1982) described the general geology of
this area and Palandzhjan (1986) studied the
ultramafic rocks. Fujita & Newberry (1982) pro-
posed that the Koryak ophiolites were emplaced in
the Jurassic. Pushcharovsky et al. (1988) and
Sokolov (1992) outlined the geological structure
of the Koryak Mountains, in which Early Palaeo-
zoic ophiolites of the Penzhina zone (also called
the Talovsko—Pekulneyskaya zone or the Ust—
Belskaya zone) are thrust over the Koryak nappes,
which contain abundant Mesozoic and rare Pa-
laeozoic ophiolites. Stavsky et al. (1990) proposed
a plate-tectonic model for accretion in the Koryak
Mountains, and Tilman & Bogdanov (1992) pro-
duced a comprehensive geotectonic map of the
area. Dobretsov (1999) compiled chronological
and petrological data from blueschists in this area.

Penzhina zone and Taigonos Peninsula

The Penzhina zone comprises the innermost part
of the Koryak orogenic belt, where ophiolites and
blueschists of various ages are exposed (Fig. 2).
The Pekulney Range in the northern Penzhina
zone has a large Proterozoic(?) metamorphosed
mafic—ultramafic complex and Jurassic ophiolites
(Dobretsov 1999). The Ust—Belaya ophiolite of
Early Palaeozoic age (560 Ma K-Ar age on
gabbro) consists of tectonic slices of pillow lava
with chert, dunite—peridotite with gabbro—an-
orthosite layers, and gneissose metagabbro with
eclogitic rocks (Dobretsov 1999). The entire com-
plex was thrust onto the Late Jurassic—Early
Cretaceous accretionary complexes of the Koryak
nappe system (Sokolov 1992). The Ganychalan
(‘Kharitoninskii’ of Dobretsov) nappe in the
southern Penzhina zone also has a complete
ophiolite sequence of Early Palaeozoic age
(430 Ma). The Kuyul ophiolite in the southern
Penzhina zone, mid-Triassic to Jurassic in age, has
a complete succession, whose chemistry and
mineralogy have an SSZ affinity (Khanchuk &
Panchenko 1994; Luchitskaya 1996). The mineral
chemistry of the harzburgite indicates that this is
an H-type ophiolite. According to Dobretsov
(1999), blueschists in the Koryak Mountains
show chronological peaks at 330 Ma (Penzhina),
300 Ma (Penzhina), 180 Ma (Penzhina and Taigo-
nos) and 150 Ma (Penzhina, Pekulnei and mélange
blocks). Associated ophiolites have ages of 380—
450 Ma, 208-290Ma and >150Ma, and the
blueschists of each period are slightly younger
than the adjacent ophiolites.

The Taigonos Peninsula constitutes the south-
ernmost part of the Penzhina Zone (Figs 2 and 6).
Several ophiolite bodies are present along the
eastern coast of the peninsula, such as the Elis-
tratova ophiolite, the Kengeveem metagabbro



A. ISHIWATARI ET AL

604

€60 S06°0 - $06'0 6£6°0 8760 6260 S06'0 ‘ou-3N 10
LT0'0 S00°0 £50°0 £E10 9100 L000 8200 800°0 oU- .o
€8L°0 651°0 9710 6L0°0 1L8°0 £68°0 LTY0 L6¥'0 LL8O 890 £LTO LZro LLLO g0 9510 6€1°0 0u-1)
SEL0 L0 9160 0060 190 ¥LTO 9260 9060 (433 950 0560 976’0 Yoo vL9'0 0£6'0 0160 -ou-3
000t 000°¢ ¥86'¢ 000y 100°¢ 000t $66'¢ P86'¢ 000°¢ 000'¢ 066't 6L6'E 000°¢ 000'¢ 986'¢ 6L6'¢ Tel10L
000°0 000°0 £00°0 0000 0000 0000 0000 0000 BN

€680 0£0°0 1£6°0 LZ00 €860 10°0 12670 L60°0 €D

£EE0 wL'o 6880 LLYT €850 8970 60 8vL1 PES0 £95°0 6160 0LL'T €970 1L9°0 ¥88°0 809°1 SN
0100 100°0 #0070 #00°0 600 w00 0000 2000 0000 000°0 2000 w000 9000 000 000 #00°0 UA
1990 0970 180°0 L81°0 1L€°0 T1Lo 8L0°0 181°0 0LY'o 6EF°0 8¥0°0 wro eSO STE0 L90°0 651°0 +°d
500 6000 Sor'o §9T°0 1€0°0 ¥10°0 950°0 S100 +¢d
8IS'1 SIE0 §20°0 9100 Lyo'1 LpS1 6000 8000 8IL1 9se’l 9100 L000 S0S°1 9o 0£0°0 §T0°0 0D
1Z¥o 0L9°1 9LT'0 681°0 27A] S8I°0 1100 6000 [a74Y LT9°0 w00 0500 23.41] Ivel £91°0 SS1°0 v
£00°0 £00°0 $00°0 1000 £00°0 2000 0000 0000 S000 1000 0000 2000 £00°0 0000 $00°0 1000 o
[A00 968°1 66'1 8007 0861 166'1 £l6'r 0g6'T 1S

14 14 9 9 ¥ 4 9 9 4 4 9 9 4 14 9 9 =0
A3quunu wouny)

8Y'66 SL66 9¢°66 e'66 ¥9°001 LS°001 r001 1966 6¥'001 0201 £1'66 ¥8'66 26°66 ¥8'66 8L°001 S¥'001 Te0L
000 000 800 000 000 000 000 000 0%N

L8TT 18°0 SOYT £L0 y1se 8¢0 S8'ET ¥9'C o)

LS9 08'81 9E°91 iece v8 11 1284 90°81 P6'€E 9L°0T S1el 6891 (7243 8¢'6 96'S1 P91 PelE feLidg
¥e0 S0°0 o €10 vl PLO 000 800 000 000 $0°0 800 £T0 LIo 10 tro OUN
LTet LT 997 9 vy el LTYT LST LT9 6891 6891 LS 96t 1€61 8L'¢1 17e (439 0=d
Q4 o wy S0'01 97’1 850 T Lo fotg
S8 $0°ST 880 650 SO'E9 £8°5S 0g0 1£°0 €759 €TSS $S0 LT0 wLs 88'8T 90’1 w60 U
501 95°eS 60’1 19'% €79 Lidd Lo 1o LT9 €Ll 860 YTl i £E°0F ¥8e €8¢ toav
€10 €10 10 SO0 o 900 000 000 810 900 100 L00 £ro 000 ST0 00 oL
s (A7 11°ss L0'8S 144273 b1°8¢ 80°€S £0'9¢ ‘o8

pIxo 914

[ourdg [euidg xdp xdQ puldg jourds xdpy xdQ Jourds jouds xd) xdo Jouldg feuidg xdp xdo ‘[eIdUIN
*EP00T y1darolt aung andinqzier naz-L1No ZH 7-60N0 ng ¢£¥97aN U1 118T8N ordwieg
AuspnA[qen Am010A0d Funjeys Lewopeye], enqgeynN JISSEN
[£] ensutuag souoSie], ueyinog [z] wirepes waiseg—jenua) [1] oprespjoy “ijog uejoNIOIRY Ay

DISSIY UAIISDIYLIOU pUD OPIDYYOR] Ul Sax2]duiod aprjorydo woif sajpopriad pnpisad fo sasdipup jpaautu aaupvjuasaiday g Aqel.



605

OPHIOLITES IN JAPAN AND FAR EAST RUSSIA

("sasATeur asay) JO s[IeIOp 19YIINY I0J (ZOOZ) 1reremIysy 2 zadoT 295)

"A)SIOATU[) BMBZEUEY] JO WAISAS (016 XVAA-WAS VOE-TYsey 2y Sursn popow owes oy Aq pauntograd axam [9] pue [4] ‘[¢] ‘(1] 103 sesAeuy “anSmqzrey 1oye 001 o[e}—dwWAYO ST €001 d[dures,
-auaxokdourya ‘xdy)y ‘ouaxoridoyuio ‘xdQ ‘auiarjo ‘|0 ‘ondingzrey ‘Zy ON[OZIoY[ ‘YT ‘enunp
ng ‘(yseqnang X askreue) &pws siqp [9] (0661) 1w 12 oxuanrmq [S] ((6661) 12 22 owes [p] {(ones g asAreur) Aprs sip [¢] ((000T) v 12 ADis108KA [2] “(6661) 70 12 exwe], [1] :sedmos eieqy

S160 760 0160 9160 1060 606'0 LO60 0u-IN 10
+100 $£0°0 6200 900°0 9700 0100 600°0 OU- L3
098°0 w080 $8L°0 161°0 [3440] e 0610 Lv1'0 891°0 L60°0 LLOO 0790 LST°0 E1€°0 ¢LTO 611°0 ou-1y)
£EV'o ¥05'0 80 56°0 160 £89°0 or6'0 9160 69L°0 1260 L06'0 £L5°0 6160 0L9°0 6260 9060 ‘ou-S
000°¢ 000°¢ 000'¢ L86'¢ 0L6°€ 000°¢ 996'¢ L66'¢ 000°¢ 086'¢ €00t 000°€ 666't 000°¢ £86'C €L6'¢ Tei0L
0000 000°0 0000 0000 0000 0000 0000 9000 0000 EN

0960 6£0°0 6880 £80°0 868°0 6v0'0 SE0°0 €£€6°0 LEOO €D

V0 905°0 610 9€6'0 60L°1 7890 ¥88°0 $S9'1 L9L°0 1880 €L9'T TwLso 09L'T 0L9°0 £58°0 $9'1 SN
0000 000°0 0000 £00°0 9000 000°0 2000 1000 000 000 £000 ¥00'0 L00°0 0000 000 S00°0 U
8950 86t°0 7550 8100 910 81¢0 9500 sro 0€T°0 9L0°0 TLTO Lo ssio 0£€°0 §90°0 1LT0 +23d
LT00 L90°0 LSOO 110°0 w00 0700 810°0 +¢2d
£69'1 el °Tso 0100 0100 0r9°0 6£0°0 0£0°0 LTEO 200 8100 €T €100 0290 8€0°0 6100 R
SLTO 18¢°0 L1¥'0 $¥0°0 9£0'0 9401 $91°0 SLT'0 6191 870 1170 1.0 6900 79¢'1 810 Iv1o v
2000 +00°0 100°0 000 €000 000 €000 0000 100°0 S00°0 000 £00°0 $00°0 0000 2000 €000 1L
¥86°1 00T 6zo’l 1061 $98°1 9L8'T Ss6't 668'1 b6l I

¥ 14 ¥ 9 9 ¥ 9 9 4 9 9 |4 9 14 9 9 =0
Adquinu :QEQU

$5°66 19°86 £6°001 SI'66 U T0l LT001 £9°001 007001 L6'86 L1001 €001 $$°001 100l £6'66 08001 £2°001 [El0L
000 000 000 000 9¢'0 L00 000 810 000 O%N

14274 901 01'€e €T ree Tl S6°0 |48 74 001 oed

LS8 €101 9T'6 61°Ll LLee U871 7691 e 1761 0g'91 seTe 6£'TI PEYE 66'ST L8'S1 8T'TE 05N
000 000 000 60°0 TTo 000 L0°0 £0°0 810 Y10 01’0 LT0 €70 00°0 €10 91'0 OUN
L6'61 IL'LY 80°0C 9¢'1 69°¢ LSET L8l LTS STo1 05T 86°S 8791 ov's 90¥1 L1t 96'S 024
LO'T $9T €T 50 LST 80 $8°0 f0%g
L6'T9 LT8S $6'8¢ 9¢0 6€0 68T 9¢'1 ort 9 ST $8°0 $9°0 S6'6% Lo 68°LT €1 0.0 el
L89 96 9L°01 w0t 160 L0y 68'¢ (a4 STIS £e's 0T's L§°0T 691 PUIY LTy 6¥'¢ o4V
600 91°0 900 L0'0 01’0 01'0 010 000 S00 L0 90°0 Y10 0T'0 000 800 1o oL
[4%8 49 0065 TLEs S6'vS or'1s 6EYS ¥8'9¢ £9°CS T°8°9¢ o1

pIX0 951M

Taurdg Toudg Teurdg xdy xdo Teurdg xdp xdo [ouwdg xd) xdo eurdg xdQ Jourds xdp xdo [RISUTAL
na Ll na D8y ZH 98¢ y14Ic Yy1c/Loed ZH €11T ZH Tevl 2)dureg
[9] eAzupaig [9] eAeuseryy [9] a8ueapq [98ex [¢] Aomeatwmey, YHON BACIRNISI[H INOS BAOTRNSI[T JIssey

SUTBUNOY NeAJOY] ‘9U0Z SHUIBIA

[#] ensutmag souoSie] woyPoN ‘pary




606

A. ISHIWATARI ET AL

N50°

Tatar
Strait

N40° Hokkaido

E140°

Quaternary sediments

Tertiary sediments

E Cretaceous terrigenous
sedimentary rocks

k&;& High-pressure metamorphic rocks

<y Jurassic-Cretaceous volcaniclastic
m rocks, chert, limestone and basalt

m Gabbro-norite unit

ﬂIII[m] Websterite-orthopyroxenite unit

Dunite-harzburgite unit

H massif

Sea of

N

E143°

100 km

NNR

Sea of
Okhotsk

Fig. 5. Geological map of the DH-type Shelting Cape ophiolite in central eastern Sakhalin (after Vysotskiy et al.

2000). (See Fig. 2 for location.)

complex, the Nablyudeny complex, and the Povor-
otny mélange. Although the Kengeveem metagab-
bro complex does not have mantle peridotite, the
other three complexes do (Saito et al. 1999;
Bazylev et al. 2001). The Nablyudeny harzburgite
has the most chromian spinel (Cr-number 0.8),
whereas the harzburgites of the Elistratova ophio-
lite have moderately chromian varieties (Cr-
number 0.3—-0.7), and the Povorotny lherzolite has
aluminous spinel (Cr-number 0.2) (Table 2). Some
spinels in the Povorotny complex are chromian in
composition with Cr-number up to 0.7 (Bazylev et
al. 2001). Here again, an extreme diversity of
residual mantle peridotite is present among these
ophiolites (Fig. 3c; Table 2).

The Elistratova ophiolite consists of a central
cumulate gabbro body, locally cut by sheeted
dykes, whereas the northern and southern ultra-
mafic bodies are mostly composed of residual
mantle peridotite (Belyi & Akinin 1985; Saito
et al. 1999) (Fig. 6). Disseminated spinel in
peridotite of the southern body is moderately
aluminous (Cr-number 0.30—0.50), whereas that
in the northern body is more chromian (Cr-num-
ber 0.40-0.65) (Fig. 3c). The gabbroic body is

intrusive into the southern ultramafic body with a
clear-cut chilled igneous contact. Many dykes,
which contain ultramafic xenoliths, also intrude
into the ultramafic rocks. Saito et al. (1999)
interpreted the northern ultramafic body and the
central gabbroic body as an intact island arc
ophiolite. The southern ultramafic body is less
depleted than the northern one and may have
served as a subvertical wall for the gabbroic
magma chamber. The gabbroic rocks vary upward
from olivine gabbronorite through gabbronorite to
hornblende gabbronorite. The coexistence of ex-
tremely calcic plagioclase (about Angg) with rela-
tively iron-rich clinopyroxene (about Mg-number
0.80) clearly indicates an island arc basalt affinity
for the magma (Fig. 4b). Podiform chromitite
from the northern mélange has a Cr-number of
0.70, and the chromite grains are characterized by
Fe’*-poor cores containing many hydrous inclu-
sions (hornblende and phlogopite), suggesting the
involvement of a hydrous, reducing fluid in podi-
form chromitite formation (Tsujimori et al. 1999).

The Kengeveem metagabbro complex is distinct
from the gabbroic section of the Elistratova
ophiolite. The metagabbros are almost devoid of
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Fig. 6. Geological map and schematic cross-section of the Elistratova ophiolite in the Taigonos Peninsula (after Belyi
& Akinin 1985; Saito ef al. 1999; and our data). An intact ophiolite sequence composed of the northern ultramafic
body (normal harzburgite) and central gabbro body, with ultramafic cumulates between them, and sheeted diabase
dyke complexes in the gabbro, intrudes into the southern ultramafic body (less depleted harzburgite).

orthopyroxene, which is abundant in the Elistrato-
va gabbros, but contain abundant clinopyroxene
(Mg-number 0.80) and plagioclase (Ang) (Fig.
4b), indicating a MORB affinity. On its northern
side, the Kengeveem gabbro body is associated
with Ordovician sedimentary rocks, and thus they
may be significantly older than the Mesozoic
ophiolites of the Taigonos Peninsula. This body
may possibly be the equivalent of the Early
Palaeozoic Ganychalan ophiolite in the Penzhina
zone.

Mainits zone

The Mainits zone in the central Koryak Mountains
is characterized by the occurrence of many ophio-
lites associated with Jurassic—Cretaceous accre-
tionary complexes (Stavsky et al. 1990). Within
an area of 40km X 100 km, there are several
ophiolitic bodies such as the Tamvatney lherzolite
massif, the Yagel serpentinite mélange, the Kras-
naya Mountain harzburgite nappe, and the Sred-

naya Mountain dunite body, all of which are
associated with island arc type gabbro and volca-
nic rocks (Fig. 7). The Tamvatney body contains
mostly lherzolite (spinel Cr-number 0.20-0.30)
(Table 2) with minor harzburgite (spinel Cr-num-
ber 0.35-0.50) (Dmitrenko et al. 1990), and
contains some eclogitic inclusions. The Yagel
serpentinite mélange consists of blocks of lherzo-
lite, harzburgite (spinel Cr-number 0.4), dunite,
gabbro, picritic sheeted dykes and pillow basalt.
On the other hand, the Krasnaya Mountain ultra-
mafic complex, which occurs as a subhorizontal
nappe thrust onto the Jurassic—Cretaceous accre-
tionary complexes and the Yagel mélange, contain
highly chromian spinel (Cr-number 0.8) and
highly magnesian olivine (Fogy) (Fig. 3d, Table 2).
The geological map of Dmitrenko et al. (1985)
shows that the southern half of the complex
consists mostly of depleted harzburgite, whereas
the northern half is composed of ultramafic
cumulates and dunite with orthopyroxenite veins
(Fig. 8). The ultramafic cumulate includes iron-
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Fig. 7. Ophiolitic rock complexes of the Mainits Zone in the Koryak Mountains, NE Russia (simplified from Stavsky

et al. 1990). (See Fig. 2 for location.)

rich harzburgite, dunite, orthopyroxenite and web-
sterite. The Krasnaya complex has a lithological
assemblage typical of the DH-type ophiolite,
although gabbroic and volcanic rocks are missing.
The Serdnaya Mountain dunite body includes
dunite and chromitite. Disseminated spinel in the
dunite is highly chromian (Cr-number 0.85) (Fig.
3d, Table 2). Although the Mainits Zone is a small
area, both L-type and DH-type ophiolites are
present, reflecting wide petrological diversity in
the residual mantle peridotite.

Discussion

Multiple nappe pile of ophiolites of various
ages

Irwin (1981) first described multiple nappe piles
of ophiolites from the Klamath Mountains of
the western USA, where the Jurassic Josephine
ophiolite is tectonically overlain by an Upper
Palaeozoic—Triassic ophiolite, which is in turn
structurally overridden by the Lower Palaeozoic
Trinity ophiolite, with intervening blueschists and
accretionary complexes. Emplacement of older
ophiolites over younger accretionary complexes
and ophiolites is a regular rule not only for the
Klamath Mountains but also for SW Japan (the
Upper Palacozoic Yakuno ophiolite is tectonically
overlain by the Lower Palacozoic Ocyama ophio-
lite), NE Japan (the Lower Palaeozoic Miyamori
ophiolite is thrust over the Jurassic accretionary

complex and Jurassic—Cretaceous ophiolites in
central Hokkaido), and northeastern Russia (Low-
er Palaeozoic ophiolites of the Penzhina zone are
thrust over the Koryak nappe system containing
abundant Mesozoic ophiolites). The Jurassic(?)
Mikabu ophiolite and the Tertiary Mineoka (—
Setogawa) ophiolite are both present on the Pacific
side of SW Japan, and one of the youngest
ophiolites on Earth is present in East Taiwan
(further review and references have been given by
Ishiwatari (1991, 1994)). This is consistent with
the long-lasting (Phanerozoic) subduction and
accretion of the circum-Pacific orogenic belts.

Petrological diversity of the northwestern
Pacific margin ophiolites

Nicolas & Jackson (1972) demonstrated that lher-
zolite is the dominant mantle peridotite in the
western Mediterranean ophiolites, whereas harz-
burgite dominates in the eastern Mediterranean.
This implies that the mantle composition is rela-
tively homogeneous for more than 1000 km along
the ophiolite belt, although small-scale heteroge-
neities may occur in the boundary area (e.g. in the
Balkan Peninsula). Harzburgite represents residual
mantle left after higher degrees of melting of
lherzolite, and the degree of melting is represented
by various mineralogical parameters such as in-
creasing Cr-number of spinel, increasing Fo con-
tent of olivine, and decreasing Al,O; content of
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orthopyroxene (Ishiwatari 1985a). DH-type ophio-
lites have not been found in the eastern Mediterra-
nean area.

However, the degree of depletion may vary
significantly within a single ‘Tethyan-type’ ophio-
lite as in the Bay of Islands (Edwards 1995), and
high-Cr spinel forms chromitite ore in many
ophiolites far from the Pacific Rim, such as in
Albania (Bulgiza massif: Cina et a/. 1987) and the
southern Urals (e.g. Kempirsai massif: Melcher
et al. 1997), where boninitic volcanic rocks with
high-Cr spinel microphenocrysts are also present
(Spadea & Scarrow 2000). In these massifs, the
high-Cr spinel is generally restricted to chromitite
ores, and associated dunites and disseminated
spinel in the surrounding harzburgite are more
aluminous (e.g. Cr-number 0.41 in Kempirsai).
Mantle sections composed totally of highly de-
pleted harzburgite (spinel Cr-number >0.7) are
characteristic of the western Pacific ophiolite
belts. Such harzburgite is associated with ortho-
pyroxene-type cumulates, which may have crystal-
lized from boninitic or island arc tholeiitic melts,
suggesting an SSZ origin of these ophiolites. The
Shelting ophiolite in Sakhalin and the Mt. Kras-
naya ultramafic complex in the Koryak Mountains
are new examples of the DH-type ophiolites.
Previously known DH-type ophiolites include
Horokanai—-Takadomari (Hokkaido; Ishizuka 1985,
1987; Tamura et al. 1999), Papua (England &
Davies 1973; Jaques & Chappell 1980) and
Adamsfield (Tasmania; Varne & Brown 1978).

Highly depleted harzburgite (spinel Cr-number
0.77) and dunite (spinel Cr-number 0.81) were
drilled from a conical serpentinite seamount in the
Mariana forearc. Relatively fertile harzburgite (Cr-
number 0.36) and intermediate varieties were also
recovered from this site (Ishii et al. 1992), and the
spinel Cr-number of all mantle peridotites from
this seamount averages 0.61 (Fig. 9a). Harzburgite
samples from the nearby landward walls of the
Mariana Trench also have Cr-rich spinel (Cr-
number 0.55-0.69) (Bloomer & Hawkins 1983),
and a forearc seamount in the Izu islands has
similar rocks. However, lherzolite samples with
spinel Cr-number of 0.27 were recovered from the
Mariana Trough, an active back-arc rift zone
(Ohara er al. 2002). Mantle peridotites from the
extinct Parece Vela rift zone and southern Mariana
Trench walls near Yap Island contain spinels of
intermediate composition (Cr-number 0.43-0.52)
(Bloomer & Hawkins 1983; Ohara et al. 1996)
(Fig. 9a).

On the other hand, peridotites from fracture
zones of the slow-spreading South Atlantic—
Southwest Indian ridges such as Islas Orcadas,
Vulcan and Bullard have aluminous spinels (Cr-
number 0.15-0.30) (Dick 1989). The Bouvet

A. ISHIWATARI ET AL

fracture zone has peridotites with spinel Cr-num-
ber of 0.34-0.55, similar to peridotites of fracture
zones along the fast-spreading East Pacific Rise
(such as the Garrett fracture zone) and the Hess
Deep (Cr-number 0.35-0.45) (Cannat et al. 1990;
Arai et al. 1996; Edwards & Malpas 1996).
Spinels from forearc peridotites are clearly more
Cr rich and more depleted when compared with
those from mid-oceanic ridge peridotites. Boni-
nites from the Mariana and Tonga forearcs have
highly chromian spinel (Cr-number 0.70—0.90)
and are believed to have formed by hydrous
melting of a depleted mantle (Bloomer & Haw-
kins 1987; Sobolev & Danyushevsky 1994). Pri-
mitive magnesian andesite, containing chromian
spinel (Cr-number >0.74) and magnesian ortho-
pyroxene (Mg-number 0.88), has also been re-
ported from Oligo-Miocene island arc volcanic
rocks of Japan in association with tholeiitic basalt
and calc-alkaline andesite (Lopez & Ishiwatari
2002). The occurrence of diverse mantle perido-
tites including highly depleted harzburgite (spinel
Cr-number >0.70) in the Mariana forearc suggests
that the ophiolite belts of the northwestern Pacific
margins also originated in intra-oceanic SSZ
environments extending from landward trench
walls to back-arc basins.

It should be noted, however, that the variation
in Os isotopic composition among ophiolitic chro-
mites, including those from the northwestern
Pacific margins, is significantly less than has been
reported for oceanic peridotites and MORB. Thus,
there is little evidence to suggest modification of
the mantle’s original Os isotopic composition via
radiogenic melts or fluids derived from subducting
slabs (Walker et al. 2002). This may partly reflect
the extremely low concentration of platinum-
group elements in such fluids but essentially sug-
gests that simple, high-temperature melting of
homogeneous, depleted MORB mantle (DMM) is
the major ophiolite-forming process.

Occurrence of the ophiolites with thick
oceanic crust

Granulite-facies, two-pyroxene spinel metagabbro
(sometimes with garnet) occurs at the Moho level
of some circum-Pacific ophiolites in Japan, eastern
Russia and Alaska (Ishiwatari 1985b; DeBari &
Coleman 1989; Vysotskiy 1994; Tsujimori &
Ishiwatari 2002). This observation suggests a
relatively thick oceanic crust for these ophiolites,
which are believed to have formed in island arc
(DeBari & Coleman 1989), marginal basin (Ishi-
watari 1985b), and/or oceanic plateau (Isozaki
1997) environments. Granulite-facies metagabbros
(mostly spinel and garnet free) have also been
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recovered from mid-oceanic ridges, but Gaggero
& Cortesogno (1997) estimated that the pressure
of formation for these rocks was 0.3 GPa (c.
10km depth). This is much lower than the
pressure (0.5—1.1 GPa) estimated for ophiolitic
granulite-facies metagabbros (Ishiwatari 1985b;
DeBari & Coleman 1989; Vysotskty 1994; Tsuji-
mori & Ishiwatari 2002).

Coffin & Eldholm (2001) pointed out that
sections of oceanic crust in large igneous pro-
vinces (LIPs) are two or five times thicker than
those of ‘normal’ oceanic crust and postulated that
some ophiolites are of LIP origin. Xenoliths of
granulite-facies, two-pyroxene spinel metagabbro
have been reported in alkali basalt from the
Kerguelen Archipelago, a typical LIP (Grégoire
et al. 1998). However, analogous spinel metagab-
bro xenoliths are also known from continental
margins (e.g. Francis 1976), although higher-pres-
sure garnet granulites may comprise typical lower
continental crust (e.g. Loock er al. 1990). Based
on their petrology, mineralogy and geochemistry,
circum-Pacific ophiolites with relatively thick ma-
fic crust represent SSZ lithosphere (DeBari &
Coleman 1989; Ishiwatari et al. 1990). Many are
tectonically underlain by blueschist and younger
accretionary complexes, suggesting that they re-
present the hanging wall of the subduction zone
(i.e. mantle wedge and overlying crust). The Os
isotope character of chromitite in the Yakuno
ophiolite does not support an origin in a super-
plume-related LIP, which would be characterized
by an isotopically distinct HIMU or enriched
mantle (Walker et al. 2002).

Origin of the ophiolite—blueschist
assemblage

Japanese ophiolites commonly have metamorphic
soles composed of blueschist and are tectonically
underlain by younger, sediment-rich accretionary
complexes, which contain greenstones of OIB and
MORB origin (Table 1). For example, in south-
western Japan, the Ordovician Oeyama ophiolite
(>450 Ma) is underlain by the 320 Ma Renge
blueschist and the Upper Permian (250 Ma)
Akiyoshi accretionary complex. This spatial rela-
tionship suggests tectonic erosion or non-accretion
during the intervening Siluro-Devonian time. A
similar gap exists between the Lower Permian
(280 Ma) Yakuno ophiolite and the underlying
Jurassic Tamba accretionary complex (150 Ma).
The accretionary complex is characterized by
‘oceanic plate stratigraphy’ composed of green-
stone, chert, limestone, mudstone and sandstone in
a younging order (Isozaki 1997). The basal green-
stone commonly includes tholeiitic and alkaline
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seamount basalt (OIB) with high Ti and Nb
concentrations, but the ophiolite itself is almost
free of OIB.

In the present-day western Pacific, the Izu—
Mariana and Tonga subduction zone environments
are characterized by the presence of ophiolite
outcrops on the trench slopes (Bloomer & Haw-
kins 1983; Bloomer & Fisher 1987) and blues-
chists (Maekawa et al. 1993, 1995), by the
absence or scarcity of accretionary complexes,
and by the currently active back-arc spreading. In
contrast, areas off northeastern Honshu and Hok-
kaido are characterized by the development of vast
accretionary complexes (Taira 1985) without sub-
marine ophiolite or blueschist outcrops and with-
out active back-arc spreading (Fig. 9). These
different environments may have been repeated in
any segment of the Japanese orogenic belt
throughout Phanerozoic time. Periods of oceanic
island arc and marginal basin development (ophio-
lite formation) and tectonic erosion (blueschist
metamorphism) might have alternated with peri-
ods of normal subduction, during which accretion-
ary complexes were developed.

The ophiolite—blueschist association is well
documented in the Japan—Primorye area, e.g. the
Oeyama ophiolite—Renge blueschist (Tsujimori &
Itaya 1999) and Sergeevka ophiolite—Shaiginskiy
blueschist (Kovalenko & Khanchuk 1991; Zakhar-
ov et al. 1992). In the NE Japan—Sakhalin belt,
the Palacozoic Miyamori ophiolite—Motai blues-
chist pair (Maekawa 1988; Ozawa 1988, 1994)
and the Mesozoic Horokanai ophiolite—Kamuiko-
tan blueschist pair (Ishizuka 1985, 1987; Sakaki-
bara & Ota 1994) are well documented. Although
a major blueschist belt is absent in the Koryak
Mountains, many blueschist blocks occur in the
Palaeozoic and Mesozoic accretionary complexes
(Stavsky et al. 1990; Dobretsov 1999).

It is likely that periods of accretion and non-
accretion, as represented by the present-day Nan-
kai Trough and Mariana Trench, respectively, have
been repeated many times in different segments of
the Japan—NE Russia accretionary orogenic belts
in the past. Periods of ophiolite—blueschist forma-
tion and tectonic erosion at subduction zones
might have been followed by periods of massive
accretion. Tectonic underplating of accreted sedi-
ments beneath the mantle wedge might have
facilitated the uplift of overlying ophiolite—blues-
chist assemblages. This idea is compatible with
the geochemical signatures of ophiolitic rocks
showing SSZ affinities.

Conclusions

The northwestern Pacific margin extending from
Japan to Russia has many ophiolites of widely
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varying ages, different petrological characteristics
and distinctive tectonic histories. The following
geological features suggest that these ophiolites
probably formed in island arc environments in
intra-oceanic settings: extremely diverse degree of
melting in the residual mantle peridotite up to
clinopyroxene disappearance and spinel Cr-num-
ber >0.70; the common occurrence of hydrous
minerals and various metasomatic features in the
mantle section; the common association with
blueschist rocks; the presence of unusually thick
oceanic crust. The modern Mariana and Tonga
trenches, where ophiolitic rocks including highly
depleted harzburgite and typical blueschist have
been dredged from the sea floor, may be the
modern analogues. The orogenic belts from Japan
to NE Russia may have evolved through repeated
stages of non-accretion, in which SSZ ophiolites
and blueschists formed, and accretion, in which
accretionary complexes mainly composed of clas-
tic and volcaniclastic rocks developed.

The association of highly depleted mantle harz-
burgite and orthopyroxene-type cumulate rocks is
reinforced by reported occurrences of DH-type
ophiolites from NE Russia (Shelting and Kras-
naya). These ophiolites have only been reported so
far from the western Pacific margins such as
Hokkaido (Horokanai), Papua, and Tasmania
(Adamsfield). The association of some DH-type
ophiolites with boninitic volcanic rocks (Shelting,
Papua, and possibly Mariana and Tonga) suggests
that the depleted harzburgite is a residuum after
boninitic melt production, although boninite is
also reported from some ophiolites with less
depleted peridotite (e.g. Robinson ei al. 1983;
Spadea & Scarrow 2000). Some primitive island
arc tholeiite and magnesian andesite magmas
could also coexist with the depleted harzburgite.
The depleted harzburgite may form by either high-
temperature dry melting of primary mantle or
hydrous melting of previously depleted mantle.
However, Os isotope studies of ophiolitic chromi-
tites do not support much involvement of slab-
derived fluids in mantle melting. The Os isotope
data are also inconsistent with an oceanic plateau
(or LIP) origin postulated for some ophiolites with
thick crustal sections. These instead may represent
robust magmatic activity in SSZ environments,
where they would be associated with highly
depleted harzburgite massifs.
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