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Abstract: The existing published data, combined with our own new field, petrographic, and
geochemical observations and data show that ophiolites of the West Koryak fold system
originated in a variety of tectonic environments. This fold system stretches along the boundary
shared by two of NE Asia’s largest tectonic units, the Verkhoyansk—Chukotka and Koryak—
Kamchatka foldbelts. The fold system abounds in Palaecozoic and Mesozoic ophiolites and
sedimentary and volcanic island-arc assemblages. The ophiolites are Palacozoic and Mesozoic
in age. The variety of geological and geochemical signatures implies ophiolite origin in diverse
tectonic settings. The Early Palaeozoic ophiolites of the Ganychalan accreted terrane and
Devonian(?) ophiolites of the Ust—Belaya accreted terrane are fragments of the Panthalassan
oceanic lithosphere. Serpentinite mélange in the Ust—Belaya terrane contains some blocks of
istand-arc provenance. They are probably Late Palacozoic—Early Mesozoic in age as
determined by K—Ar measurements, which require validation by other techniques. Mesozoic,
chiefly Late Jurassic—Early Cretaceous ophiolites of the Beregovoi and Kuyul accreted terranes,
originated in a suprasubduction-zone (SSZ) setting (ensimatic island arc and back-arc basin).
Among the Mesozoic ophiolites, one finds blocks of oceanic assemblages in serpentinite
mélanges as well. Basalt and chert blocks of clearly oceanic derivation are viewed as detached
fragments of the upper part of the oceanic lithosphere. The ophiolites have experienced a
variety of accretionary scenarios. Palaeozoic ophiolites docked onto the Koni—Taigonos island
arc (of Late Palaeozoic—Early Mesozoic age), probably in the Late Palacozoic or Eatly
Mesozoic, whereas Mesozoic ophiolites accreted onto the Uda—Murgal island arc (of Late
Jurassic—Early Cretaceous age) in the terminal Early Cretaceous. Sedimentary deposits, whose
base is late Albian in age, make a post-accretionary sequence. These island arcs portray the
overall history of the convergent boundary between the North Asian continent and NW Pacific.
Ophiolites of the Ganychalan and Ust—Belaya terranes consist of thrust sheets and, jointly with
Yelistratov Peninsula ophiolites, make up the basement to the forearc of the Uda—Murgal island
arc, ophiolites of Cape Povorotny and Kuyul terrane being incorporated in accretionary prisms
of the same arc. Ophiolites and associated metamorphic, volcanic, and sedimentary rocks of
Palaeozoic—Early Cretaceous age underwent three deformation phases, each reflecting a
different stage in the evolution of the NE Asian continental margin and readily correlative with
principal tectonic events in the northern Circum-Pacific region.

In NE Asia, ophiolites have been reported from
the Verkhoyansk—Chukotka and Koryak—Kam-
chatka foldbelts (Fig. 1). The ophiolites span a
broad Early Palaeozoic to Mesozoic age interval.
The Verkhoyansk—Chukotka belt, except for the
Kolyma loop (Fig. 1), displays a structural grain
dominated by northwesterly trends resulting from

collisional processes (Pushcharovsky et al. 1992;
Bogdanov & Tilman 1992; Parfenov et al. 1993).
Accreted terranes found in the belt represent
fragments of microcontinents, such as Chukotka,
Omolon, Okhotsk, etc. Ophiolites occur sporadi-
cally within collisional piles of the Chersky Range
and South Anyui suture, where they make up

From: DILEK, Y. & ROBINSON P. T. (eds) 2003. Ophiolites in Earth History. Geological Society, London,
Special Publications, 218, 619-664. 0305-8719/03/$15 © The Geological Society of London 2003.
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Fig. 1. Tectonic map of NE Asia (by S. D. Sokolov and G. Ye. Bondarenko). Black areas are ophiolites: 1.1, Cape
Povorotny; 1.2, Yelistratov Peninsula; 2.1, Kuyul terrane; 2.2, Ganychalan terrane; 3.1, Ust—Belaya terrane.

small, undeformed slices associated with greens-
chist- and amphibolite-facies metamorphic rocks
(Parfenov et al. 1993; Nokleberg et al. 1994;
Oxman et al. 1995).

The Koryak—Kamchatka foldbelt is located east
of the Okhotsk—Chukotka Volcanic Belt and
stretches north—south to NE-SW (Fig. 1). It is a
typical example of an accretionary continental
margin formed through successive docking onto
the Asian continent of outboard terranes having a
variety of ages and geodynamic settings and
arriving from the Pacific (Zonenshain et al. 1990;
Bogdanov & Til’man 1992; Pushcharovsky et al.

1992; Sokolov 1992; Parfenov et al. 1993; Nokle-
berg et al. 1994). The terranes are of the following
types: island arc, ophiolite, back-arc and turbidite
basins, oceanic crust, and accretionary prism.
Ophiolites are widespread, making up major
bodies and entire terranes (Markov et al. 1982;
Peyve 1984; Palandzhyan 1992; Sokolov 1992;
Nokleberg et al. 1994).

No consensus exists regarding the age, compo-
sition, or provenance of NE Asian ophiolites.
Some workers (e.g. Fujita & Newberry 1982;
Parfenov 1984; Zonenshain et al. 1990) view the
ophiolites as fragments of a large oceanic basin, a
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former constituent of the Palaeo-Pacific. Others
believe them to be relics of minor oceanic basins
or rifts (Lychagin et al. 1991; Bogdanov &
Til’man 1992; Oxman et al. 1995), and still others
suggest that both Palaeo-Pacific and back-arc
basin fragments come into play (Peyve 1984,
Sokolov 1992; Nokleberg et al. 2001). This
controversy is due primarily to poor knowledge of
the ophiolite assemblages; hence the critical im-
portance of the new structural and compositional
data presented here. Dating the ophiolites is
crucial to unravelling their history. According to
earlier workers (e.g. Coleman 1984; Ishiwatari
1994; Dilek et al. 1999; Searle & Cox 1999;
Shervais 2001), ophiolites originate from a variety
of tectonic environments, that obviates any palaeo-
tectonic reconstructions or formative scenarios for
the NE Asian margins without first identifying
geodynamic affinities of the ophiolites. In addi-
tion, there are virtually no English-language pub-
lications on NE Asian ophiolites; hence, one more
objective of this paper is to fill in this informa-
tional gap.

The ophiolites discussed in this paper occur in
the West Koryak fold system, which is located at
the junction of the Verkhoyansk—Chukotka and
Koryak—Kamchatka foldbelts (Fig. 1). In recent
years, we have acquired new data on field relation-
ships and evolution of this major tectonic unit,
which incorporates accreted ophiolitic assem-
blages of various ages (Sokolov et al. 1999,

Asian continent margin
in the Mid-Jurassic
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Silantyev et al. 2000). The paper focuses on new
data and issues related to the tectonic setting,
inner structure, composition, and age of the
ophiolites.

Geological framework

In NE Asia, four major tectonic units (Fig. 1) with
distinctive structural grains and geological his-
tories are recognized: (1) the Siberian craton;
(2) the Verkhoyansk—Chukotka foldbelt; (3) the
Koryak—Kamchatka foldbelt; (4) the Okhotsk—
Chukotka  continental-margin  volcanic  belt
(OCVB) (Fig. 1). These units represent continu-
ous, albeit discrete, accretion onto the Siberian
craton of geodynamically diverse terranes and
microcontinents (Fig. 2).

The West Koryak fold system lies along the
boundary between the Koryak—Kamchatka and
Verkhoyansk—Chukotka foldbelts. Most of the
West Koryak fold system is overlain by OCVB
volcanic and sedimentary rocks, and the latter also
unconformably overlap the Verkhoyansk—Chukot-
ka foldbelt. The OCVB is a Late Cretaceous
Andean-type continental-margin volcanic belt. It
was initiated after a major mid-Cretaceous (Ap-
tian—Albian) phase of accretion (Fig. 2) onto the
Asian continent (Sokolov 1992).

The West Koryak fold system incorporates
numerous island-arc assemblages and ophiolites
that were brought together at the end of the Early

2

Sea of Okhotsk

E Mid-Cretaceous
D]]]] Late Cretaceous-Paleocene

E Mid-Eocene
Mid-Miocene

Pacific Ocean

Bering Sea
~

Terrane accreted in:

Fig. 2. Reconstruction showing continental growth of NE Asia (after S. D. Sokolov 1992).
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Cretaceous (Markov et al. 1982; Parfenov 1984;
Zonenshain et al. 1990; Sokolov 1992; Parfenov
et al. 1993).

The island-arc volcanic and sedimentary assem-
blages are of calc-alkaline affinity and range in
age from Carboniferous to Early Cretaceous.
Parfenov (1984) attributed these rocks to a con-
tinuous Late Palacozoic to Mesozoic Koni—
Murgal island arc. However, Filatova (1988)
viewed the Late Jurassic to Early Cretaceous
volcanic and sedimentary sequences as part of the
Uda—Murgal island arc. Zonenshain et al. (1990)
identified the Koni-Murgal volcanic belt as a
separate system, which they interpreted as an
agglomeration of island-arc assemblages of var-
ious ages that were joined together in Mid-Cretac-
eous time. According to those workers, the
original position of these assemblages is unknown,
although they are believed to have been formed a
considerable distance away from Siberia’s conti-
nental margin (Zonenshain et al. 1990). These
considerations drew on the pioneering palaeomag-
netic data pinpointing the Omolon terrane in the
Late Palaecozoic and Early Mesozoic at more
southerly latitudes. These data, however, were at
odds with palaeobiogeographical conclusions on
the boreal faunas and Angara floras (Shapiro &
Ganelin 1988). Sokolov (1992) postulated two
convergent boundaries of contrasting ages in the
region; one of Late Palaeozoic to Early Mesozoic
age, during which the Koni-Taigonos island arc
existed, and the other of Late Jurassic to Early
Cretaceous age, composed of the Uda—Murgal
island-arc system (Fig. 1).

The volcanic and sedimentary assemblages of
the Koni—Taigonos island arc are best exposed
and most thoroughly studied in the Koni—Pyagina
and Taigonos peninsulas (Nekrasov 1976; Zabor-
ovskaya 1978). These areas provide a stage for
reconstructing, in Permian to Mid-Jurassic times,
the volcanic arc proper and the North Taigonos
back-arc basin. These assemblages are also pre-
sent in the Penzhina District (Khudoley & Sokolov
1998), in the Pekulnei Range, and in Chukotka
(Morozov 2001). In the Penzhina segment, Carbo-
niferous island-arc assemblages are exposed in the
Kharitonya terrane and in thrust sheets within the
Upupkin terrane; in this locality, they consist of
coarse andesitic pyroclastic rocks and tuffaceous
epiclastic rocks of Permian and Triassic ages
(Khudoley & Sokolov 1998; Sokolov et al. 1999).
In the Pekulnei Range and in Chukotka, the Late
Palacozoic to Early Cretaceous island-arc se-
quence includes metavolcanic and metasedimen-
tary rocks, layered gabbros, and Early Mesozoic
granitic rocks (Morozov 2001).

Unfortunately, numerous aspects of the Koni—
Taigonos island arc are still unclear. These include
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both the arc’s polarity and basement composition,
as well as the origin of its various segments.
Faunal and floral data point to rock formation at
high latitudes (Shapiro & Ganelin 1988; Sokolov
1992), which, in combination with structural data
(Sokolov et al. 1999) and spatial position, suggest
that the arc originated along a convergent bound-
ary between the Asian continent and the NW
Pacific. Various outboard terranes that arrived
from the Palaeo-Pacific were accreted onto the arc
(Zonenshain et al. 1990; Parfenov et al. 1993).
These terranes are best exposed in the Penzhina
segment, where they include the Ganychalan com-
posite terrane and metamorphic rocks of the
Upupkin terrane. Fragments of these assemblages
have also been reported from the pre-arc basement
of the Taigonos segment of the Uda—Murgal arc
and as Ordovician deposits and ophiolites (Fig. 1;
see also Fig. 15, below).

Upper Jurassic to Lower Cretaceous volcanic
and sedimentary rocks of the Uda—Murgal island-
arc system are traceable for about 3000 km, from
the Mongolia—Okhotsk foldbelt in the south along
the Sea of Okhotsk coastline (via the Koni,
Pyagina, and Taigonos peninsulas) as far north-
eastward as the Chukchi Peninsula (Fig. 1). The
volcanic and sedimentary lithologies and the
character and age of basement vary from place to
place along the arc. In the southern segment, the
only identifiable features are the volcanic portion
of the island-arc system and some constituents of
its associated back-arc basin. Island-arc assem-
blages rest on heterogeneous basement that in-
cludes fragments of the Asian continent (Siberian
craton, Verkhoyansk complex, Okhotsk microcon-
tinent), and the Koni—Taigonos Late Palacozoic to
Early Mesozoic island arc. Hence, the Late Jur-
assic to Early Cretaceous convergent boundary
was located at an angle to the pre-existing struc-
tural grain. Throughout the study area, volcanic
arc assemblages were located along the continen-
tal margin, strongly suggesting the existence of a
continental-margin belt.

The Taigonos and Penzhina segments provide
evidence for reconstructing a lateral succession:
volcanic arc—forearc—accretionary prism—trench—
oceanic plate (Fig. 3). Basement to the island arc
was provided by the pre-existing Koni—Taigonos
arc with its accreted terranes, including the Early
Palaeozoic ophiolites of the Ganychalan terrane.
Within these segments, island-arc deposits were
also formed in a continental margin setting.
Further NE, however, the back-arc region was the
locus of marine deposition, and the continental-
margin belt gave way to an ensialic arc (Sokolov
et al. 1999).

In the Pekulnei segment, island-arc assemblages
rest on heterogeneous basement that incorporates
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Fig. 3. Taigonos segment of the Uda—Murgal island arc (Late Jurassic—Early Cretaceous).

fragments of both lower continental crust and
oceanic lithosphere (Sokolov ef al. 1999; Morozov
2001). A back-arc basin floored with oceanic crust
was situated behind the arc and was probably
linked to the Anyui palaco-ocean.

The northeastern Chukotka branch (Fig. 1) of
the convergent boundary had heterogeneous base-
ment that incorporated, among other things, an-
cient sialic crust. Consumption of oceanic crust
along the Chukotka branch was not extensive,
probably because of the strike-slip nature of plate
interaction within this segment (Morozov 2001).

Ophiolites of the West Koryak fold system (Fig.
1) occur either in forearc basement (type 1) or
within accretionary prisms of the Uda—Murgal
island arc (Fig. 1) (type 2). Type 1 ophiolites were
accreted in the Late Palacozoic—Early Mesozoic
(Parfenov 1984; Sokolov et al. 1999) onto the
Koni—Taigonos island arc. Type 2 ophiolites were
accreted in Late Jurassic and, mainly, in Early
Cretaceous times onto the frontal part of the Uda—
Murgal island-arc system (Parfenov 1984; Khan-
chuk et al. 1990; Sokolov et al. 1999). Ophiolites
have been reported from the Taigonos, Penzhina,
and Ust—Belaya segments of the island arc.

Ophiolites are well exposed along the SE coast
of the Taigonos Peninsula (Fig. 1). The largest
ophiolitic outcrops occur within the accretionary
pile exposed at Cape Povorotny and in pre-arc
basement on the Yelistratov Peninsula (Belyi &
Akinin 1985; Ishiwatari ef al. 1998). In the Penzhi-
na segment, two large ophiolitic terranes, the
Ganychalan and Kuyul terranes, are well documen-
ted (Markov ef al. 1982; Palandzhyan 1992; Gane-
lin & Peyve 2001; Nekrasov ef al. 2001).

Analytical techniques

Major and trace element analyses were carried out
in various laboratories using a range of methods.
Mineral compositions from Cape Povorotny
rocks were measured in polished sections on an
automated CAMEBAX-Microbeam four-channel

wavelength-dispersive electron probe at the Ver-
nadsky Institute (GEOKHI). Whole-rock major
element analyses from peridotites and gabbros
were performed by X-ray fluorescence (XRF) on a
Philips PW-1600 XRF automated multichannel
spectrometer, and REE contents were determined
by instrumental neutron activation analysis
(INAA) at GEOKHI. All analytical investigations
of the volcanic rocks were carried out at the
Analytical Centre of the Geological Institute,
Russian Academy of Sciences (GIN RAS) by
INAA and inductively coupled plasma mass spec-
trometry (ICP-MS).

Mineral chemistry of Yelistratov Peninsula
ophiolitic peridotites and Ganychalan terrane plu-
tonic rocks was analysed by N. N. Kononkova on
a CAMECA CAMEBAX electron microprobe at
GEOKHI at an accelerating voltage of 15kV and
beam current of 35nA. Natural and synthetic
minerals were used as standards. Rock chemistry
was analysed on a PLASMA QUAD PQZ+-Turbo
(VG Instruments) mass spectrometer at the Insti-
tute of Mine Geology, Petrography, Mineralogy,
and Geochemistry, Moscow. Routine sample pre-
paration included dissolution in concentrated HF
+ HCIO4 mixture, followed by precipitation using
HNO;. Analytical reproducibility was controlled
using certified F, W, rare earth element (REE) +
25 ppb standard solutions and AGV-1 standard.

Major, trace, and REE analyses on plagiogra-
nites from blocks in the Main Mélange unit of
Cape Povorotny, Ganychalan terrane, and Kuyul
terrane ophiolites, as well as ultramafic and mafic
rocks of Ganychalan ophiolites were performed at
the GIN RAS Analytical Centre. Major elements
were measured by wet chemistry, and trace ele-
ments by XRF on a Russian-made ARF-6 quanto-
grapher in the concentration range 0.0001% to
n%. REE were analysed by INAA in the range
0.000001% to n%.

Ion microprobe measurements on minerals from
Ust—Belaya peridotites were performed at the
Northeastern Interdisciplinary Research Institute,
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Far East Division of the Russian Academy of
Sciences (SVKNII DVO RAN), Magadan, on a
CAMEBAX instrument (analysts E. M. Goryache-
va and G.A. Merkulov). Major elements in ultra-
mafic and mafic rocks were analysed at the X-ray
Spectral Analysis Laboratory (SVKNII) and by
gravimetric analysis at the Central Laboratory,
Geological Survey, Magadan. Whole-rock K—Ar
measurements were carried out by A. D. Lyuskin, at
the Laboratory of Isotope Geochronology, SVKNIIL.

REE in clinopyroxenes from the Ganychalan
terrane plutonic rocks were measured on a Came-
ca IMS 4f ion microprobe, at the Institute of
Microelectronics (IMAN), Russian Academy of
Sciences, Yaroslavl.

Major elements and V, Cr, Co, Ni, Cu, and Ba
from Kuyul terrane peridotites were determined
by wavelength-dispersive XRF using routine tech-
niques at the Karpinsky Geological Institute (St.
Petersburg, Russia). Other trace elements, includ-
ing REE, were analysed by ICP-MS at the Insti-
tute of Geochemistry (Irkutsk, Russia). Mounts of
0.1 £0.001 g were digested with HF and HNO;
mixture in Teflon bombs for 24 h, evaporated until
dry, taken up in HNO3, and once again evaporated
until dry. Further HCI was added and the product
again evaporated until dry to assure quantitative
removal of HF and chlorides. The samples were
redissolved with deionized water. No undissolved
spinels were detected in the Teflon bombs, and the
fact that Cr values were comparable with those
obtained by XRF suggests that all of the spinels
went into solution. The samples were run on a VG
Elemental Plasmaquad with long peak dwell times
(320 ms per mass unit). Calibration was carried
out using a set of high-Mg laboratory standards.
Estimated precision is less than 10% for all of the
determined elements.

Microprobe analyses of minerals from Kuyul
terrane peridotites were carried out at the Institute
of Volcanology (Petropavlovsk-Kamchatsky, Rus-
sia) using a CAMECA CAMEBAX system
equipped with a KEVEX energy-dispersive spec-
trometer with an accelerating voltage of 15kV
and a sample current of 1SnA (counting time
100 s). Precision is estimated to be better than
about 2% for all main components.

Radiometric ages are taken from a number of
publications, where their interpretation is provided
as well.

Ophiolites in the Cape Povorotny
accretionary complex
Geological setting

Five tectonic units are recognized in the Taigonos
Peninsula (Fig. 4): (1) the Avekov terrane, which
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is composed of Precambrian and Lower Palaeo-
zoic metamorphic sequences; (2) the Pylgin suture
zone, which incorporates metamorphosed Meso-
zoic volcanic and sedimentary rocks; (3) the
Central Taigonos terrane, made up of Upper
Permian--Lower Cretaceous island-arc strata; (4)
the East Taigonos granite—metamorphic belt; (5)
the Beregovoi terrane, which is composed of pre-
arc complexes and the accretionary prism of the
Uda—Murgal volcanic arc (Sokolov et al. 1999;
Silantyev et al. 2000).

A broad spectrum of igneous and metamorphic
rocks are hosted by serpentinite mélange in the
Cape Povorotny accretionary complex and make
up the following succession of tectonic units, from
south to north (Fig. 5): (1) the Povorotny serpen-
tinite mélange with blocks of sheeted dykes,
ultramafic rocks, and gabbro; (2) the Median
serpentinite mélange, with small blocks and frag-
ments of ultramafic rock, gabbro, volcanic and
terrigenous rocks, and chert; (3) the Main Mél-
ange unit, a serpentinite mélange with blocks of
peridotite, garnet-free and garnet-bearing amphi-
bolites, greenschists, island-arc volcanic and sedi-
mentary rocks, oceanic basalts and chert, and
gabbro—diabase with plagiogranite veins (Fig. 6).

Petrography and geochemistry of
metamorphic and igneous rocks

Amphibolites occur as disrupted blocks in serpen-
tinite mélanges exposed on Cape Povorotny (Fig.
5). They consist of: (1) massive melanocratic
rocks composed almost wholly of hornblende and
minor plagioclase or garnet—hornblende rocks; (2)
albite—hornblende schists. Judging by the charac-
teristic mineral assemblages and mineral and
bulk-rock compositions, the protoliths were made
dominantly of plutonic rocks and subordinate
volcanic rocks (Silantyev et al. 2000). Geochem-
ical signatures of high-grade amphibolites have
been detailed by Silantyev et al. (2000), indicating
that volcanic protoliths of these rocks ranged in
affinity from within-plate basalt (WPB) or en-
riched mid-ocean ridge basalt (E-MORB) to nor-
mal MORB (N-MORB).

Mafic plutonic rocks are widespread as tectonic
blocks in the Povorotny and Median mélanges.
Gabbros typically occur as isolated boudins and
small tectonic slices in the serpentinite matrix.
Plutonic rock compositions from the Cape Povor-
otny ophiolite mélange have a wide range, imply-
ing the existence of different gabbroic series of
several geochemical types. Silantyev et al. (2000)
presented chemical data indicating that gabbros
chemically similar to boninite plutonic suites are
abundant in the Cape Povorotny serpentinite mél-



Downloaded from http://sp.lyellcollection.org/ at Heriot-Watt University on March 7, 2015

OPHIOLITES OF

NORTHEAST ASIA 625

162°

3 2

L 64°

TIT i1
= >

e W
evvvvkevvevvvevley,
vvrvylvv vy y

aue.9) souobie] [esjua)

&
0 25 km 2 Povorotny @
. U Cape
Taigonos Cape\: L60°
AVEKOV TERRA"AE: CENTRAL TAIGONOS TERRANE:
metamorphic
rocks < /// Permian to Triassic| Kgni- Taigonos
o8 island arc
PYLGIN SUTURE: £ ][] durassic
: 17}
Mesozoic 9 8 vy Upper Jurassic to Lower Cretaceous
metamorphic rocks Uda-Murgal island arc
E Cenozoic sediments East Taigonos
AR :.' Okhotsk-Chukotka o granite-metamorphic belt
) ") volcanic belt Upper Jurassic to Lower Cretaceous
tuff and sedimentary rocks
JGramte r Leorrrggre of Uda-Murgal forearc

% Paleozoic clastic rocks

wl.....  SoUth Taigonos thrust

BEREGOVOI TERRANE:

Accretionary complexes
including ophiolite

Fig. 4. Tectonic map of the Taigonos Peninsula (after Sokolov et al. 1999).

anges. These boninite-like gabbros are low in TiO,,
their REE patterns being typical of boninites and
their plutonic equivalents (low total REE contents,
concave chondrite-normalized REE patterns, and
considerable light REE (LREE) variations). The

Cape Povorotny boninite gabbros are associated
with N-MORB and within-plate or E-MORB gab-
bros and dolerites. This group of plutonic rocks,
including hornblende-bearing gabbro, is moderate
to relatively high in TiO,, FeO, and P,Os at
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Fig. 5. Map showing tectonic units of the Cape Povorotny

moderately high REE totals (analytical data have
been presented by Silantyev et al. (2000)).

Felsic veins in gabbro—diabase from blocks in
the Main Mélange unit (Fig. 6) are composed of
plagiogranite and, sporadically, tonalite. The plagi-
ogranites have magmatic textures with euhedral
plagioclase crystals partly intergrown with quartz—
albite granophyre, suggestive of crystallization at
shallow depths. The plagiogranites are composed
of quartz, saussuritized plagioclase, epidote, chlor-
ite, and magnetite. The tonalites differ from
the plagiogranites in having smaller amounts of

accretionary complex (after Sokolov et al. 1999).

quartz, and in that they contain light green amphi-
bole and andesine plagioclase is andesine.

The plagiogranites and tonalites have low
Al O3 (11.12-13.7%), K,0 (0.03-0.06%) and K/
Rb ratios (0.01-0.03), and relatively high Y (37—
44 ppm) (Table 1). Rb (7ppm) and Zr (120,
160 ppm) contents of the plagiogranites (Table 1)
are similar to those of the average Mid-Atlantic
Ridge plagiogranites at latitude 2—3°N (Rikhter
1997).

Chondrite-normalized REE patterns of the pla-
giogranites are nearly flat to slightly LREE en-
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Plagiogranite, white
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/,"_’/\ Veins of plagiogranite material in gabbro-diabase
Fig. 6. Network of plagiogranite veins in gabbro—
diabase from blocks in the Main Mélange zone.

riched (La,/Yb, = 1.01-1.95) and show distinct
negative Eu anomalies (Eu,/Eu* = 0.49-0.63,
Fig. 7). The increase in total REE content from
gabbro—diabase to plagiogranite and similarity of
the REE patterns suggest that the rocks are
cogenetic (Fig. 7).

Comparison between the Cape Povorotny plagi-
ogranites and those from the Bay of Islands
ophiolites, Newfoundland (Elthon 1991), shows
that both have negative Ta and Ti anomalies
(Fig. 8) indicative of suprasubduction zone origin
(Pearce & Norry 1979; Saunders et al. 1980;
Shervais 1982; Elthon 1991). Negative Ta and Nb
anomalies are also shown by the Cape Povorotny
plagiogranites when plotted on the ocean-ridge
granite (ORG)-normalized (Pearce et al. 1984)
patterns (Fig. 9). Chondrite-normalized REE pat-
terns of plagiogranites and trondhjemites from the
Magsad ophiolite, Oman, considered by Amri et
al. (1996) to have formed at a mid-ocean ridge,
differ from those of Cape Povorotny plagiogranites
in having lower REE totals and REE patterns with
both negative and positive Eu anomalies (Fig. 10).
It should be noted that Cox et al. (1999) and
Searle & Cox (1999) assumed that Oman ophio-
litic crust and its plagiogranite were generated
above an intra-oceanic subduction zone.

Basalts are the dominant volcanic rocks in the
Main and Median mélanges of the Cape Povorotny
accretionary complex (Fig. 5). Basalts make up
isolated tectonic blocks and flow units within
terrigenous—tuffaceous sequences. Based on petro-
graphic and geochemical evidence, these rocks are
divided into the following groups (Sokolov et al.
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1999; Silantyev et al. 2000): (1) boninites with
low TiO;, extremely low middle REE (MREE)
and heavy REE (HREE), and high MgO contents;
(2) aphyric and phyric calc-alkaline basalts and
low-K tholeiitic basalts; (3) pillowed and massive
tholeiitic basalts with marked N- and E-MORB
geochemical features.

Cape Povorotny peridotites (Bazyler et al.
2000) occur in dismembered ophiolite sequences
at various localities confined to NE-trending tec-
tonic units. From SE to NW, these units crop out
in the Povorotny, Median, and Main (including
Greben and Beregovoi massifs) serpentinite mél-
anges (Fig. 5).

The central zone of the Greben massif is
composed of spinel lherzolite. The outer zone of
the Greben massif, the Beregovoi massif, and
small peridotite blocks of the Main and Median
mélanges are composed of harzburgite proper and
Cpx-bearing harzburgite. Peridotites from the Po-
vorotny mélange are also harzburgites, but more
depleted, judging from spinel compositions (Table
2). Compositions of other mineral phases have
been given by Bazylev et al. (2001). The Median
mélange is dominated by cumulate peridotites,
including pyroxene-bearing dunites, chromitites,
wehrlites, and plagioclase harzburgites, which are
also found in the Main Mélange.

Spinels from residual peridotites (lherzolites
and harzburgites) have Cr number (Cr/(Cr + Al))
ranges as wide as 0.18-0.70 (Bazylev et al.
2001), suggesting SSZ provenance for at least
some of these rocks (Dick & Bullen 1984).
Representative spinel compositions from the peri-
dotites are given in Table 2. The Mg number
(100Mg/(Mg + Fe)) of olivines and orthopyrox-
enes from the residual spinel peridotites does not
correlate with the spinel Cr number (varying in
the range 89.6-91.7), indicating their origin by
open-system melting or melt—rock interaction,
rather than by simple partial melting (Bazylev et
al. 2001). Silicate mineral compositions from
peridotites have been reported by Bazylev et al.
(2001). Spinel compositions from the cumulate
peridotites have high Cr number (0.30-0.79),
elevated iron oxidation degrees, and low Ti con-
tents, further supporting an SSZ rather than a
MOR affinity for these rocks (Arai 1992).

REE patterns from all the peridotite varieties
including wehrlites are also LREE enriched, some
of the spectra being U-shaped. They also have
significant negative Nb and Zr anomalies, some
samples also having negative Ti anomalies (Fig.
11). The data on rock geochemistry have been
given by Bazylev et al. (2001). These features
were explained by Bazylev et al. as resulting from
open-system melting (Ozawa & Shimizu 1995) of
mantle material accompanied by melt influx.
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Table 1. Major (wt%e) and trace (ppm) element contents of gabbro—diabases and plagiogranites in blocks from the

Main Mélange zone

Sample c-2415 c-2340 c-2415/1 c-2340/2 c-2340/4 c-2340/1 ¢-2340/3
Si0, 51.53 51.8 53.71 63.84 73.04 75.51 77.03
TiO, 0.76 0.94 1.03 0.60 0.69 0.43 0.53
Al 04 13.12 14.68 14.07 13.7 12.22 12.56 11.12
Fe,0; 3.84 2.60 491 1.59 0.53 1.34 1.37
FeO 6.52 4.60 6.60 2.93 0.50 0.58 0.65
Ca0O 8.96 12.94 597 6.22 3.77 1.61 3.50
MgO 7.35 5.91 5.05 3.20 1.30 1.03 0.20
MnO 0.08 0.06 0.09 0.04 0.02 <0.01 0
Na,0 4.07 3.98 4.68 5.83 5.66 6.15 5.47
K,O 0.04 0.35 0.32 0.10 0.30 0.20 0.06
P,Os 0.07 0.02 0.11 0.01 0.09 0.02 0.02
LOIL 3.30 2.46 3.01 2.31 1.02 0.84 0.40
Total 99.64 100.34 99.56 100.36 99.74 100.33 100.35
Th - - - 0.9 - 1.5 -

Zr - - - 120 160 -
Hf - - - 44 - 5.9 -
Nb - - - 2.7 - 39 —

Ta - - - 0.06 - 0.10 -

Y - - - 44 - 37 -
Rb - - - 7 - 7 —

Sr - - - 21 - 130 —
Ba - - - — — - -

Cs - - - 0.3 - 0.3 -

Sc - - - 20 - 13 -
Co - - - 2.2 - 1.2 -
La - 1.70 4.60 11.00 11.00 5.60 14.00
Ce - 5.30 11.00 28.00 26.00 17.00 31.00
Nd - 4.90 9.50 19.00 18.00 11.00 19.00
Sm - 1.80 340 6.00 5.60 3.20 5.70
Eu - 0.35 0.95 1.10 1.40 0.93 1.40
Tb ~ 0.51 0.83 1.20 1.30 0.92 1.30
Yb - 2.00 3.20 4.60 4.60 3.70 4.80
Lu - 0.32 0.50 0.71 0.73 0.65 0.82
La,/Yb, - 0.57 0.96 1.60 1.60 1.01 1.95
La,/Sm, - 0.84 1.1 1.03 1.11 0.87 1.19
Eu,/Eu* - 0.63 0.89 0.49 0.63 0.63 0.56

c-2415 to c-2415/1, gabbro—diabase; c-2340/2 to c¢-2340/3, tonalites and plagiogranites. Major elements were measured by wet

chemistry, trace elements by XRF, and REE by INAA.

Plagiogranite
®  Gabbro-diabase

Rock/chondrite

1=

7I;a Ce NdSmeEu Tb \.fb Lu

Fig. 7. Chondrite-normalized (Sun & McDonough 1989)
REE patterns for gabbro—diabase and plagiogranites
from blocks in Main Mélange zone.

As the data reported above and by Bazylev et
al. (2001) preclude a mid-oceanic ridge origin for
the Cape Povorotny lherzolites, the earlier geody-
namic interpretation of these rocks (Palandzhyan
& Dmitrenko 1999; Silantyev et al. 2000) should
be revised.

Origin of igneous and metamorphic rocks

The available geochemical data collectively sug-
gest the principal rock assemblages that make up
the ophiolite mélange in the Cape Povorotny
accretionary pile to be (Silantyev et al. 2000):
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Fig. 8. Chondrite-normalized (Sun & McDonough 1989)
REE patterns for plagiogranites from Cape Povorotny,
Taigonos Peninsula, and Bay of Islands (Newfoundland).
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Cape Povorotny plagiogranites
Fig. 9. ORG-normalized (Pearce et al. 1984) patterns

for plagiogranites from Cape Povorotny, Taigonos
Peninsula.
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Rock/chondrite

T

0.1
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Cape Povorotny plagiogranites
1 Plagiogranites, Oman ophiolite, Magsad region

ITT  Trondhjemites, Oman ophiolite, Magsad region

Fig. 10. Chondrite-normalized (Sun & McDonough
1989) REE patterns for plagiogranites from Cape
Povorotny, Taigonos Peninsula, and trondhjemites and
plagiogranites from Oman ophiolite, Maqgsad region.

(1) high-grade amphibolites derived from plutonic
and, rarely, volcanic rocks of N- and E-MORB
affinities; (2) plutonic rocks including boninitic
and normal gabbro and diabase with N-MORB
and within-plate or E-MORB affinities, and plagi-
ogranites; (3) MORB-like basalt, WPB, and var-
ious products of SSZ magmatism, including
boninite; (4) peridotites, including spinel lherzo-

lite, spinel harzburgite, dunite, and wehrlite of
SSZ affinity. Thus, the Cape Povorotny ophiolite
sequence probably contains lithospheric fragments
of two types.

Type 1 consists of spinel lherzolite, spinel
harzburgite, dunite, and wehrlite. Spinel lherzo-
lites and harzburgites originated through various
degrees of mantle melting above a subduction
zone. Judging by data reported by Silantyev et al.
(2000), the low-Ti volcanic rocks of island-arc
affinity (low in TiO,, Cr, Nb, and with high Mg
number) from the Main Mélange and the Cape
Povorotny spinel harzburgites might be cogenetic,
both representing products of subduction magma-
tism. The compositions of spinel from the cumu-
late peridotites, particularly elevated degrees of
iron oxidation and low Ti contents, confirm an
SSZ rather than oceanic-basin origin for these
rocks (Arai 1992). Plutonic rocks of boninite
affinity, as well as boninites and calc-alkaline
volcanic rocks and low-K basalts, occur in the
same lithospheric fragments (Silantyev et al.
2000).

The plagiogranites may have originated through
anatexis of a gabbroic parent or as interstitial melt
crystallized during mafic magma fractionation.
The similarity of chondrite-normalized REE pat-
terns for the gabbro—diabase and plagiogranite
supports the latter interpretation. Negative Ta, Nb,
and Ti anomalies in the plagiogranites point to
their origin in an SSZ setting (Figs 8 and 9)
(Pearce & Norry 1979; Saunders et al. 1980;
Shervais 1982; Elthon 1991; Saunders et al. 1991;
Pearce 1992).

Type 2 lithospheric fragments in the Cape
Povorotny ophiolitic mélange have oceanic geo-
chemical and mineralogical signatures. These frag-
ments are observed in the Main Mélange (Fig. 5)
and are represented by protoliths of the high-grade
amphibolites, gabbros, and dolerites, which show
N-MORB and within-plate (or E-MORB) affinities,
as well as MORB and WPB volcanic rocks.

According to Shervais (2001), Type 1 magmatic
and metamorphic assemblages can be interpreted
as products of a complete life cycle of SSZ
ophiolites that includes (1) birth: low-K tholeiites,
basaltic andesite, and spinel harzburgites; (2)
youth: boninites (volcanic and plutonic) and cu-
mulate peridotites; (3) maturity: basaltic andesite,
andesite, hornblende gabbro, and plagiogranite;
(4) death: formation of high-7 metamorphic soles
(amphibolite and garnet amphibolite).

P-T estimates for metamorphic rocks suggest
two principal types of metamorphism for Cape
Povorotny ophiolites (Silantyev et al. 2000). Type
1 reflects relatively high-P (8 kbar) and medium-7
(500-700 °C) conditions and is unique to the
high-grade amphibolites, and type 2, which post-
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gEE dates type 1, is associated with low-T recrystalli-
g% E zation of all igneous and metamorphic rocks,
5B including the pre-existing high-grade amphibo-
_Eg,‘; lites, under greenschist- and zeolite-facies condi-
SgE tions (350380 °C and <2 kbar) (Silantyev et al.
i g % 2000). Silantyev et _ al. (2000) prgposed that
5 5‘ g discrete blocks of l}lgh—grade amphxbollte from
g% = Cape Povorotny ophiolites reflect dismemberment
Al ] of an inverted subduction-related metamorphic
coomn—eome | €8 aureole. Judging by the P-T path of different
SSazeng3ssg| 52 g metamorphic events recorded in the amphibolites,
= g g Cape Povorotny high-grade amphibolites were
ER- B exhumed from a depth of c¢. 20 km (Silantyev
w V=
szysnsseaze [ 255 et al. 2000), - al and petrolosical da
Sesgergeesg | 852 e available geochemical an petrological data
g suggest that the Cape Povorotny ophlollte. devel-
R 5‘% oped as follows: (1) generation of MORB-like apd
23§ within-plate magmatic assemblages (gabbro, dia-
S2g83soER8a | 5 g bases, and volcanic rocks) in an oceanic basin; (2)
- Tlel E partial subduction of these rocks into a relatively
¥e'g shallow, warm, and young subduction zone with
S 8 partial detachment of the subducting oceanic litho-
88823524448 %gg sphere and its t;ctonic incorporation ir.nto the SSZ
A * % bi pile; (3) formation of an SSZ magmatic complex,
G EB including spinel lherzolite and harzburgite, cumu-
£ 'gg late peridotites, and plagiogranite; (4) exhumation
2 TEUR<s< | ESE of high-grade amphibolites and residual perido-
Sefgengessg %ﬁ gn tites followed by their tectonic incorporation into
558 the SSZ pile.
iy
EE EE FEFFI R
D - Ophiolites in the Yelistratov Peninsula
232
£ §§, Geological setting
anowvon . .o g .
o38g3egiiis E) £S In the Yelistratov Peninsula, ophiolites make up
"l E8% forearc basement to the Uda—Murgal island arc
=g é‘ (Sokolov et al. 1999) and are uncpnformably
rvoemoa Wl BoE g overlain by Lower Cretaceous clastic (_1eposns
i3g Z,: = g Ssd ; = ﬁ § é (Parfenov 1984; Filatova 1988).. A prellmlpary
E‘a@g g geological description of the ophiolite was given
S22 £ by Belyi & Akinin (1985).
289 & Our study shows that ophiolitic rocks occur in a
LS EEEEEE ; g g Eﬁ number of tectonic slices (Fig. 12). On the north
Zgeod g2z 5 g2 of the peninsula, the serpentinite mélange dips
L2528 %" steeply NW, under the Jurassic—Lower Cretaceous
8833 sequence of calc-alkaline volcanic rocks of the
02983898458 B¢ g g?g Uda—Murgal island arc (Fig. 12). In the southern
SER8SEREECR | 2E S part, the mélange is overlain by slices of cumulate
g2 gé g gabbro and Berriasian to Hauterivian (Rosenkrantz
ge 25 8 1986) tuffaceous and terrigenous deposits (Belyi
¢ Cg=nes . LT 2%""‘ ﬁ—g & Akinin 1985; Ishiwatari et al. 1998). The
fedfesgceafg | sBT B mélange contains harzburgite and dunite blocks of
i o §§ El various sizes s(ilov;ing (gff(elrcle{nt degree§b of lserpen(i
BEgubk tinization, and sheete ykes, metabasalt, an
§ — gé 2 radiolarite. The gabbro sheet forms a gentle syn-
@Q“Ezg 2¢9¢ SoF E Af; § é E form and_, in t_he south, is underlain by a slice qf
GELXESSSZSSE | £« E 8« harzburgite slice. The sheeted dyke complex is
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Fig. 11. Chondrite-normalized (Anders & Grevesse 1989) concentrations of REE (a) and other trace elements (b) in
peridotites from Cape Povorotny. Analytical data have been given by Bazylev et al. (2001).

composed of a differentiated series from basalt to
dacite.

The age of the ophiolite is uncertain, but
microfossils from radiolarites encountered in the
Northern mélange zone range from Mid- to Late
Jurassic (Belyi & Akinin 1985).

Relevant mineralogical data were recently pub-
lished and discussed by Ishiwatari et al. (1998),
Palandzhyan & Dmitrenko (1999) and Saito et al.
(1999). This review draws generally on these
papers, as well as on our own mineralogical and
chemical data, partly presented below.

Petrography and geochemistry of mafic and
ultramafic rocks

The rock suite of the Yelistrarov Peninsula ophio-
lite assemblage includes both residual and cumu-
late peridotites, cumulate plagioclase lherzolite,
pyroxenite and gabbronorite, gabbroic screens be-

tween the diabase dykes, and discrete blocks of
foliated metabasalt.

Mantle peridotites are dominated by spinel
harzburgites with subordinate pyroxene-bearing
dunites. Overall, their serpentinization degree
ranges from 85 to 100%. Primary, low-Ti spinels
in the residual peridotites are moderately to highly
chromian with Cr numbers ranging from 0.41 to
0.66 (Table 3). Those in dunites have Cr numbers
up to 0.75. Saito et al. (1999) reported an even
wider range of spinel Cr number in the peridotites
(0.29—0.72). The oxidation degree (Fe**/(Cr + Al
+ Fe’*) of spinels in harzburgite ranges from
0.021 to 0.044, and in dunites it is up to 0.087
(Table 3). Olivines in these peridotites are high-
magnesian with Mg numbers in the range of
90.6-91.9 and have elevated nickel contents as
compared with other ultramafic lithologies (0.36—
0.40 wt% NiO) (Table 4). Residual peridotites
exhibit a negative correlation between spinel Cr
number and olivine Mg number, such that rocks
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Fig. 12. Map showing schematic geological structure of the Yelistratov Peninsula.
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Table 3. Representative spinel compositions from the peridotites of the Yelistratov Peninsula ophiolite complex

Sample: C2518/1 (C2529/4 (C2524/1 (C2524/3 (C2524/2  (C2526  (C2520/5 (C2524/4 (C2518/7
Rock: Hz Hz Hz Hz D (0] oC PW PL
Points: 3 5 3 4 3 5 3 3 8
SiO; 0.05 0.21 0.09 0.07 0.08 0.08 0.17 0.17 0.11
TiO, 0.07 0.02 0.07 0.08 0.10 0.48 0.34 0.97 0.72
AL Os 34.03 26.97 22.63 17.85 11.67 16.43 17.53 18.34 15.00
FeO 14.14 17.65 18.54 19.86 2437 31.33 39.16 4431 49.94
MnO 0.14 0.21 0.18 0.22 0.30 0.32 0.44 0.37 0.38
MgO 16.64 13.54 12.74 12.22 10.36 8.44 6.57 6.26 5.48
Cr,0; 34.71 41.57 45.60 50.76 53.05 42.55 34.13 29.07 27.40
NiO 0.22 0.14 0.09 0.10 0.07 0.17 0.11 0.26 0.17
V,0; 0.21 0.20 0.35 0.19 0.20 0.28 0.35 0.61 0.65
Zn0O 0.12 0.22 0.10 0.09 0.11 0.28 0.37 0.07 0.18
Total 100.32 100.72 100.39 101.43 100.32 100.35 99.17 100.43 100.03
Cr no. 0.406 0.508 0.575 0.656 0.753 0.635 0.566 0.515 0.551
Mg no. 0.716 0.607 0.585 0.569 0.507 0.408 0.324 0.298 0.269
Fe no. 0.028 0.026 0.031 0.044  0.087 0.130 0.205 0.253 0.332

Rock types: Hz, spinel harzburgite; D, dunite; O, orthopyroxenite; OC, olivine clinopyroxenite; PW, plagioclase websterite; PL,
plagioclase lherzolite. All Fe is in the form FeO. Cr number = Cr/(Cr+ Al); Mg number = Mg/(Mg+ Fe**);

Fe number = Fe** /(Cr + Al 4 Fe**), where Fe>" is calculated from stoichiometry.
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Table 4. Representative olivine composition from the peridotites of the Yelistratov Peninsula ophiolite complex

Rock: Hz Hz Hz Hz 0 oC PW PL
Sample: C2518/1 C2529/4 C2524/1 (252413 C2526 C2520/5 C2524/4 C2518/7
Points: 4 5 5 4 ) 4 4 4
SiO, 40.80 41.87 41.02 41.46 40.20 40.11 39.81 39.73
FeO 7.92 8.40 9.14 8.88 12.62 13.54 16.13 16.79
MnO 0.12 0.13 0.13 0.15 0.19 0.18 0.24 0.26
MgO 50.63 50.25 49.63 50.20 47.85 46.41 44.81 44.34
CaO 0.05 0.04 0.04 0.05 0.05 0.05 0.06 0.05
NiO 0.38 0.39 0.38 0.37 0.28 0.14 0.24 0.18
Total 99.89 101.08 100.34 101.10 101.18 100.44 101.29 101.34
Mg no. 91.9 914 90.6 91.0 87.1 85.9 832 82.5

Rock types: Hz, spinel harzburgite; O, orthopyroxenite; OC, olivine clinopyroxenite; PW, plagioclase websterite; PL, plagioclase
lherzolite. All Fe is in the form FeO. Mg number = 100Mg/(Mg + Fe)

with the least chromian spinels contain the most
magnesian (91.4-91.9) olivines.

The cumulate rock suite includes Ol-bearing
and Ol-free gabbronorite and hornblende gabbro-
norite (Saito et al. 1999), as well as wehrlite,
olivine orthopyroxenite, clinopyroxenite, olivine
websterite, and plagioclase-bearing pyroxenite and
lherzolite. A few isolated bodies of hornblende-
bearing plagioclase peridotite are also present.
The degree of serpentinization in ultramafic rocks
of the cumulate sequence ranges from 15 to 50%,
being significantly higher only in olivine-rich
lithologies.

The cumulate peridotites are distinctly less
magnesian than the residual peridotites and have
olivines with Mg numbers of 79.4-87.1 and
reduced NiO contents of 0.14-0.28 wt% (Table
4). Primary spinel is present in most of the
cumulate peridotites, except for some plagioclase
lherzolites with the least magnesian silicates. The
spinel has moderate titanium contents (0.34-
0.97 wt% TiO;), moderate Cr numbers (0.45-
0.65), and high oxidation indices (0.130-0.330)
(Table 3). Clinopyroxenes from the cumulate
peridotites are relatively low in aluminium (1.8—
2.9 wt% Al,O3;) and titanium (0.10-0.24 wt%
TiO;) but show somewhat elevated sodium con-
tents (0.16—0.27 wt% Na,O) as compared with
mantle peridotites, whose clinopyroxenes have
0.05-0.23 wt% Na,O. In the cumulate peridotites,
plagioclase is Angy—¢3 anorthite.

Compositions of spinel harzburgites and ortho-
pyroxene dunites from the northern and southern
outcrops are similar and have U-shaped REE
patterns with chondrite-normalized contents of Ce
0.13-1.8, Tb 0.03-0.41, and Yb 0.06—0.57 (Table
5, Fig. 13). Such patterns for peridotites (as well
as for clinopyroxenes from these rocks) are widely
accepted as being typical of SSZ magmatism
(Parkinson & Pearce 1998; Batanova & Sobolev
2000; Bizimis ef al. 2000).

Mafic screens between dykes consist of amphi-
bole gabbro, Cpx-bearing amphibole gabbro, and
amphibole gabbronorite. Mafic rocks of the
sheeted dyke complex include both aphyric and
porphyritic diabases, commonly with an aphanitic
groundmass. These rocks consist of variable pro-
portions of mostly albitized plagioclase, amphi-
bole, clinopyroxene, orthopyroxene, and sporadic
olivine.

Small blocks of foliated metabasalts occur in
the Northern zone mélange (Fig. 12). They typi-
cally lack primary minerals and consist of carbo-
nate, actinolite, chlorite, epidote, and albite.

The most mafic rocks of the sheeted dyke
complex are strongly depleted and fractionated
low-K tholeiites with island-arc signatures, such
as characteristic REE patterns, high field strength
element (HFSE) depletion, and relatively elevated
contents of large ion lithophile elements (LILE),
including La (Fig. 14, Table 6). Metabasalts from
the Northern mélange zone and lavas from a
breccia of Berriasian to Valanginian age have
similar chemical signatures (Fig. 14, Table 6). The
sheeted dyke complex contains some rocks (Table
4) closely resembling high-Ca boninites.

Origin of mafic and ultramafic rocks

A number of mineralogical and chemical indica-
tors can be used to elucidate the geodynamic
setting of peridotites. The ranges of Cr number in
residual spinels from the Yelistratov peridotites are
typical of SSZ settings rather than mid-ocean
ridges, whose typical ranges are 0.2—-0.6 (Arai
1994). High iron oxidation degrees in cumulate
spinels coupled with the moderate titanium con-
tents indicate an island-arc setting for magmatism
(Arai 1992). The decrease of olivine Mg number
with increasing Cr number in spinel (Tables 3 and
4) suggests extensive melt—rock interaction during
a magmatic process and is inconsistent with a
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simple partial melting of mantle (Jaques & Green

1980). The olivine—spinel compositional relation-
ships of this type were described from mantle
2001; Sobolev & Batanova 1995), but they do not
appear in the mid-ocean ridge mantle peridotites

peridotites of SSZ origin (Bazylev et al. 1993,
(Dick & Bullen 1984; Arai 1994).
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Table 6. Major (wt%) and trace element (ppm) contents in dykes and lavas of the Yelistratov Peninsula ophiolite

Sample: M-97-37/3 C-2505/2 C-2505/6 C-2533/3 C-2533/7 C-2516/4 C-2527/3 M-97-23/1
Si0, 51.35 55.38 51.33 45.71 542 53.03 48.39 41.24
TiO, 0.43 0.72 0.46 033 0.37 0.55 1.12 1.01
AlLO; 13.22 15.2 14.22 13.78 13.45 16.15 13.49 10.82
Fe 03 3.41 542 4.86 4.99 3.73 3.94 6.14 4.55
FeO 6.48 4.22 5.03 8.77 4.87 4.26 5.72 8.31
MnO 0.16 0.07 0.27 0.09 0.08 0.16 0.52 0.2
MgO 10.09 5.33 10.9 14.25 8.42 9.81 10.09 791
Ca0 9.01 6.28 4.84 426 7.16 2.2 5.59 20.79
Na,O 3.17 4.95 2.61 1.88 291 3.78 2.75 0.2
K,O 0.18 0.08 1.42 0.25 0.91 2.06 2.01 0.01
P,0s 0.05 0.05 0.05 0.05 0.05 0.07 0.08 0.08
LOI 1.76 2.1 3.88 5.57 3.82 3.65 3.98 424
Total 99.31 99.8 99.87 99.93 99.97 99.66 99.88 99.36
Cr 513 333 52.1 359 65.1 81.3 259 135
Co 222 29.8 69.5 343 305 51.9 -

Ni - 21.6 46.3 181 40.7 45.8 86.7 —

A\ 248 383 274 265 298 201 282 281

Sc 385 37.9 42 382 26 473 -
Nb 1.3 1 1 1 1 1.1 1.8 1.4
Rb 1.52 2.6 27 24 7.6 17 33 1

Sr 123.7 200 150 95 200 82 87 32

Zr 26.3 55 29 22 33 58 47 44

Y 15.08 19 12 9.8 13 17 19 19
La 1.3 2.5 2 1 1.5 3.6 25 2.5
Ce 23 6.2 4.6 2.6 43 9.1 6.3 6.2
Nd 2.5 5.6 3.7 24 3.9 6.5 5.4 5.8
Sm 0.96 2.1 1.2 0.87 1.4 2.1 2 2.4
Eu 0.36 0.61 0.43 0.31 0.47 0.7 0.63 0.74
Tb 03 0.58 0.38 0.26 0.48 0.64 0.6 0.68
Yb 1.5 2 13 1.1 1.7 1.8 2.1 2.6
Lu 0.24 0.36 0.19 0.18 0.26 0.3 0.32 041

1-6, rocks of dyke complex; basalt from volcanic breccias K1b-v; 8 and 9, metabasalts from Northern mélange zone. Major elements
were determined by wet chemistry, trace elements by XRF, and REE by INAA.

The subdivision of Yelistratov residual perido-
tites by Ishiwatari et al. (1998) and Saito et al.
(1999) into the Northern ultramafic body (with
more depleted peridotites showing spinel Cr num-
ber (0.39-0.72) of presumable SSZ origin) and
the Southern ultramafic body (with less depleted
peridotites showing spinel Cr number (0.29-0.49)
of presumable mid-ocean ridge origin) is highly
questionable in view of the following. The residual
spinel Cr number of 0.49 is out of the ranges
typical for slow-spreading mid-ocean ridges (Dick
1989), and the spinel Cr number of 0.29 is out of
ranges typical both for fast-spreading mid-ocean
ridges and for geochemically anomalous segments
of slow-spreading ridges (Dick & Natland 1996;
Bazylev & Silantyev 2000). Therefore, the ranges
of residual spinel Cr number of 0.29-0.49 are not
consistent with any particular mid-ocean ridge
setting. Additionally, the large difference between
the minimum and maximum values of the residual
spinel Cr number found within a body implies a
large difference in the mantle partial melting

degrees (e.g. Jaques & Green 1980) between
neighbouring parts of this body. Such a difference
cannot be achieved by a decompression mechan-
ism of mantle melting below a mid-oceanic ridge
(Langmuir et al. 1992), but invokes another
mantle melting mechanism and another geody-
namic setting for the magmatic process.

The reported trace element data for the residual
peridotites are consistent more with the conclusion
of Palandzhyan & Dmitrenko (1999) that all the
harzburgites of the Yelistratov complex, as well as
the ultramafic—-mafic cumulate rocks, are of SSZ
origin. It can also be concluded that the volcanic
rocks and sheeted dykes were generated in an
ensimatic island arc.

Ophiolites of the Ganychalan terrane

Geological setting

The Ganychalan terrane is situated within the Penz-
hina segment of the Uda—Murgal island arc (Fig. 15).
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On the NW, it is separated from the Kharitonya
terrane by a high-angle normal fault boundary.
The Kharitonya terrane is a fragment of the
Koni—Taigonos volcanic arc and consists of an
Early Carboniferous terrigenous assemblage inter-
calated with intermediate volcanic rocks in its
lower part and with carbonaceous shales and coal
beds in the upper (Khanchuk et al. 1992; Sokolov
1992). On the SE, the Ganychalan terrane rests
techtonically over the Upupkin thrust pile along a
thrust plane dipping from 30° to 80°.

The internal structure of the Ganychalan terrane
is a large closed or tight antiform of complicated
shape with a thick normal NW limb and tectoni-
cally reduced overturned SE limb (Fig. 15¢). The
Ganychalan terrane consists, from bottom upward,
of four tectonic slices: Ilpenei, Mrachnaya, Khi-
nantynup, and Elgeminai (Fig. 16) (Khudoley &
Sokolov 1998; Ganelin & Peyve 2001). The
Ilpenei slice is composed of basalt, tuff, shale,
chert, limestone, and quartzite, all affected by
metamorphism of greenschist and glaucophane
schist facies (Dobretsov 1974; Silantyev et al.
1994; Vinogradov et al. 1995). Metabasalts in this
slice are MORB- and ocean island basalt (OIB)-
like (Khanchuk et al. 1992; Silantyev et al. 1994).
The cherts yielded deformed unidentifiable radi-
olarians, but sporadic finds of poorly preserved
conodonts suggest a Palacozoic age (V. A. Aristov,
pers. comm.). The radiometric age of greenschist
metamorphism is 327 + 5 Ma (whole-rock Rb/Sr
determination,Vinogradov et al. 1995). The meta-

160°05°
62°10°

Elgeminai slice
Pillow basalt, chert

Diabase
Khinantynup slice
Gabbro, gabbro-amphibolite

Mrachnaya slice

Serpentinite melange

lipenei slice
Greenschist, biueschist

Fig. 16. Tectonostratigraphic units of the Ganychalan
terrane.

morphic rocks are viewed as a subduction com-
plex associated with the Koni—Taigonos island
arc.

The Mrachnaya, Khinantynup, and Elgeminai
slices (Figs 16 and 17) exhibit ultramafic—mafic
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Fig. 17. Geological map of the central Ganychalan terrane (by V. G. Batanova & A. V. Ganelin).
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magmatic assemblages that comprise a dismem-
bered ophiolite suite of Early Palacozoic age,
constrained by radiometric and palaeontological
data (Markov et al. 1982; Khanchuk et al. 1992;
Ganelin & Peyve 2001; Nekrasov et al. 2001).

The Mrachnaya slice is composed of a serpenti-
nite mélange consisting of chaotically oriented
blocks of ultramafic and gabbroic rocks. The most
widespread lithologies are plagioclase wehrlite,
pyroxenite, troctolite, and olivine gabbro asso-
ciated with minor olivine-free normal gabbro and
plagiogranite. Dunite and harzburgite are extre-
mely rare and are totally serpentinized.

The Khinantynup slice is a plutonic assemblage
dominated by mafic lithologies, including leuco-
cratic medium-grained layered gabbro, coarse-
grained isotropic gabbro, gabbronorite, and
ferrogabbro. Felsic rocks include a gneissosed
tonalite—plagiogranite body, 50-70m thick,
which is concordant with textures in gabbroic host
rocks, and small concordant (0.1-0.5m) lenses
and veins of quartz diorite, tonalite, and plagio-
granite. The base of the gabbroic section contains
layers of zoisite-bearing amphibolite and quartz—
garnet—amphibole schists (Markov ef al. 1982). A
hornblende Ar/Ar age of the gabbroic rocks is
Early Ordovician (559 Ma; Khanchuk ef al. 1992).
Toward the top of the slice, gabbro gives way to
gabbro—diabase and diabase, which are chilled
against the host gabbro. Gabbro—diabases are
crosscut by a 20-30m thick tonalite—plagiogra-
nite body. Felsic rocks contain abundant gabbro—
diabase xenoliths. Irregular zones of pegmatitic
gabbro are found along the contact of gabbro—
diabases and tonalite—plagiogranite body. This
disrupted dyke system can be viewed as a
deformed sheeted dyke complex that occurs along
the tectonic contact with volcanic and sedimentary
rocks of the FElgeminai slice. These rocks include
albitized basalts, spilites, amygdaloid pillowed
basalts, and subordinate intercalations of chert and
siliceous tuff. These are interpreted as the upper
portion of the ophiolite assemblage, overlain by
terrigenous and carbonate strata. Basalts yield
whole-rock K—-Ar ages of 490—480 Ma (Dobret-
sov 1974). Cherts contain conodonts of Arenig to
Llanvirn age (485-464 Ma).

Petrography and geochemistry of the plutonic
and volcanic rocks

In serpentinized peridotites, the only surviving
primary mineral is chrome-spinel. The rocks have
high Mg number of 88.6-90.2, but are rather low
in Cr (850-1600 ppm) and Ni (900-1300 ppm).
Their high Cr number of 65.6—87.4 and relatively
high-Mg spinels (Mg number 36.4-57.4) suggest
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that they are ultramafic cumulates (Nekrasov ef al.
2001).

Plagioclase wehtlite, troctolite, and olivine gab-
bro of the Mrachnaya slice are fragments of a
cumulate complex. They show variable propor-
tions of mafic minerals and plagioclase with
ensuing broad variations in major element oxides,
especially CaO, Al,O3;, and MgO (Table 7). This
group is the lowest in TiO,, Zr, Y, and REE
among Ganychalan ophiolite plutonic rocks. The
rocks have REE (La + Sm + Yb) in the range
0.14-0.87 ppm and sawtooth REE patterns (Fig.
18), some of which show positive Eu anomalies.
They contain high-Mg, high-Cr clinopyroxenes
(Mg number 87.3-88.4; 0.53—1.15 wt% Cr,03),
which are low in TiO; and REE (Table 8).

Petrographically and geochemically, the gab-
broic rocks of the Khinantynup slice fall into
several varieties. Leucocratic gabbro is high in
Al,O5 (22.7-24.8 wt%) and low in TiO; and other

100
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Fig. 18. Chondrite-normalized (Sun & McDonough
1989) REE patterns of mafic plutonic rocks from the
Ganychalan terrane. Grey field indicates gabbro from
Ocean Drilling Program Site (ODP) 894, Hess Deep
(Pedersen et al. 1996).
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Table 8. Major (wt%) and trace (ppm) element contents of clinopyroxenes from plutonic ophiolitic rocks of the

Ganychalan terrane

1 2 3 4 5 6 7 8 9
Sample: Bm 19-8 Bm 19-11 Bm 19-14 Bm23-2 Bm17-3 Bh3-3 Bh15-1 Bh6-2 Bh 6-9
n: 2 4 3 6 2 2 2 2 4
SiO; 51.42 51.56 52.34 52.44 52.98 52.05 52.12 51.77 48
TiO, 0.49 0.37 0.38 0.39 0.25 0.84 0.68 0.66 2.02
AL Os 3.65 3.16 2.86 3.01 221 2.97 2.25 3.55 6.77
Cr 03 1.15 0.97 0.53 0.81 0.09 0.49 0.03 0.08 0.02
FeO 391 4.21 3.97 3.83 5.31 4.94 8.62 8.86 10.27
MnO 0.13 0.11 0.11 0.11 0.17 0.14 0.21 0.25 0.26
MgO 15.77 16.36 16.25 16.39 16.24 15.69 14.56 15.41 14.34
CaO 22.8 2275 2271 22.89 23.6 21.12 20.71 19.36 17.24
NaO 0.49 0.36 0.29 0.42 0.25 0.43 0.32 0.38 1.48
Total 99.8 99.85 99.46 100.26 101.07 98.64 99.45 100.23 100.36
MAG 87.79 87.35 87.91 88.4 84.5 84.99 75.06 75.61 715
n 1 2 2 2 1 3 1 1
Ti 3699 2015 - 2505 1381 2911 5054 6420 4332
Sr 1.73 0.92 1.06 0.72 1.06 1.22 1.39 2.11
Zr 21.12 4.82 - 6.88 2.89 11.42 242 21.35 48.6
La 0.33 0.21 - 031 0.39 0.4 0.56 1.46 1.34
Ce 1.74 0.81 - 1.3 0.88 1.55 2.93 2.28 5.6
Nd 331 1.38 - 1.6 0.93 2.58 5.41 4.73 8.79
Sm 1.74 0.73 - 0.95 0.45 1.26 2.96 248 3.84
Eu 0.48 0.35 - 0.32 0.24 0.39 0.87 0.9 1.65
Dy 3.99 1.98 - 2.04 1.35 2.63 6.3 5.79 8.05
Er 2.65 1.38 - 1.38 0.93 1.73 438 3.41 4.68
Y 14.81 6.98 - 7.16 5 9.06 23.08 19.23 24.14
Yb 2.49 1.15 - 1.02 0.74 1.36 3.56 2.94 3.91

Trace elements were determined by secondary ion mass spectrometry. MAG is the molecular ratio 100Mg/(Mg + Fe). Mineral
compositions were analysed by electronic microprobe. n, number of spots analysed.

incompatible elements (La + Sm + Yb of
0.52 ppm). These features suggest comagmatic
origin of the cumulates (olivine-bearing gabbroids
and wehrlites) and leucogabbros, a conclusion that
is further supported by the clinopyroxene compo-
sition, the Mg number being as high as 84.5,
and the low incompatible element abundances
(Table 7).

The coarse-grained gabbros, gabbronorites, and
ferrogabbros, despite their petrographic diversity,
make up a chemically uniform group (Table 7).
They have low Mg number of 68-41.7 and
elevated TiO,, up to 4.5 wt%, as a result of a
considerable proportion of titanomagnetite. The
average REE (La + Sm + YD) content in rocks
within this group is ¢. 2.7 ppm, which is the
highest value of all the plutonic complexes. These
samples are LREE depleted (La/Yb = 0.3-0.5).
Clinopyroxenes from coarse-grained gabbros and
gabbronorites display moderate and uniform Mg
number (75.6) and TiO, contents (0.6 wt%), and
are low in Cr,O; (0.03-0.08 wt%) and high in
REE (Table 8). Clinopyroxenes from ferrogabbroic

samples have the lowest Mg number of 71.5 and
Cr,05 content of 0.02 wt%, whereas their incom-
patible element concentrations are the highest.

Diabases and basalts are chemically uniform
and constitute a moderately differentiated rock
series. Alkalinity is somewhat elevated owing
mainly to spilitization-induced high Na,O content
(NaO + K0 of 3.15-5.62 wt%). Although the
FeO*/(FeO* + MgO) ratio shows meaningless
variations, from 0.94 to 1.70, MgO content ranges
from 573 to 9.13 wit%; TiO, from 1.00 to
1.89 wt%, and Al,O5; from 15.2 to 18.7 wt%. The
REE total (La + Sm + Yb) ranges from 9.4 to
13.9 ppm. REE patterns are flat and slightly LREE
enriched (La/Yb = 1.16-2.00). These character-
istics are similar to N-MORB and similar to T-
MORB (Fig. 18).

Tonalites in the Khinantynup slice have gneissic
textures with relics of subhedral granular texture.
Plagioclase crystals are partly bent and have
undulatory extinction. Quartz forms lens-shaped
grains with undulatory extinction or aggregates of
small grains with sutured boundaries. Primary



Downloaded from http://sp.lyellcollection.org/ at Heriot-Watt University on March 7, 2015

642

mafic minerals, green hornblende and brown
biotite, occur as relics in aggregates of secondary
chlorite, sericite, and fine scaly green biotite.
Plagiogranites also have gneissic texture, a lower
amount of mafic minerals (1-2%), and as much
as 30-40% quartz. Accessory minerals are zircon,
sphene, and apatite.

Tonalites and plagiogranites from the Elgeminai
slice contain quartz—albite granophyric inter-
growths. They are composed of quartz, plagio-
clase, amphibole, biotite, zircon, apatite,
magnetite, and epidote. In plagiogranites, quartz
accounts for 30-45%, and minor K-feldspar
(<1%) is present.

Plagiogranites from both slices fall dominantly
in the trondhjemite field on the Ab—An-Or
diagram (O’Connor 1969) (Fig. 19). They are low
in  ALO; (11.71-15.47 wi%), K,O (0.12—
0.51 wt%), and Rb and Nb (<10 ppm) (Table 7).

Chondrite-normalized REE patterns for tona-
lites and plagiogranites from the two slices differ
considerably (Fig. 20, Table 5). Those from the
Khinantynup slice have low REE totals, a slightly
fractionated REE  distribution  (La,/Yb, =
2.664.7; La,/Sm, = 1.25-1.41), and positive Fu
anomalies (Eu,/Eu* = 0.98-1.29) (Fig. 20). REE
patterns from the Elgeminai tonalites and plagio-
granites show higher REE totals, are partly more
fractionated (La,/Yb, =3.2-54; La,/Sm, =
1.21-1.29), and have negative Eu anomalies
(Eu,/Eu* = 0.27-0.48).

Origin of gabbroic and volcanic rocks and
plagiogranites of the Ganychalan terrane
The above compositional data suggest that the

entire spectrum of ultramafic—-mafic plutonic
ophiolitic rocks from the Ganychalan terrane were

An A, tonalite
B, granodiorite
C, adamellite

D, trondhjemite
E, granite
A-E - after (O’Connor 1969)

Ab r

o Plagiogranites, Khinantynup slice
® Plagiogranites, Elgeminai slice

Fig. 19. Ab—An-Or diagram (O’Connor 1969) for
plagiogranites and tonalites from the Khynantinup and
Elgeminai slices, Ganychalan terrane ophiolites.
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1000F

100

Rock/chondrite

10}

—

LaCe NdSmEu Tb Yb Lu
o Plagiogranites, Khinantynup slice
e Plagiogranites, Elgeminai slice

Fig. 20. Chondrite-normalized (Sun & McDonough
1989) REE patterns for plagiogranites and tonalites from
the Khynantinup and Elgeminai slices, Ganychalan
terrane ophiolites (data from Table 5).

produced by crystal fractionation of a basaltic
melt. This is evidenced by (1) TiO,, Zr, Y, and
REE increasing consistently from olivine-bearing
cumulates to ferrogabbros, while Mg number
generally decreasing; (2) parallelism of the REE
patterns. The overall degree of REE enrichment of
the gabbros matches that of MOR gabbros (Fig.
18).

To decide if the Mrachnaya and Khinantynup
plutonic rocks are complementary to the Elgimi-
nay basalts, Ganelin & Peyve (2001) calculated
compositions of hypothetical parental melts in
equilibrium with clinopyroxenes from the plutonic
rocks. Using melt—clinopyroxene partition coeffi-
cients from Hart & Dunn (1993), they showed that
hypothetical parental melt compositions under-
went varying degrees of fractionation (Fig. 2la
and b). REE abundances from melts in equili-
brium with clinopyroxenes from the Mrachnaya
olivine-bearing rocks and the Khinantynup non-
cumulate gabbros display a moderate degree of
fractionation consistent with the upper limit of the
N-MORB compositional range or with a some-
what enriched type, similar to T-MORB (Fig.
21a). This type matches closely the diabases and
pillow basalts from the Elgeminai slice.

The hypothetical melts in equilibrium with
clinopyroxenes from coarse-grained gabbros, gab-
bronorites, and ferrogabbros from the upper part
of the Khinantynup slice are very strongly fractio-
nated, their REE enrichment being fivefold for
clinopyroxenes from coarse-grained gabbro and
gabbronorite and tenfold for clinopyroxene from
ferrogabbro (Fig. 21b). Parental melt compositions
similar to the calculated melts have been proposed
by various workers for the upper gabbroic com-
plexes of a variety of ophiolites and modern ocean
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Fig. 21. Chondrite-normalized (Sun & McDonough
1989) REE patterns for hypothetical melts parental to
clinopyroxenes from plutonic rocks of the Ganychalan
terrane (rock names are given in Table 6). In (a), grey
field indicates diabases and pillow basalts from the
Elgeminai slices; in (b), grey field indicates melts in
equilibrium with clinopyroxenes from the upper gabbro
from ODP Site 894, Hess Deep (Gillis 1996).

crust assemblages (Pallister & Hopson 1981; Dick
& Natland 1996; Kelemen et al. 1997; Tiepolo et
al. 1997). All these workers attributed the consid-
erable REE enrichment of liquids parental to high-
level plutonic rocks to a strong, 40—50%, fractio-
nation of primary N- and/or T-MORB-like melts
of mantle derivation. Therefore, our data suggest
that Ganychalan ophiolites are a geodynamically
coherent assemblage generated in a MOR setting.

Based on the presence of high-Ti homblende,
Khanchuk et al. (1992) proposed that the Gany-
chalan terrane ophiolite originated in an oceanic
island setting. Nekrasov et al. (2001) used Ti, Zr,
and Y variations to discriminate several plutonic
series in the Ganychalan terrane. According to
Nekrasov et al. (2001), these series may have
resulted from stepwise melting of an enriched
mantle source, suggestive of an oceanic plateau
setting for ophiolite petrogenesis. This is not
inconsistent with the above data from the ophio-
litic reference section; however, identifying indivi-
dual geochemical series would require a large
number of samples from various portions of the
Ganychalan terrane to be analysed.

No petrogenetic model for the Khinantynup and
Elgeminai tonalites and plagiogranites has been
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developed yet. The difference in REE totals and
the character of chondrite-normalized REE pat-
terns imply different origins for tonalites and
plagiogranites of the two slices (Table 7, Fig. 20).
Low REE contents in the tonalites and plagiogra-
nites from the Khinantynup slice render them
similar to their host coarse-grained gabbros and
ferrogabbros (Figs 18 and 20), suggesting that
these rocks might be fractionates of gabbroic
magma, but positive Eu-anomaly in plagiogranites
is at odds with this process. Unfortunately, we have
no isotopic data on gabbros or plagiogranites to
prove or disprove their kinship. Another possible
explanation of different LREE enrichment degrees
and REE totals of the Elgeminai and Khynantynup
tonalites and plagiogranites is their origin from
different mafic sources as a result of partial melting
or different degrees of such melting.

Ophiolites of the Kuyul terrane

Geological setting

The Kuyul thrust pile (Sokolov 1992) brings
together three terranes, the Upupkin, Ainyn, and
Kuyul terranes, that are thrust over each other
successively from NW to SE (Fig. 15). The
Upupkin terrane is composed of Devonian shallow-
water organic limestone, Upper Carboniferous to
Lower Permian clastic rocks, and Permian and
Triassic tuffaceous epiclastic deposits. The Upper
Jurassic to Lower Cretaceous strata comprise turbi-
dites deposited in the forearc of the Uda—Murgal
arc (Sokolov et al. 1999). In places, these turbidites
contain equant bodies of serpentinized ultramafic
material enclosed in sedimentary serpentinites.
According to Sokolov et al. (2000), these rocks
strongly resemble the Mariana arc serpentinite
diapirs (Fryer 1992; Lagabrielle et al. 1992).

The Ainyn terrane is composed of Upper
Jurassic to Lower Cretaceous turbidites. The ter-
rane is highly deformed and displays a broken
formation, sedimentary mélange composed of
terrigenous material (type I and type IV mélanges
of Cowan (1985)) and numerous duplexes (Khu-
doley & Sokolov 1998). The depositional environ-
ment is interpreted as the landward slope of an
accretionary prism (Khudoley & Sokolov 1998;
Sokolov et al. 1999).

The Kuyul terrane is traceable for 140 km
northeastward from the Mametchinsky Peninsula
to the eastern side of the Talovka River in discrete
outcrops 10—20 km wide. To the SE, the terrane is
overlapped by Paleogene—Quaternary sedimentary
rocks (Fig. 15b). The ophiolite is disrupted into a
serpentinite mélange containing blocks of ultra-
mafic, gabbroic, and metamorphic (greenschists,
blueschists and amphibolites) rocks, as well as
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basalts, cherts, limestones, and terrigenous rocks.
Detailed mapping has identified a number of
mélange slices distinguished by clast lithologies
(Sokolov et al. 1996). The characteristic litholo-
gies and geodynamic interpretations of tectono-
stratigraphic assemblages are listed in Table 9.

The most complete ophiolite fragment is the
Gankuvayam sequence (Khanchuk ez al. 1990), or
slice (Sokolov et al. 1996). The Gankuvayam
ophiolite is a dismembered suite, truncated at
several levels by serpentinite mélange zones and
folded into a synform fold. Khanchuk et al.
(1990) have reconstructed the following ophiolite
sequence (Fig. 22): (1) serpentinized harzburgite
overlain by dunite, 470 m thick; (2) a gabbro—
troctolite—wehrlite complex, 340 m thick; (3) pla-
giogranite, 40 m thick; (4) a dyke complex,
compositionally differentiated from basaltic to
dacitic, 400 m thick; (5) a pillow lava sequence
ranging from basalt to dacite, 300 m thick.

The age of ophiolite is estimated on the basis of
Bathonian to Early Tithonian radiolarians in cherts
from interpillow spaces within basalts of the
differentiated series (Grigoriev et al. 1995).

The Gankuvayam ophiolite has been interpreted
to have originated from a variety of geodynamic
settings, such as: (1) a Galapagos-type spreading
centre (Khanchuk et al. 1990); (2) an intraoceanic
island arc (Palandzhyan 1992); (3) a suprasubduc-
tion-zone setting (Sokolov er al. 1996). Resolving
this issue called for follow-up studies on Ganku-
vayam ultramafic rocks from various localities in
the Kuyul terrane, including the Mamet Peninsula.
Results from this sampling exercise are presented
below.

Petrography and geochemistry of the
ultramafic rocks

The ultramafic rocks are represented by tectonized
residual peridotites and cumulative ultramafic

Table 9. Tectonostratigraphic units of the Kuyul terrane

S. D. SOKOLOV ET 4AL.

300 Pillow lavas

400 Sheeted dykes

E% 50 L o e o o e Plagiogranite
§ rrrrrrr Isotropic gabbro
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430 TTTTT .
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rrrrrrr gabbro, wehrlite, troctolite
L L L
rrrrrrr
u u L
L L L
Dunite
470
Harzburgite

Fig. 22. Ophiolite stratigraphy from the Gankuvayam
section.

rocks of the dunite—orthopyroxenite series. Over-
all, the massive ultramafic rocks are composed of
serpentinized spinel peridotites (harzburgites and
diopside harzburgites). Less frequently, dunites
form lenses and bands in peridotites, clino- and
orthopyroxenites, wehrlites, and websterites. The
modal mineral composition of the ultramafic rocks
and chemical composition of the main rock-form-
ing minerals are shown in Figure 23.

Most of the ultramafic rocks are significantly
altered. Their serpentinization degree is 60—

Tectonic sheet Rocks Age Geodynamic setting
Gankuvayam Peridotite, cumulate complex, gabbro, J, 7J; Suprasubduction zone
plagiogranite, sheeted dykes, basalt—
andesite—dacite complex
Veselaya Basalt—limestone—chert, peridotite, P, Tr—J,, J; Oceanic
cumulate, gabbro
Vstrechny Basalt-chert Tr, -} Oceanic
Unnavayam Peridotite, cumulate complex, gabbro  Mz? Oceanic
Talovka Peridotite, basalt ? Within-plate
Tylpyntyhlavaam Sandstone, siltstone, mudstone, chert, J3-K; Trench sediment

olistostrome

Udachny Amphibolite, greenschist, blueschist

134, 122, 82 Ma (K/Ar method) Subduction zone
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r & | assemblage | Crno. = Cr/i(Cr+Al) TiO,, Wt% Py Na,0, wt% Cr,0,, wt%
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Fig. 23. Mineral composition features of ultramafic rocks from the Kuyul ophiolite terrane. Amph, amphibole; Cpx,
clinopyroxene; Cr-Sp, chrome spinel; Ol, olivine; Opx, orthopyroxene; Spt, serpentine.

100%. Our study is therefore focused on Cr-
spinel, whose chemistry best portrays the petro-
genesis of the ultramafic rocks (e.g. Irvine 1967
Dick & Bullen 1984; Arai 1994), as it is resistant
to serpentinization.

Representative analyses of Cr-spinels from var-
ious ultramafic rocks from the Gankuvayam se-
quence are shown in Table 10. The Cr number,
used as a measure of depletion in ultramafic rocks,
is highly variable and largely overlaps the range
typical of Cr-spinel compositions from oceanic
and island-arc peridotites (Fig. 24). The Cr num-
ber of Cr-spinel correlates negatively with the Mg
number, which is typical of residual mantle
peridotites (Dick & Bullen 1984; Barnes & Roe-
der 2001). Cr-spinel compositions from the harz-
burgites indicate strong depletion and suggest a
residual origin for these rocks (Dick & Bullen
1984; Ishii et al. 1992; Arai 1994) (Fig. 24).

There are no systematic differences in Cr num-
ber between Cr-spinels from the dunites, ortho-
pyroxenites, and chromitites. This invokes tight
genetic links among these rocks, which could all
be members of a dunite—orthopyroxenite—chromi-
tite suite (e.g. Arai 1994). High Fe oxidation
degrees in spinels from dunites and chromitites
further support this conclusion.

Major element contents of the harzburgites vary
in a narrow range (Table 9) and correspond to
non-isochemically recrystallized residual mantle-

derived peridotites (Bazylev ef al. 1999). This is
further supported by a good correlation (Fig. 24)
between Cr,O; and Al,O3 of the host ultramafic
rocks and their accessory Cr-spinels. The harzbur-
gites are appreciably depleted in AlL,O; and
alkalis; remarkably, Al,O; and Cr,Os; contents,
immobile under metamorphic conditions, are clo-
sely similar to one another, which is typical of
residual SSZ-type peridotites (e.g. Bazylev et al.
1993, 1999; Rampone et al. 1995; Parkinson &
Pearce 1998; Pearce et al. 2000; Takazawa et al.
2000). The harzburgites are slightly enriched in
TiO, as compared with typical restite peridotites
(Barnes & Roeder 2001).

Trace element contents of the ultramafic rocks
are given in Table 11 and Figure 25. Cu, Zn, Sc,
V and Ga show a negative correlation with MgO,
and Ni, Cr, and Co a positive correlation with
MgO. A similar relationship exists for most
mantle-derived peridotites, in agreement with
models for partial melting of initial fertile ultra-
mafic rocks (e.g. Niu 1997).

Peridotites of the Gankuvayam sequence are
very strongly REE depleted (Fig. 25), harzburgites
having no more than 0.2—0.5 times chondritic
values (Fig. 25, Table 11). Chondrite-normalized
REE patterns for the dominant ultramafic rocks,
Di-free harzburgites, have asymmetric U-shaped
forms ((La/Sm)y =2.76 £ 0.54; (Sm/Yb)y =
1.15 4+ 0.19) (Fig. 25). Similar REE patterns and
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Fig. 24. Compositions of rock-forming and accessory
Cr-spinels from ultramafic rocks of the Gankuvayam
sequence. Fields of Cr-spinel compositions in abyssal
peridotites (dotted line), SSZ-type harzburgites (dashed
line), and SSZ-type dunites (continuous line) are shown.
Compositional fields are after Dick & Bullen (1984) and
Ishii ef al. (1991).

extremely low REE contents are inherent in
residual spinel peridotites of typical SSZ ophiolite
complexes (e.g. Parkinson & Pearce 1998; Pearce
et al. 2000).

Hence, the ultramafic compositions detailed
above suggest an SSZ setting for their genesis.
The initial ultramafic rocks underwent extensive
partial melting and reaction with primitive island-
arc melts, resulting in cumulate veins and chro-
mite mineralization in the ultramafic rocks.

Petrography and geochemistry of the
plagiogranites

Plagiogranites form a separate slice between the
gabbroic rocks and sheeted dyke complex in the
Gankuvayam thrust sheet (Fig. 22). Their lower
contact with gabbro is sharp and faulted, whereas
the upper part of the plagiogranite slice contains
fragments of sheeted dykes. The plagiogranites
are strongly tectonized and brecciated along both
contacts.
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The plagiogranites are divided into plagiogra-
nites proper (65—75 wt% SiO;) and quartz diorites
and tonalites (62—65 wt% SiO,). The latter are the
least differentiated members, their volume being
negligible.

The plagiogranites have subhedral granular to
granophyric texture. They contain 30—40% modal
quartz, 40—60% plagioclase, and 5-15% amphi-
bole. Plagioclase, Anps—s3s, is euhedral (0.3—
1.2 mm across), partly saussuritized, and often
zoned. Quartz is anhedral. Amphibole forms green
euhedral prisms. Accessory minerals include zir-
con, apatite, sphene, and magnetite. Secondary
alteration minerals are epidote, chlorite, albite,
and prehnite.

The tonalites and quartz diorites contain the
same minerals but have lower percentages of
quartz (20-25 modal %), higher percentages of
plagioclase (55—-70%) and amphibole (15-25%),
and more calcic plagioclase.

On the Ab—An-Or diagram, the felsic rocks
plot with tonalites and trondhjemites. Their low
K,0 (0.1-0.8%) (Luchitskaya 1996) places them
with oceanic plagiogranites (Coleman & Donato
1979). On Harker diagrams, plagiogranites, inter-
mediate to felsic dykes, and gabbros from the
upper part of gabbroic section form a coherent
fractionation trend (Luchitskaya 1996).

Chondrite-normalized REE patterns of plagio-
granites are slightly LREE enriched, with an
almost horizontal HREE portion (La,/Yb, =
0.8-1.37) and a negative Eu anomaly (Eu,/Eu* =
0.45-0.90). The similarity of these rocks to those
of the Samail ophiolite is evident (Fig. 26). The
similarity of REE patterns for plagiogranites,
dacites, andesites, and basalts from the sheeted
dyke complex suggests that the rocks are coge-
netic (Fig. 27).

On spidergrams of Pearce et al. (1984), the
plagiogranites are slightly enriched in Rb and
depleted in HFSE with respect to ORG (Luchits-
kaya 1996). Their ORG-normalized patterns are
similar to those of ocean-ridge granites as given
by Pearce et al. (1984) (Troodos plagiogranites)
and volcanic-arc granites (granites of Lower In-
trusive complex, Oman (Luchitskaya 1996)). On
an Nb-Y diagram (Pearce et al. 1984), plagiogra-
nites plot in the ORG field (Luchitskaya 1996).

Origin of the ophiolite

The harzburgites of the Gankuvayam unit are
restites, and the lower gabbro—wehrlite complex
represents basal cumulates formed in a magma
chamber at the crust—mantle interface, with gab-
bronorites and plagiogranites forming coeval in-
trusions. The initial ultramafic rocks underwent
extensive partial melting and reaction with primi-



/Isp.lyellcollection.org/ at Heriot-Watt University on March 7, 2015

Downloaded from http:

‘(3s41eUR ‘BAONUNIPWIES 'Y "D) JSINNI] ANSHUIYIOSD) JO 9IMNSU] oY) UT S
-dDI Aq syuswafe aoe1 ‘8ngsialeg 1§ ‘ymnsu] [earSojoan Ayswidrey] ayy ur X Aq posAjeur SYUOWIA[Q JOEJAl ‘SANUNP ‘¢6G—/ G ‘SANTInqziey JuLILdq-1(J ‘7SS pue 8§ ‘seusmqzrey 0K-1q ‘T1/€8S—1LS

w0 170 r1°0 (434 1484 Y70 0ro I¥'0 cro 01’0 qlL

100 100 100 000 000 000 000 000 000 000 ng

L10 [co w00 [00 100 100 100 100 100 100 qA

100 100 100 000 000 00°0 000 00'0 000 000 wl

00 w00 00 100 100 100 100 100 100 10°0 RE

100 100 100 100 100 000 000 000 000 00°0 oH

00 Y00 €00 £0°0 200 10°0 100 100 100 100 £a

100 100 100 000 000 000 000 000 000 000 arL

000 10°0 100 10°0 100 w0 100 100 10°0 100 PD

100 100 100 100 000 000 000 000 000 000 ng

200 €00 200 100 100 100 100 [0°0 100 10°0 ws

¥0°0 SO0 S0°0 S0°0 00 £0°0 £0°0 £0°0 €00 €00 PN

S0°0 900 S00 €00 €00 w00 w00 00 100 100 id

. 170 1770 9T'0 910 810 80°0 01’0 1o 900 600 D
~ 01°0 £1°0 910 90°0 01°0 SO0 00 90°0 00 900 el
= 0cT 127! 8 I've le 791 f44! 've s'6l §Tl g
H 90 9T | 4 §0 (44 L'e 9T Lo 80 Tl IN
= vl €9 8 el 'y [43 sl T LT rs 1z
o 0T 60 S0 43 194 Te 01 80 60 ¥l A
— 91 81 14 S6 78 9T s vL 67 ST s
m 6€°0 70 o (43 ST0 890 190 $€0 ¥8°0 sTo a
o z8L1 S8yl §961 056 L8L £68 §T01 $861 (433 344! N
n 94%4 811¢T 1€ST L981 (Y441 9861 0Tt °E91 w8l ¥01¢ D
a Sel 9 0Ll [433 44 [a4! S'1T ey LT 09T A
K 1766 LT66 $5°66 167001 05°66 0T’66 €766 0l'66 $6'86 9766 SE66 1e30L
n 19°61 L9v1 9761 0T¥l 94| Loyl oF'el 94| 96'¢l ral 9811 10T
901 18°1 9T'1 0Tl 90'1 191 Sl Lyl 160 0L0 £8°0 -O™H

100 100 00 00 £0°0 100 100 €00 £0°0 €00 100 o™

€00 L0°0 §0°0 oro 900 ¥0'0 $0°0 90°0 00 600 S0°0 0%N

7’0 950 St0 eT’1 Se'l Lo 960 060 £8°0 1071 060 (00]

6T 1Y [0~ LETY 90°9¢ $89¢ vLLE 60°LE 0S°LE (4413 L 65°6¢ 03I

1o 010 o Iro 170 110 o 1o 01’0 [1ro 4% OUN

160 0Le 65°¢ Iv'e 80'% e wl £v'e So'¢ 944 SL'E 02d

£€°9 98 4 [4:34 ¥8'¢ 8Tt 98¢ 66t LLe S6'¢ e Iy to%g

PE0 Ieo LE0 LTo 170 §T0 £T0 (43 Y0 LT0 o 0

(401 €1 €0°1 e W 18°0 T wl £0'1 w61 40 oV

100 100 700 §0°0 90°0 00 00 0’0 £0°0 900 ¥0°0 ‘oL

86'1¢ 95°Te 0T’ 1e 80°9¢ p1°8¢ L9t vr8e 0S'LE 969¢ oL 96'9¢ to1s

399 €8¢ LyS (493 149 /€8S SIS 185 s ¥0S ILS opdureg

648

2ouanbas wndvanyunn) ayg fo sys0.4 oypwpan o S1ua1u00 JuaWia]d (wdd) 2004 puv (o5m) 40y *1| 9qEL



Downloaded from http://sp.lyellcollection.org/ at Heriot-Watt University on March 7, 2015

OPHIOLITES OF NORTHEAST ASIA 649
! C
. Di-free & g#?
o i . ——
= harzburgites 515
° -»- 504
c o 581
<
O
S~
4
O
O
@
Ool i 1L 1 i 11 1 1 l i 1 1 3 i 1
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
l -
. . in
2 hrrburgites| |+ 548
= - 7
= i & ~o- 552
c _
o
L
(&] 0.1 1=
~ -
4 -
Q
O
o
oojb——
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
1
s = 583
; = 547
I - 553

T T

Rock /chondrite

1 L 1 L L ‘ 1

Dunites

0.01 *

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 25. Chondrite-normalized (Anders & Grevesse 1989) REE patterns for the Gankuvayam sequence ultramafic

rocks.

tive island-arc melts, resulting in cumulate veins
and chromite mineralization in the ultramafic
rocks.

The plagiogranites may have formed by frac-
tional crystallization of a basic magma combined

with some filter-pressing (squeezing of remaining
interstitial acid melt) mechanism. They are be-
lieved to have formed in the upper part of the
ophiolite crustal section above a subduction zone
(for details, see Luchitskaya (1996, 2001)):
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Fig. 26. Chondrite-normalized (Sun & McDonough
1989) REE patterns for plagiogranites from the Kuyul
terrane, Troodos ophiolites (Kay & Senechal 1976) and
Samail ophiolites (Pallister & Knight 1981; Coleman &
Donato 1979).
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Fig. 27. Chondrite-normalized (Sun & McDonough
1989) REE patterns for plagiogranites, and basalts,
andesites and dacites from the sheeted dyke complex
from the Kuyul ophiolite terrane.

It thus follows that the additional studies in
ultramafic compositions and geochemical data on
the plagiogranites further corroborate the infer-
ence (Palandzhyan 1992; Sokolov ef al. 1996) that

the Gankuvayam ophiolite originated in an SSZ
setting.

Study of volcanic (Gankuvayam type) and
chert—volcanic (Kingiveyem type) assemblages
indicates that the Kuyul terrane comprises tectoni-
cally juxtaposed assemblages of distinctive ages
and origins (Grigoriev et al. 1995) (Table 9).
Gankuvayam extrusive rocks and dykes are com-
posed of calc-alkaline basalt to dacite (Grigoriev
et al. 1995; Sokolov et al. 1996).

The Kingiveyem type of stratigraphy (Table 9,
Veselaya and Vstrechny slices) includes chert—
basalt—limestone and chert—basalt associations of
Late Triassic to early Tithonian age. Chemically,
the basalts are N-MORB-like (Khanchuk et al.
1990; Grigoriev et al. 1995). In addition, blocks
of WPB, in association with limestones of Per-
mian age (Grigoriev et al. 1995), occur in the
serpentinite mélange.

N-MORB and WPB hosted in mélange and
tectonic juxtaposition of geodynamically contrast-
ing assemblages (Grigoriev ef al. 1995; Sokolov et
al. 1996) suggest that the Kuyul mélange may yet
yield less depleted ultramafic rocks and gabbros
of oceanic provenance.

Ophiolites of the Ust—Belaya segment

Tectonic setting

The Ust—Belaya terrane consists of a complex
package of allochthonous units, thrust over the
Middle Jurassic to Valanginian terrigenous, chert,
and volcanic deposits of the Algan terrane (Pa-
landzhyan & Dmitrenko 1996; Nekrasov et al.
2001) (Fig. 28a). The base of the overlap assem-
blage is composed of late Albian to early Seno-
nian marine terrigenous deposits (Markov et al.
1982; Filatova 1988; Sokolov 1992), which repre-
sent sediment fill of a forearc basin in front of the
Okhotsk—Chukotka continental-margin volcanic
belt. Eocene to Oligocene strata comprise on-land
volcanic deposits of the western Kamchatka—
Koryak continental-margin volcanic belt, and its
coeval terrigenous deposits.

The allochthonous package (Fig. 28b) is divided
into three large nappes (Palandzhyan 2000). The
Lower, or Utyosiki, thrust sheet incorporates slices
of island-arc volcanic and clastic deposits of
postulated Late Palaeozoic and Mesozoic age.
Foliated serpentinites occur between some slices.
The thrust unit has a total thickness of 1.6 km.

The Middle, Otrozhnaya, nappe consists of two
thrust units. The lower unit consists of: (1) a
Middle Palaeozoic ophiolite assemblage, compris-
ing heavily deformed serpentinized harzburgites,
lherzolites, and dunites overlain by a deformed
slice ¢. 1 km thick of amphibolized gabbro; (2) a
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sequence, some 0.7 km thick, of MORB-like
basaltic rocks; (3) cherty and tuffaceous clastic
rocks with Mid- to Late Devonian faunas; (4)
Early Carboniferous terrigenous rocks with ser-
pentinite, diabase, and chert clasts and Cr-spinel
grains. The gabbros and basalts are cut by diabase
and porphyritic microplagiogranite dykes. The
microplagiogranite dykes have whole-rock K—Ar
ages of 218—178 Ma (Palandzhyan 1997).

The second thrust unit, Udachny, consists of c.
1.1 km thick Upper Jurassic to Valanginian flysch,
interpreted to have been deposited in a forearc
basin in front of the Uda—Murgal arc, and con-
taining fragments of tuffaceous terrigenous mate-
rial of Mid-Jurassic age, and carbonate and
terrigenous sequences of Mid—Late Devonian and
Early Carboniferous age.

The upper, Ust—Belaya nappe, over 5km in
thickness, is mainly composed of peridotites and
gabbros. At the base of the nappe is a serpentinite
mélange up to 0.5 km thick. Blocks in the mél-
ange are composed not only of the overlying rocks
(lherzolite, harzburgite, cumulate ultrabasic rocks,
gabbro, basalt, siliceous—terrigenous rocks, organ-
ic limestone of Mid- and Late Devonian ages),
but also of rocks lacking from all three nappes
mentioned above, such as depleted harzburgite,
high-Cr chromitite, schist, garnet amphibolite, and
plagiogranite.

Petrography and geochemistry of the
ophiolite

The peridotites show a variety of metamorphic
fabrics, including protogranular, which is com-
monly preserved in lherzolites. Porphyroclastic
and mosaic fabrics and mylonites are typical in
the shear zones and at the base of the mantle
suite. The peridotites are abundant in antigorite, a
distinctive feature of the ultramafic rocks of the
Ust—Belaya terrane, whereas in the other ultrama-
fic massifs lizardite and chrysotile are abundant.
Stratigraphically higher, in the eastern part of
Ust—Belaya unit, lherzolite gives way to Cpx-
bearing harzburgites and dunites and then to a
thinly banded (1-3 cm) sequence of alternating
dunite, cortlandite (two-pyroxene hornblende peri-
dotite), wehrlite, pyroxenite, and hornblendite, in-
truded by microgabbroic dykes (Table 12, Fig. 29a).
According to Nekrasov et al. (2001), the least
depleted lherzolites of the Ust—Belaya massif are
compositionally close to pyrolite. Major element
compositions of coexisting minerals from the
lherzolites and harzburgites are given in Fig. 30
and Table 13. Although the compositional range is
wide, most peridotites are slightly to moderately
depleted, as indicated by pyroxene and Cr-spinel

Table 12. Major element contents (wt%s) of ultramafic and mafic ophiolitic rocks of the Ust—Belaya terrane
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14.71

23.61

24.49

18.27
0.10
1.27
525
0.05

12.70

11.25
2.00
023
0.10
n.d.
2.04

99.53

22.44

6.34
0.39
329
6.80

3.57
031
3.11

5.04

3.50
0.39
2.99
5.42
0.11
3720

122
0.36
2.81
5.65
0.31
40.73

0O
Cr,03
Fe 03

FeO

nd.
14.99*

n.d.
13.88*

nd.

n.d.
1.07
3.59
0.07
11.57
11.76
1.74
0.07
0.01
0.66
297

100.16

nd.

1.74

n.d.
15.10%

n.d.
14.05*
n.d.

nd.

0.04
0.16
3.64
0.03
13.40
11.00

n.d.
2.84
7.32

13.91*
n.d.

14.70*

1.72
3.01
0.07
10.15

2.50*
n.d.
0.05
4.44
14.43
3.07
0.39
0.01
nd.
1.53

100.90

0.92
1.89
0.03
8.55
13.50
1.67
0.18
0.11
n.d.
1.61

100.09

nd.
020
427
8.73
5.79
042
0.05
n.d.
0.63
99.99

n.d.

0.22

5.65
10.09

o.d.

0.21
5.20
9.48
427
0.44
0.04
nd.

0.98

4.40
0.13
10.21
12.90

nd.
0.24
9.38

9.11

5.18
0.05
3879

0.20
4.70
8.20
4.02
1.01
0.12
n.d.

0.22
8.20
10.45

MnO
MgO
CaO

40.94  40.56 36.54  36.64

38.97

10.01

5.70

532
041
0.01
n.d.
n.d.
1.69
99.53

1.31
0.10
0.10
0.03
0.24
6.66
100.03

1.27
0.10
0.10
0.03
022
6.03
100.53

1.02
0.10
0.06
0.11

2.57
0.10
0.10
0.11
0.89
451
100.21

2.37
0.25
0.10
0.12
0.06
10.34
99.62

317
1,48
0.03
nd.
1.61
99.98

243
0.49
0.01
0.74

3.82
99.84  99.99

1.98
0.18
0.01
0.43
2.54
99.66

2.11

2.21
0.71
0.11

n.d.

1.76
0.10
0.08
n.d.

3.29

100.47

0.27
0.10
0.09
nd.

0.38
0.10
0.03
0.29

Na,O
X0

0.78
0.12
nd.

3.07

100.07

n.d.
n.d.
0.12
3.26
99.34

P,0s
H,O
LO1

1.20
101.58

3.80
100.13

100.50

100.23

99.85

99.83

Total

12, olivine gabbro and troctolite; 13, metagabbro; 14 and 15, microgabbro from dykes in cumulates); 16-19, olivine gabbro, Otrozhny complex; 20-23, amphibolites, blocks in mélange. n.d., not

-3, Eldenyr massif (1 and 2, lherzolites; 3, Di harzburgites); 4-9, Ust-Belaya massif (4 and 5, lherzolites; 6 and 7, Di harzburgites; 8 and 9, kortlandites); 10—15, gabbroids of Ust—Belaya massif (10—
determined.

*Total Fe as Fe,0a.
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Fig. 29. Plots for mafic rocks showing (a) TiO; v. MgO/(MgO + FeO*) and (b) TiO; v. FeO*/MgO, wt% in whole

rock. Compositional fields in (a) are after Miyashiro & Shido (1980); those in (b) are after (Glassely 1974).

Cr# in spinel from mantle peridotites:

4 Ust-Belaya nappe
2o Ust-Belaya massif
° Eldenyr massif

Al, O,, wt % in Opx Na/ Crin Cpx

Fig. 30. Plot of Cr/(Cr + Al) in Cr-spinel v. Al,O; in Opx and Na/Cr (crystallochemical formula units) in Cpx for

metamorphic peridotites. Fields of mantle peridotite compositions from different geodynamic settings, after

Kornprobst ez al. (1981), Bonatti & Michael (1989) and Palandzhyan (1992). 1, Subcontinental; 2, passive margin; 3,

mid-ocean ridge (dotted contours delineate extremely slow-spreading MOR peridotites), 4, suprasubduction zone.
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compositions being similar to peridotites of mod-
ern passive margins and ultra slow-spreading
centres. The least depleted lherzolites of the Ust—
Belaya nappe, based on their mineral composition,
are similar to subcontinental lherzolites (Fig. 30).
Nekrasov et al. (2001) showed that the Ust—
Belaya lherzolites have nearly chondritic REE
contents with a slight negative Eu anomaly.

These data suggest that the rocks of the lherzo-
lite unit of the Ust—Belaya terrane are oceanic
lithospheric fragments of the marginal part of a
large oceanic basin (Palandzhyan 1992). Nekrasov
et al. (2001), on the other hand, proposed that the
lherzolites resemble xenoliths of mantle rocks of
the Ontong—Java Plateau.

The lherzolite—gabbro contact, exposed over a
considerable length, is marked by a thin (0.1—
0.2km) transition zone, composed of dunite,
wehrlite, and Pl-bearing dunite. The gabbroic
complex is composed chiefly of banded olivine
gabbro and troctolite with lens-like bodies of Pl-
bearing ultramafic rocks in the lower part. Most of
the banded gabbro is metamorphosed to amphibo-
lite. Petrographic observations in gabbros with
primary banded fabrics surviving among gabbro-—
amphibolites show that plagioclase crystallized
before clinopyroxene and the rocks lack orthopyr-
oxene, which places the cumulates with the A-1
type as described by Ohnenstetter (1985). These
characteristics suggest that the ophiolite may have
originated in a mid-ocean ridge or in a continen-
tal-margin basin, rather than in an SSZ setting.

Basalts in the Otrozhnaya nappe are similar to
MORB-type tholeiites both in terms of major
oxides (Fig. 29b) and trace elements, particularly
REE, Zr, Y, and Nb (for details, see Nekrasov et
al. 2001).

Origin of the ophiolite

Thrust faulting in the Ust—Belaya terrane has
juxtaposed two ophiolite associations. The Lower
to Middle(?) Devonian ophiolites, which make up
the Ust—Belaya and Otrozhnaya nappes, have
slightly depleted peridotites, primitive crustal
magmatic lithologies, and MORB-like volcanic
rocks. Major and trace element composition of
restite peridotites and gabbros confirm oceanic
affinity for these ophiolites (Palandzhyan 1992;
Nekrasov et al. 2001).

The serpentinite mélange contains fragments of
an SSZ-type ophiolite association that includes
strongly depleted peridotite, high-Cr chromitites,
and differentiated volcanic rocks. These ophiolites
are tentatively dated as Late Palaeozoic to Early
Mesozoic based on whole-rock K—Ar ages:
262 Ma from a dacite, 164 and 178 Ma from
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amphibolites, and 172, 186, and 218-178 Ma
from plagiogranites (Palandzhyan 1997).

Discussion

The above summary illustrates the diversity of
structural settings, ages, compositions, and origins
of ophiolites in the West Koryak fold system (Fig.
31, Table 14). They are all parts of a continental-
margin assemblage that was added to the North
Asian continent at the end of the Early Cretaceous
(Sokolov 1992; Parfenov et al. 1993; Khudoley &
Sokolov 1998). The ophiolites are all deformed
and unconformably overlain by upper Albian
strata.

The ophiolites come in two age groups, Palaeo-
zoic and Mesozoic. Palaeozoic ophiolites of the
Ganychalan and Ust—Belaya terranes are oceanic
in type. They can be viewed as being fragments of
the Panthalassa Ocean.

Counterparts to Ganychalan ophiolites may be
those of the Livengood terrane, Central Alaska.
Exotic, possibly North American, provenance has
been proposed for the Ordovician deposits over-
lying ophiolites of the Ganychalan terrane (Khan-
chuk et al. 1992; Sokolov et al. 1997). Other
workers (Nekrasov ef al. 2001), by contrast,
believe that the Ganychalan and Ust—Belaya
ophiolites were formed in an oceanic plateau near
the Asian continent.

Correlating the Ust—Belaya ophiolites will be
possible only after their age has been properly
constrained. Currently, they are dated to the
Devonian based on the Mid—Late Devonian age
of their overlapping sediments (u; in Fig. 31).
However, radiometric datings from the peridotites
and gabbros of their structurally overlying
MORB-like basalts are lacking. Not inconceivably,
the ophiolites are older, Early Palaeozoic in age,
representing fragments of the same oceanic plate
as the Ganychalan ophiolites. Provided that their
Devonian age is validated, they could be corre-
lated with the Brooks Range ophiolites of North
Alaska, which are interpreted as fragments of the
Angachuyam Ocean (Nokleberg et al. 1994, 2001;
Wirth et al. 1994).

The serpentinite mélange of the Ust—Belaya
nappe (up in Fig. 31) hosts occasional blocks of
island-arc-derived lithologies: strongly depleted
peridotites, plagiogranites, and differentiated vol-
canic rocks. The previous K/Ar measurements
suggest Late Palaeozoic and Early Mesozoic age
for the island-arc assemblage. This is in keeping
with the reconstructions for the Koni—Taigonos
island arc, which once marked the convergent
boundary between the North Asian continent and
NW Pacific (Parfenov 1984; Sokolov 1992; Soko-
lov et al. 1999; Parfenov et al. 1993). However,
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Fig. 31. Temporal and spatial distribution of the ophiolites. u;, Otrozhnaya nappe; u;, Ust—Belaya nappe; k;,
Unnavayam unit; k;, Gankuvayam unit; e;, Northern unit; e,, Southern unit.

the K/Ar age determination ought to be validated
by new measurements using other isotope sys-
tems.

Mesozoic ophiolites are dominated by those of
SSZ origin (Fig. 31, Table 14). The most complete
fragment of an ophiolite suite has been reported
from the Gankuvayam unit (k; in Fig. 31) of
the Kuyul terrane (Khanchuk et al. 1990; Sokolov
et al. 1996) and in the Yelistratov Peninsula (e, in
Fig. 31), where relics survive of a magma cham-
ber composed of ultramafic—mafic cumulates and
gabbro (Ishiwatari e al. 1998; Saito ef al. 1999).

In addition, among Mesozoic ophiolites one
finds rock fragments of oceanic provenance. These
include the Unnavayam unit (k; in Fig. 31) of
the Kuyul terrane (Grigoriev et al. 1995; Sokolov
et al. 1996) and the Southern ultramafic body

from the Yelistratov ophiolite (Ishiwatari et al.
1998; Saito et al. 1999). Previously, serpentinite
mélanges occurring in the Cape Povorotny accre-
tionary prism were believed to contain both
oceanic lherzolites and SSZ harzburgites (Pa-
landzhyan & Dmitrenko 1999; Sokolov ef al.
1999), but more recent geochemical data (Bazylev
et al. 2001), including those presented in this
paper, suggest an SSZ origin for these rocks. On
the other hand, because the accretionary pile
contains some basalt—chert associations of ocea-
nic origin and ensimatic volcanic rocks, as well as
oceanic and SSZ gabbro, it is still possible that
more detailed study may detect oceanic ultramafic
rocks there as well.

The fact that SSZ assemblages are lacking in
Early Palacozoic ophiolites and, by contrast, are
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widespread in Mesozoic ophiolites might be criti-
cal to the general evolution of the Palaeo-Pacific
ocean. This inference, however, should be tested
against a more representative dataset covering
other Circum-Pacific regions as well.

Ophiolites and their associated metamorphic,
volcanic, and sedimentary rocks of Palaeozoic—
Early Cretaceous age (including early Albian)
show evidence of at least three deformation
phases: D, D,, and D; (Khudoley & Sokolov
1998). Fabrics and structures related to D; are
clearly pronounced in the Ganychalan terrane.
Khudoley & Sokolov (1998) proposed an Early
Carboniferous age for the D; event. Rb/Sr ages
obtained from Ganychalan greenschists (Vinogra-
dov et al. 1995) imply that D| deformations were
accompanied by some greenschist metamorphism
at 327 &+ 5 Ma. We interpret this deformational
event as resulting from amalgamation of pre-
viously separated blocks, now represented by the
Ilpenei, Mrachnaya, Khinantynup, and Elgeminai
thrust sheets in the unique Ganychalan composite
terrane.

The D, deformation event is well documented
by palaeontological data (Khudoley & Sokolov
1998). The youngest rocks affected by D, folds
and faults contain early Albian faunas, whereas
the oldest unconformably overlying undeformed
units contain late Albian faunas (Sokolov 1992).
Based on regional geological considerations and
terrane analysis, the latest Jurassic—Early Cretac-
eous tectonism is usually interpreted as the main
stage of accretion of Pacific-related terranes to the
Asian continental margin (Sokolov 1992; Parfenov
et al. 1993; Nokleberg et al. 1994),

D; faults cross-cut all terranes and their overlap
sequence, including Paleogene rocks (Bondarenko
& Sokolov 1996; Khudoley & Sokolov 1998). The
D3 deformation event is interpreted as being
related to major sinistral strike-slip displacement.

These deformation events reflect various phases
of evolution of the continental margin of NE Asia
and can be readily correlated with principal tec-
tonic events in the north Circum-Pacific region.
Thus, D; stage and island-arc volcanism in the
Taigonos and Penzhina segments were related to
evolution of the Palaeozoic convergent boundary of
Asia and the NW Pacific (Zonenshain et al. 1990;
Sokolov 1992; Parfenov et al. 1993). Strain analysis
shows that the direction of maximum extension is
parallel to the regional trend (Khudoley & Sokolov
1998) and is typical of accretionary belts of the
Pacific Rim (Toriumi 1985). The event produced
D, structures throughout all the terranes and corre-
lates well with synchronous tectonic processes in
southern Alaska (Nokleberg et al. 1994). The D;
event is approximately synchronous with Late
Cretaceous to Eocene dextral strike-slip displace-
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ments and transpression in Alaska and the northern
Cordillera and is typical of post-accretionary tec-
tonics (Coney et al. 1980; Gabrielse et al. 1991).

The degree of disruption of the ophiolites
differs from locality to locality. Deformation is
strongest and serpentinite mélanges are present in
Cape Povorotny and Kuyul terrane ophiolites. The
latter retains only one fragment (Gankuvayam
unit), interpretable as a dismembered ophiolite.
Ust—Belaya terrane and Yelistratova Peninsula
ophiolites, alongside serpentinite mélange, pre-
serve large intact fragments of gabbro, cumulates,
and sheeted dykes. Ganychalan terrane ophiolites
are dismembered, with serpentinite mélange zones
being here encountered only locally, mainly in the
base of the ophiolitic allochthon.

Therefore, the degree of disruption is least,
strangely enough, in the older, Early Palaeozoic
ophiolites of the Ganychalan terrane. This may be
due to three circumstances: (1) the mode of
ophiolite incorporation into continental margin;
(2) dissimilarity of formative geodynamic settings
of the ophiolites; (3) post-accretionary history of
the accreted terranes. The first factor is favoured
by the fact that overlap sediments are lacking from
Mesozoic and available in Palaeozoic ophiolites.
Ganychalan and Ust—Belaya ophiolites have
preserved depositional contacts with strata of
terrigenous provenance (Fig. 31). These were
accumulated on top of the ophiolites as the
oceanic plate converged with and resided near the
continental margin. The age of sedimentary cover
constrains the lower time limit for ophiolite accre-
tion. In Mesozoic ophiolites, stratigraphic contacts
survive only in post-accretionary deposits. Also,
Cape Povorotny and the Kuyul terrane show
extensive strike-slip motions (Bondarenko & So-
kolov 1996; Khudoley & Sokolov 1998), probably
suggestive of oblique subduction during the dock-
ing of Mesozoic ophiolite assemblages. Palaeozoic
accreted terranes are made chiefly of oceanic
ophiolites, and Mesozoic terranes of SSZ ophio-
lites, which lends support to the second factor.
The third factor being in operation is evidenced
by strike-slip offsets related to D; deformation
(see below).

Not only do the ophiolites have different
origins, but they also have different accretionary
histories. Palacozoic ophiolites of the Ganychalan
and Ust—Belaya accreted terranes docked onto the
Koni—Taigonos island arc, which marked the
convergent boundary of the Asian continent and
NW Pacific in Late Palaeozoic to Early Mesozoic
times. The SSZ ophiolites from the serpentinite
mélange of the Ust—Belaya nappe may be relics
of the Koni—Taigonos island arc, whose fragments
have recently been reported from the Penzhina
District (Sokolov et al. 1999) and from the
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Pekulney Range (Morozov 2001). No fragments of
an ancient accretionary prism have been identified
to date. They may have survived and might still
be detected among Palacozoic deposits of the
Beregovoi terrane (Carboniferous flysch) in the
Taigonos Peninsula and in the Upupkin terrane
(Permian and Triassic tuffaceous—terrigenous and
clastic deposits). At the same time, subduction-
related  glaucophane—greenschist metamorphic
rocks of Carboniferous age are well developed in
the Ganychalan terrane (Ilpenei unit) of Penzhina
District (Dobretsov 1974; Silantyev et al. 1994).

The exact timing of accretion and original
location of the Ganychalan and Ust—Belaya ter-
ranes remain unknown. In this context, Ganycha-
lan ophiolites should be classed with ‘suspect
terranes’ as described by Coney et al. (1980). The
Carboniferous and Permian deposits within the
Koni—Taigonos arc and in terrigenous sequences
associated with the ophiolites were clearly formed
at high latitudes, because they contain boreal
faunas and Angaran floras (Sokolov 1992). In
addition, Carboniferous strata in the Ust—Belaya
terrane contain ophiolitic detritus (Markov et al.
1982; Palandzhyan 2000), suggesting that this
terrane was previously amalgamated with or even
accreted onto the Eurasian plate.

No reliable age data for the Yelistratov Peninsu-
la ophiolites are available. They are overlain by
Berriasian strata, deposited in the forearc of the
Uda—Murgal island arc. Serpentinite mélange
contains occasional blocks of basalt and radiolar-
ite of Mid- to Late Jurassic age. Conceivably, they
could be Mesozoic in age, like the Cape Povor-
otny and Kuyul ophiolites. However, the Yelistra-
tov ophiolite was accreted to the Uda—Murgal arc
somewhat earlier than the Cape Povorotny ophio-
lite. The latter is overlain by Valanginian—Hauter-
ivian strata of the Vitayetglia unit (Fig. 5), which
were deposited in a forearc basin associated with
the Uda—Murgal island arc and contain ophiolitic
detritus (Sokolov et al. 1999).

It is not yet possible to constrain the timing of
accretion of the Kuyul ophiolites. These ophiolites
form part of the accretionary wedge (Ainyn
terrane) exposed in the Penzhina segment of the
Uda—Murgal island-arc system. The first ophioli-
tic clasts to appear in the overlap sequence and
which are clearly derived from the Kuyul terrane
are dated as late Albian. On the other hand,
ophiolite fragments have been reported from
Hauterivian strata of the Ainyn and Upupkin
terranes as well (Nekrasov 1976; Markov et al.
1982; Palandzhyan 1992). However, our own stud-
ies (Grigoriev et al. 1995; Sokolov et al. 1996)
have not confirmed the presence of Mesozoic
ophiolitic clasts in the Ainyn terrane, and serpen-
tinite conglomerates and sandstones in the Ma-
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metchinsky Peninsula are unfossiliferous. These
coarse clastic rocks may be late Albian in age (K.
A. Krylov, pers. comm.). Fragments of the more
ancient Ganychalan ophiolite have been reported
from Hauterivian strata of the Upupkin terrane
(Sokolov et al. 2000).

In Late Jurassic to Early Cretaceous time, a new
convergent boundary took shape, with a younger
Uda—Murgal island-arc system stretching along it
(Sokolov et al. 1999). Along this boundary the
Pacific plates (Izanagi and Farallon) were subduct-
ing with the result that ophiolites of Cape Povor-
otny, the Yelistratov Peninsula, and the Kuyul
terrane were emplaced in the forearc. Accretionary
prisms of Cape Povorotny and the Penzhina District
contain both oceanic rock assemblages and frag-
ments of ensimatic arcs, with outboard chert—
basalt associations of Cape Povorotny, from the
Izanagi plate (Bazhenov et al. 1999).

The original positions of the ensimatic island-
arc complexes and their relationships with the
convergent boundary of the North Asian continent
remain as yet unclear. In unravelling these issues,
the greatest promise seems to be offered by the
Yelistratov Peninsula ophiolites, because they are
extremely well exposed and their stratigraphy is
relatively coherent, such that primary intrusive
contacts of SSZ gabbro with its surrounding
oceanic upper-mantle rocks are preserved intact
today (Ishiwatari et al. 1998; Saito et al. 1999).

The accretionary prisms of Cape Povorotny and
Ainyn terrane contain terrigenous mélanges (Khu-
doley & Sokolov 1998; Sokolov ef al. 1999). By
and large, these mélanges are very similar to those
described from the Shimanto Belt of southeastern
Japan (Kano er al. 1991) and from southern
Alaska (Fisher & Byrne 1987).

The existence of two island-arc systems of
different ages (Koni—Taigonos and Uda—Murgal)
has determined the evolution of the NE Asian
continental margin. Sequential growth of the
North Asian continent (Fig. 2) is evidenced by
ophiolites becoming increasingly younger ocean-
ward, a pattern typical of Circum-Pacific ophio-
lites (Ishiwatari 1994). This is especially readily
apparent in the Penzhina segment, where Meso-
zoic ophiolites of the Kuyul accreted terrane occur
SE of the Early Palacozoic ophiolites of the
Ganychalan terrane. In association with ophiolites
one finds glaucophane schists, also younging
oceanward. In the Ganychalan terrane, sub-
duction-related metamorphic schists are dated at
327 + 5 Ma, and in the Kuyul terrane, at 139 &+
6 Ma (Rb/Sr method, four isochron points) with
an initial Rb/Sr ratio of 0.711 (Vinogradov et al.
1995), and 92 + 10 Ma (Rb/Sr method, two iso-
chron points) with an initial Rb/Sr ratio of 0.7324
{Vinogradov et al. 1995).
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The long-lived convergent boundary between
the North Asian continent and the NW Pacific,
initiated in the Late Palaeozoic, is evidenced by
the ages of SSZ ophiolites, glaucophane and
greenschist rocks, and island-arc assemblages.
This reconstruction places additional constraints
on migration of the Omolon and Okhotsk micro-
continents. Previous notions (Parfenov 1984; Zo-
nenshain et al. 1990) on Pacific provenance of the
microcontinents and their arrival from southern
latitudes require revision. On the other hand,
palacomagnetic and palaeobiogeographical data
imply that both Palaeozoic and Mesozoic ophio-
lites and their associated chert and basalt assem-
blages are rather far travelled (Heiphetz er al.
1994; Bazhenov et al. 1999; Harbert er al. 2003).
In this respect, Pacific ophiolites differ signifi-
cantly from their Tethyan counterparts.

Conclusions

Lithostratigraphic, petrographic, mineralogical,
geochemical, and temporal characteristics of the
ophiolites and associated volcanic rocks of the
West Koryak fold system are extremely variable
and suggest a spectrum of formative tectonic
settings: ocean basin, back-arc basin, volcanic arc,
and within plate. West Koryak ophiolites are very
diversified, as in other orogenic belts (e.g. the
Brooks Range, Klamath Mountains, Japan).

Ages of reliably dated ophiolites of the West
Koryak fold system are consistent with temporal
distribution of ophiolites in worldwide orogenic
belts. According to Ishiwatari (1994), distribution
of Phanerozoic ophiolites shows two peaks, Ordo-
vician and Jurassic—Cretaceous. The oceanward
and downward younging of the ophiolites through
accretionary piles is very readily demonstrable in
the Penzhina segment. Such a pattern has been
reported from Japan (Ishiwatari 1994) and the
Klamath Mountains (Coleman 1986), and it is
characteristic of accretionary continental margins.

In most accreted terranes (Ust—Belaya, Kuyul,
Beregovoi), ophiolites of contrasting ages and
geodynamic types are tectonically juxtaposed.
Thus, both SSZ and oceanic (MOR, BABB)
ophiolites are present in the Ust—Belaya and
Kuyul terranes, where they form individual thrust
sheets.

The ophiolites have distinctive tectonic posi-
tions. The Palaeozoic ophiolites occur as nappes
in the Ganychalan and Ust—Belaya terranes, and
Mesozoic ophiolites and mélanges occur among
accretionary piles of the Beregovoi and Kuyul
terranes. Some of them (Ganychalan, Yelistratov,
Ust—Belaya) are incorporated in pre-arc basement
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of the Uda—Murgal island-arc system, whereas
others (Cape Povorotny, Kuyul) are part of accre-
tionary prisms of the same system.

The above considerations support the model for

ophiolite generation in a large ocean basin with
active margins (e.g. the Pacific Ocean), followed
by their tectonic juxtaposition within a single
orogenic belt (West Koryak fold system).
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fruitful criticism and invaluable suggestions. This work
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