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Abstract—The results of the study of heavy clastic minerals from the Cretaceous—Paleogene terrigenous com-
plexes of Sikhote-Alin and Kamchatka, as well as from the Cenozoic sediments of the deepwater Vanuatu
Trench, are summarized. The data obtained have been interpreted on the basis of their comparison with heavy
mineral assemblages of recent sediments deposited in known geodynamic settings. It is shown that the heavy
clastic minerals of sedimentary rocks, their relative quantities, and chemical compositions may serve as reliable
indicators of different island-arc settings and magmatic processes; these indicators may also be used for iden-
tification of such settings in paleobasins of orogenic regions.
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INTRODUCTION

The authors studied heavy clastic minerals from ter-
rigenous rocks of different origin, including island-arc
complexes of the Russian Far East, and from sediments
of the Pacific marginal seas in 1978-2005 [3, 7, 9-14].

The island-arc settings in paleobasins are com-
monly identified making allowance for their geological
position, structure and composition of rock associa-
tions, and chemistry of volcanic and terrigenous rocks.
We made an attempt to do this, making use of only heavy
clastic minerals from sedimentary rocks that fill the
basins situated in different geodynamic settings of vari-
ous ages. The analysis of heavy mineral assemblages is
a tried tool for recognition of provenances [1, 26]. As
has been established by the study of Cenozoic sedi-
ments in modern oceans and marginal seas, some spe-
cific heavy mineral assemblages and relative amounts
of certain minerals may serve as reliable indicators of
tectonic and geodynamic settings and magmatic pro-
cesses inherent to these settings [16, 17, 25-29].

The results obtained are used for paleotectonic
reconstructions based on actualistic correlations. This
approach is especially helpful for the study of Phaner-
ozoic volcano-sedimentary rocks that make up terranes
of doubtful origin.

The island-arc terranes, both ensimatic and ensialic,
known in the Far East are favorable for such reconstruc-
tions. The island-arc nature of these terranes was estab-
lished largely from the study of volcanic rocks. In this
publication, we made an attempt to demonstrate the
island-arc nature of these terranes on the basis of actu-
alistic interpretation of the heavy mineral assemblages
contained in sedimentary rocks. It is evident that the
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data on heavy minerals alone are insufficient for the
comprehensive identification of island-arc environ-
ments, however, in combination with other informa-
tion, they may be used as a rather reliable tool.

Thus, this paper is aimed at the confirmation of the
hypothesis that a certain assortment of heavy clastic
minerals from sedimentary rocks and their quantitative
proportions correspond to specific types of island-arc
settings and may be used as discriminant criteria for
identification of such settings in the geological past.

STUDY OBJECTS AND RESEARCH METHODS

This study is based on the results of examination of
heavy clastic minerals from island-arc complexes of the
Russian Far East and southwestern Pacific, including
the Eocene—Quaternary loose sediments of the deepwa-
ter Vanuatu Trench, the Lower Cretaceous and Lower
Cretaceous—Cenozoic sedimentary sequences of the
Olyutorka Terrane in eastern Kamchatka, and the Kema
and Kiselevka—Manoma (Udyl fragment) terranes of
Sikhote-Alin (Fig. 1).

The samples were taken by the authors from natural
outcrops during fieldwork in 1978-2002. The loose
sediments from the deepwater Vanuatu Trench were
taken during Cruise 13 of R/V Akademik A. Nesme-
yanov (1988) along the surveying profiles with hydro-
static and gravitational corers, bottom grabs, and
dredges.

The heavy minerals were recovered from sandy-—
silty rocks with heavy liquids after crushing of samples
to 0.25 mm, washing in distilled water, and separation
of the 0.01-0.25 mm fractions. The mineral composi-
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Fig. 1. The index map.

Mineralogical provinces of the Olyutorka Terrane: (I) northern, (II) southern.

tion of the heavy fraction was identified and counted
under a microscope in plane light and at crossed polars
with the help of immersion liquids. No less than
200 grains of heavy minerals were included in the
counting. The chemical composition of the minerals
was determined with a JXA-5A microprobe. An origi-
nal technique that allows recognizing analogues of the
present-day geodynamic setting in the geological past
and classifying island-arc settings was used in the inter-
pretation of the percentage of heavy minerals and their
composition [3, 9, 14-17, 28, 29]. All the analyses were
performed at laboratories of the Far East Geological
Institute in Vladivostok.

REGIONAL GEOLOGY AND COMPOSITION
OF THE STUDIED ROCKS

The deepwater Vanuatu Trench is located in the
southwestern Pacific Ocean and extends along the western
slope of the Vanuatu island arc [3, 31] for 1600 km. Its
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width is ~40 km at an isobath of 5500 m, and the max-
imum depth reaches 9174 m. The trench is character-
ized by extremely complex topography and consists of
a chain of basins down to 7000-9000 m in depth
divided by humps 5500-6000 m in depth.

The sediments varying in age from the Eocene to
Quaternary were studied (Fig. 2). Four stratigraphic
levels are recognized on the biostratigraphic basis: the
middle—upper Eocene, the upper Miocene—lower
Pliocene, the upper Pliocene, and the Pleistocene—
Holocene [3]. The sediments are composed of poorly
lithified pelite, silt, and psammite with an admixture of
pyroclastic material, foraminifera shells, and nanno-
plankton.

The absence of the Oligocene—middle Miocene sed-
iments in the trench likely marks a regional break in the
sedimentation in the Australia—New Zealand region
caused by tectonic activity and a change in the water
circulation [3].

No. 1 2007
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The Kiselevka—Manoma Terrane of the Albian—
Cenomanian accretionary prism is situated in the
Lower Amur region, where it extends in the northeast-
ern direction for 700 km along the left and right banks
of the Amur River as a discontinuous tract 2040 km
wide. The terrane is a series of tectonic sheets com-
posed of the Jurassic and Lower Cretaceous cherty and
cherty—clayey rocks with incorporated basalt and lime-
stone bodies and of the Lower Cretaceous siltstone,
mudstone, and turbidite [4, 13, 14] (Fig. 2). The Hau-
terivian—Cenomanian volcanic—sedimentary island-arc
sequences that were found at the northeastern flank of
the terrane close to Lake Udyl were deposited in vari-
ous facies environments of the fore- and backarc basins
related to the Early Cretaceous epioceanic island-arc
system. The following lithotectonic complexes are rec-
ognized [13, 14].

The cherty complex is a fragment of oceanic base-
ment of the arc and consists of pelagic radiolarian jas-
per and chert, their clayey varieties, and less abundant
alkali basalt and limestone. The volcanic—sedimentary
complex is made up of intercalating tuff, tephroids, vol-
canomictic sandstone, turbidite, mixtite, tuffaceous
silicite, clayey and clayey-cherty rocks, and sporadic
basalt. The graywacke complex is composed largely of
sandstone and clayey rocks with embedded tuff, mix-
tite, turbidite, and contourite units.

The Olyutorka Terrane is located in the southern
Koryak Highland and extends in the east-northeastern
direction for 500 km along the coast of the Bering Sea.
The terrane is an element of the Mesozoic—Cenozoic
Sakhalin—Kamchatka orogenic belt and is separated
from the Koryak orogenic belt by the Vatyna Thrust
Fault [2]. The Lower Cretaceous—Neogene oceanic and
island-arc lithotectonic complexes are juxtaposed in
this terrane as large allochthonous sheets [21]. These
complexes were formed in various facies environments
and probably at a great distance from their present-day
location. The following rock complexes are recognized
[2,5,7,19, 20] (Fig. 2).

The volcanic—cherty complex consists of basalt,
hyaloclastite, lava breccia, jasper, chert, and their
clayey varieties. The clayey rocks, sandstone, and lime-
stone are less abundant. The volcanic—sedimentary
complex is composed of basalt, lava breccia, tuff, vol-
canomictic sandstone, siltstone, chert, and clayey and
clayey—cherty rocks. The turbidite complex comprises
thick turbidite members and the overlying units consist-
ing of siltstone, sandstone, gravelstone, tuff, and mix-
tite. The molasse complex is made up of sandstone, silt-
stone, gravelstone, conglomerate, clayey rocks, tuff,
and coal.

The Kema Terrane is situated in the eastern Sikhote-
Alin Range and extends for 850 km along the coast of
the Sea of Japan as a tract ~80 km wide. The fragments
of the Kema Terrane accessible for observation crop out
in erosion windows from under volcanic rocks of the
Late Cretaceous East Sikhote-Alin belt. The terrane is
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composed of Barremian (?)-Albian turbidite, siltstone
and mixtite units, and basic lavas and pyroclastic rocks
(Fig. 2). This sequence is considered a fill of the back-
arc basin related to the Moneron—Samarga island-arc
system [8—10] and subdivided in the following lithotec-
tonic complexes.

The lower turbidite complex is composed of turbid-
ite members intercalated with siltstone, sandstone,
gravelstone, and submarine slump deposits. The
coarse-clastic complex consists of fine—pebble con-
glomerate, gravelstone, sandstone, mixtite, and spo-
radic turbidite members, slump deposits, tuffs, and
occasional basaltic flows. The volcanic complex is
mainly composed of basaltic lavas, tuffs, and tephroids.
Volcanomictic sandstones, turbidite members, units of
slump deposits and mixtites are rare. The upper turbid-
ite complex comprises thick turbidite members with
sparse interbeds of sandstone, siltstone, mixtite, and
slump deposits.

CONTENTS AND DISTRIBUTION
OF HEAVY CLASTIC MINERALS

The distribution of heavy clastic minerals in the
studied sedimentary rocks is shown in Fig. 3. The aver-
age contents are grouped in compliance with the
selected lithotectonic complexes. Rather arbitrarily, all
the heavy minerals may be divided into two assem-
blages. The first, femic (volcanic) assemblage com-
prises the typical minerals of island-arc volcaniclas-
tic rocks: ortho- and clinopyroxene, hornblende,
chromite, magnetite, epidote, and olivine. The second,
sialic (granitic-metamorphic) assemblage includes zir-
con, garnet, tourmaline, epidote, apatite, titanite, rutile,
anatase, ilmenite, leucoxene, fluorite, vesuvianite, and
corundum.

The deepwater Vanuatu Trench is regarded as a ref-
erence object, because this trench immediately adjoins
the island arc, and the sediments in the trench contain
the heavy clastic minerals that belong only to the femic
(volcanic) assemblage.

The most abundant minerals in the Eocene—Quater-
nary sediments are rather uniform [3]. Because the
trench was always fed by products of synsedimentation
volcanic activity and subsequent erosion of the volca-
nic arc, volcaniclastic minerals are predominant: cli-
nopyroxene (30-92%), orthopyroxene (2—43%), mag-
netite (10-62%), hornblende (0.1-17%), and olivine
(up to 10%). Sialic minerals (zircon, titatine, apatite,
rutile, ilmenite, leucoxene, and corundum) amount to
only <2.5% of the total heavy mineral content indicat-
ing that no large sources of sialic material occur in this
region.

In the Udyl fragment of the Kiselevka—Manoma Ter-
rane, the contents of heavy minerals in different com-
plexes are drastically distinct [14]. The cherty complex
is distinguished by the prevalence of green clinopyrox-
ene (up to 79%) in association with other volcaniclastic

No. 1 2007
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Fig. 3. Distribution of heavy clastic minerals in sedimentary rocks.
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minerals: orthopyroxene (up to 5%), hornblende (up to
25%), and magnetite (up to 2%). The usual components
of granitic and metamorphic rocks are much less abun-

dant: zircon (up to 9%), garnet (up to 4%), titanite (up
to 10%), and apatite (up to 5%). The lower portion of
the volcanic—sedimentary complex is distinguished by
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Total contents: (MF) olivine, ortho- and clinopyroxene, and
green hornblende; (MT) epidote, garnet, and blue-green
amphibole; (GM) zircon, tourmaline, staurolite, kyanite,
sillimanite, and andalusite; (Opx) orthopyroxene;
(Hb) hornblende; (Cpx) clinopyroxene.

the most primitive set of heavy minerals: clinopyroxene
(71-96%), magnetite (up to 36%), hornblende (up to
5%), and orthopyroxene (up to 2%). An appreciable
admixture of epidote (up to 43%), garnet (up to 23%),
chromite (up to 16%), zircon (up to 12%), apatite (up to
6%), titanite (up to 7%), and rutile (up to 1%) appears
in the upper portion of this complex. The proportions of
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heavy minerals in different parts of the graywacke com-
plex are variable. Some rocks are enriched in pyroxenes
(up to 56%), amphiboles (up to 22%), and epidote (up
to 12%), while others reveal high contents of chromite
(50-94%) in association with pyroxene (up to 37%);
finally, the third group of rocks contains relatively large
amounts of zircon (up to 40%), garnet (up to 22%),
titanite (up to 11%), and apatite (up to 7%).

The Olyutorka Terrane is divided into two provinces
according to the heavy mineral content [6, 7, 12]. In the
northern province, the island-arc volcaniclastic assem-
blage amounts to 90% of all the heavy minerals with the
leading role of green clinopyroxene (up to 100%) and a
lesser percentage of magnetite (up to 55%), hornblende
(up to 30%), and orthopyroxene (up to 7%). In the
southern province, the contribution of the femic island-
arc assemblage is still high. Clinopyroxene dominates
here as well, but its percentage is much lower (up to
50%, on average, and up to 80% in particular samples).
The magnetite and chromite contents are also rather
high (10-35% and 6-14%, respectively), but the horn-
blende and orthopyroxene contents decrease down to
3-5%. At the same time, the sialic minerals are much
more abundant in this province, including zircon (up to
20%, on average), apatite (up to 15%), garnet (up to
10%), rutile (up to 5%), titanite (up to 3%), and tourma-
line (up to 3%). Furthermore, corundum, vesuvianite,
anatase, allanite, brookite, sillimanite, staurolite,
andalusite, kyanite, and fluorite were identified here in
contrast with the northern province, where these miner-
als were not detected.

In the Kema Terrane, the contents of heavy minerals
and the proportions of their species are widely variable
[9, 10, 15]. The highest contribution of the femic
assemblage (up to 99% of the total heavy mineral con-
tent) is typical of the volcanic complex. Clinopyroxene
is predominant (up to 98%); hornblende (up to 44%),
orthopyroxene (up to 16%), epidote (up to 11%), and
chromite (up to 5%) are less abundant. In other com-
plexes of this terrane, the above minerals were identi-
fied in much lesser amounts (32—-40%, in total). The cli-
nopyroxene content does not exceed 60%; hornblende,
30%; orthopyroxene, 5%; and epidote, 7%. The sialic
mineral assemblage is prevalent (70% of all the heavy
minerals on average). Zircon (up to 96% in some sam-
ples), garnet (up to 70%), apatite (up to 7%), tourma-
line (up to 19%); rutile (up to 4%); titanite (up to 3%),
as well as vesuvianite, anatase, and corundum (up to
3% in total) make up this assemblage.

DISCUSSION

The available mineralogical data were interpreted
on the basis of the actualistic approach [16, 27-29].
V.P. Nechaev selected a number of minerals-indicators,
whose proportions allow distinguishing the rocks of
different origin, including those derived from island
arcs; the latter may be classified into products of
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destruction of the arcs underlain by ensialic and ensi-
matic basements.

The presence or absence of continental and oceanic
crusts and their interaction is reliably determined with
an MF-MT-GM index (Fig. 4). The proportion of Cpx,
Opx, and Hb with the predominance of clinopyroxene
is an indicator that provides discrimination of tectonic
settings at convergent plate margins, including island
arcs, active continental margins, abyssal oceanic
basins, and marginal seas (Fig. 4).

While plotting the heavy mineral contents on the
MF-MT-GM and Cpx—Hb—Opx diagrams, the follow-
ing conclusions may be drawn.

The common femic minerals of volcanic rocks (the
component MF in the MF-MT—GM diagram) with an
extremely small admixture of the continental sialic
material are typical of sediments from the deepwater
Vanuatu Trench. The location of the data points on dia-
grams (Fig. 4) testifies to the sedimentation under a
direct effect of the Vanuatu ensimatic volcanic arc [24].
The low Opx and Hb contents indicate an oblique con-
vergence.

The type of volcanic source may be determined
from the chemical composition of the ortho- and cli-
nopyroxenes, hornblende, chromite, and garnet; cli-
nopyroxene is the most informative in this respect. Cli-
nopyroxenes from sediments of the Vanuatu Trench

RUSSIAN JOURNAL OF PACIFIC GEOLOGY  Vol. 1
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correspond to diopside, augite, and, to a lesser extent,
salite in composition (Fig. 5a). In the Nisbett—Pearce
diagram [30], most of these clinopyroxenes correspond
to the island-arc basalts and partly to the basalts of the
oceanic floor, apparently, making up a basement of the
island arc (Fig. 5b). In diagram 1 [25], all the clinopy-
roxene compositions group nearby the boundary line
that separates the field of within-plate alkali basalts and
basalts of oceanic islands from all the other tholeiitic
basalts. Most of the data points formally fall into the
field of alkali basalts, but the rather low Ti and Na con-
tents in clinopyroxenes do not allow us to confidently
classify them in this way. In discriminant diagram 2,
which divides tholeiitic basalts of mid-ocean ridges
(MORB) and island-arcs (IAB), all the clinopyroxene
compositions fall in the IAB field. Finally, in dia-
gram 3, which is intended for discrimination of calc-
alkaline and tholeiitic island-arc basalts, the data
points are distributed through both fields. The island-
arc character of hornblende is demonstrated by the
10Ti—Al-Fe diagram [27], where the compositions of
this mineral are close to amphiboles from basic and
intermediate island-arc volcanics owing to their low Cr
and Ti contents (Fig. 7b).

Thus, the calc-alkaline and tholeiitic basalts of the
ensimatic island arc were the main source of clastic
minerals in the middle Eocene—Holocene sediments of
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the deepwater Vanuatu Trench. The sediments were
deposited beyond the zone affected by continental
provenances as follows from extremely low contents of
sialic minerals.

The heavy mineral assemblages from the Udyl frag-
ment of the Kiselevka—Manoma Terrane suggest sev-
eral sources.

The predominance of the primitive heavy mineral

assemblage in the cherty and volcanic—sedimentary
complexes (the MF component in the MF-MT-GM

RUSSIAN JOURNAL OF PACIFIC GEOLOGY  Vol. 1

diagram; see Fig. 4) with the leading role of clinopy-
roxene is characteristic of the island-arc volcaniclastic
material at the convergent margin with acute angles of
the plate convergence (Cpx—Hb-Opx diagram) and
indicates a direct effect of an ensimatic arc of the Izu—
Bonin type [14, 17, 29]. The combination of MF, MT,
and GM components in the cherty complex is typical of
deepwater basins of the Pacific marginal seas, where
the island-arc volcaniclastic material is mixed with
material derived from the continental margin. The vol-
canic-sedimentary complex is regarded as a clastic
apron of the arc, i.e., a fragment of back-arc trough
located in the immediate proximity of the arc. The
occurrence of an appreciable amount of sialic material
in the upper portion of the complex indicates that the
arc was close to the continental margin.

In the graywacke complex, the proportions of the
components in the MF-MT-GM and Cpx-Hb-Opx
diagrams (Fig. 4) correspond to the volcanic arc or
active continental margin at an acute angle of plate con-
vergence, as follows from a low orthopyroxene content.
The clinopyroxene and chromite compositions testify
to the mainly island-arc nature of the terrigenous mate-
rial (Figs. 5, 6, 7a). At the same time, some chromites
were derived from ophiolites of the oceanic crust incor-
porated into the accretionary prism of the island arc.
The occurrence of minerals belonging to the sialic
assemblage, in some cases in considerable amounts,
indicates a marked effect of a sialic (continental)
source. The clastic garnets from this source (Fig. 7¢)
correspond to almandine in composition and most
likely were derived from amphibolite- and even eclog-
ite-facies metamorphic rocks, although felsic plutonic
rocks cannot be ruled out [32].

Thus, the provenance of the Udyl fragment of the
Kiselevka—Manoma Terrane was heterogeneous. The
Cretaceous Udyl ensimatic island arc was the main
source of volcaniclastic material, which was mixed
with material supplied from the eroded continental
margin and ophiolitic complexes.

In the Olyutorka Terrane, the femic heavy mineral
assemblage (component MF in Fig. 4) dominates, espe-
cially as concerns the northern province. The localiza-
tion of data points in the MF-MT-GM and Cpx—Hb—
Opx diagrams shows that the sedimentary rocks were
deposited under the immediate effect of the ensimatic
island arc related to the oblique subduction (low ortho-
pyroxene and hornblende contents). The volcanic—
cherty complex accumulated in the environment that
corresponds to deepwater basins of Pacific marginal
seas, where the island-arc volcaniclastic material accu-
mulates. The island-arc nature of the source is con-
firmed by the chemical compositions of clinopyroxene,
hornblende, and chromite, which are close to those of
heavy minerals from the Vanuatu Trench, where the ensi-
matic island arc was an obvious provenance (Figs. 5, 6, 7a,
7b). The appreciable amount of heavy minerals of the
sialic assemblage (component GM) in all the com-
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phic rocks and granitoids, after [32].

plexes of the southern province indicates that a sialic
(continental) source of the clastic material exerted a
permanent effect on the sedimentation. The clastic garnet
from this source fits almandine in composition (19.49—
22.36 wt % Al, O3, 22.10-37.27 wt % FeO + Fe,0;) and
corresponds to amphibolite, granulite, and even eclog-
ite metamorphic facies (Fig. 7¢); thus, this garnet was
formed at a great depth and at a high temperature. A
block of mature continental crust composed of high-
grade metamorphic rocks and, probably, granitoids
might have been such a source.

Thus, the assortment and quantitative proportions of
heavy clastic minerals and their chemical compositions
show that two types of provenances fed the basins of
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the Olyutorka Terrane. The eroded Cretaceous—Paleo-
gene Achaivayam ensimatic volcanic island arc and
synsedimentation volcanic activity were the main
source that supplied the clastic material into both basins
[22]. The external sialic source was of subordinate
importance, but exerted an appreciable effect upon the
sedimentation in the southern province. Judging by the
diverse heavy minerals derived from the granitic—-meta-
morphic basement, the continental blocks situated to
the south of the Olyutorka Terrane, possibly, on the site
of the present-day Bering Sea, served as sources in this
province.

The volcanic and sialic heavy mineral assemblages
coexist in terrigenous rocks of the Kema Terrane. The
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compositions of heavy minerals plotted on the MF-
MT-GM and Cpx—Hb-Opx diagrams (Fig. 4) indicate
that an ensialic arc and/or active continental margin at
an acute angle of plate convergence (low orthopyroxene
and amphibole contents) could have been a source. The
island-arc character of the source is confirmed by the
chemical compositions of clinopyroxene, chromite,
and hornblende (Figs. 5, 6, 7a, 7b). In particular, the cli-
nopyroxenes that make up common compositional
fields in all the diagrams completely fit clinopyroxenes
from the Kema basalts belonging to the high-K calc-
alkaline series characteristic of the back zones of island
arcs [18]. The eroded basement of the island arc proba-
bly was a source of heavy minerals of the sialic assem-
blage. A fragment of the continental crust was pushed
out toward the ocean at that time. Judging from the
chemical composition of the garnet (Fig. 7b) largely
corresponding to almandine with a small contribution
of grossular and spessartine components, the amphibo-
lite- and granulite-facies metamorphic rocks and felsic
plutonic rocks made up the basement.

Thus, the composition of heavy minerals and their
percentage in rocks from the Kema Terrane show that
the Early Cretaceous Moneron—Samarga ensialic island
arc [8—10] was a source of clastic material that supplied
two contrasting assemblages of heavy minerals in the
back-arc basin. The femic (volcanic) assemblage was
related to the island-arc volcaniclastic material and syn
sedimentation volcanic activity, whereas the sialic
assemblage was a product of destruction of metamor-
phic rocks and felsic plutons in the basement of the arc.

CONCLUSIONS

The assemblages of heavy minerals and their chem-
ical compositions in different Cretaceous—Paleogene
complexes of Sichote-Alin and Kamchatka and in Cen-
ozoic sediments of the deepwater Vanuatu Trench tes-
tify to the island-arc provenances that fed the sedimen-
tary basins.

The heavy minerals are divided into femic (volca-
nic) and sialic assemblages. The former is composed of
minerals typical of volcaniclastic material while the lat-
ter is a product of erosion of granitic-metamorphic
complexes.

In sediments of the deepwater Vanuatu Trench,
which is considered to be a reference object for island-
arc sedimentation, the femic (volcanic) assemblage is
sharply prevalent. The eroded calc-alkaline and tholei-
itic basalts of the Vanuatu epioceanic island arc and
products of synsedimentation volcanic activity served
as sources. No large sources of sialic material were
established in this region.

The heterogeneous provenance was established for
the Udyl fragment of the Kiselevka—Manoma Terrane.
The predominant volcaniclastic material was derived
from the Udyl ensimatic island arc, and additional
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material was supplied from the eroded continental mar-
gin and ophiolitic complexes.

Two mineralogical provinces fed by contrasting
sources are distinguished in the Olyutorka Terrane. The
destroyed Cretaceous—Paleogene Achaivayam ensi-
matic island arc and synsedimentation active volcanoes
were the main sources that supplied the clastic material
in the basins of both provinces. An external sialic
source exerted a lesser but appreciable effect on the
sedimentation in the southern province. Blocks of con-
tinental crust situated to the south of the Olyutorka Ter-
rane on the site of the present-day Bering Sea served as
such a source.

Minerals of the sialic assemblage play an important
role along with the typical island-arc assemblage in
sedimentary rocks of the Kema Terrane. The Early Cre-
taceous Moneron—Samarga ensialic island-arc, prod-
ucts of synsedimentation volcanic activity, and the
eroded basement of the arc as a block of continental
crust pushed out seaward supplied the clastic material
into the back-arc basin.

Thus, the heavy clastic minerals of sedimentary
rocks, their quantitative proportions, and the chemical
compositions of particular minerals are indicators of
various island-arc environments and related magmatic
processes and serve as criteria for their identification in
paleobasins of orogenic regions.

It should be mentioned that the western Paleo-
Pacific in the Cretaceous and Paleogene abounded in
complexly built ensimatic and ensialic arcs, microcon-
tinents, and oceanic uplifts to a much greater extent
than currently. In general, a complex convergent
boundary of lithospheric plates existed at that time at
the eastern Asian margin.

ACKNOWLEDGMENTS

We thank V.I. Tikhonova, P.D. Gasanova, N.I. Eki-
mova, and I.V. Smirnova for preparation of samples and
mineralogical and microprobe analyses fulfilled at a
high professional level. This study was supported by
the Russian Foundation for Basic Research (project
no. 06-05-96081) and the Far East Division, Russian
Academy of Sciences (project no. 06-111-A-08-317).

Reviewer M.I. Tuchkova

REFERENCES

1. V. P. Baturin, Petrographic Analysis of the Geological
Past from Terrigenous Components (Akad. Nauk SSSR,
Moscow, 1947) [in Russian].

2. Geology of the South Koryak Highland (Nauka, Mos-
cow, 1987) [in Russian].

3. Geologic—Geophysical Studies in the New Hebrides
Region (Dal’nevost. Otd. Akad. Nauk SSSR, Vladivos-
tok, 1990) [in Russian].

4. S. V. Zyabrev, M. V. Martynyuk, and E. K. Shevelev,
“Southwestern Fragment of the Kiselevka—Manoma
Accretionary Complex, Sikhote-Alin: Stratigraphy, Sub-

No. 1 2007



10.

11.

12.

13.

14.

15.

16.

17.

HEAVY CLASTIC MINERALS FROM THE FAR EAST ISLAND-ARC COMPLEXES

duction Accretion, and Postaccretionary Displasements,”
Tikhookean. Geol. 24 (1), 45-58 (2005).

D. V. Kovalenko, Paleomagnetism of Geological Assem-
blages in Kamchatka and Southern Koryakia. Tectonic
and Geophysical Interpretation (Nauch. Mir, Moscow,
2003) [in Russian].

A. 1. Malinovsky, V. L. Tikhonova, and N. V. Trushkova,
“On Two Types of Provenances during Olyutorskiy
Trough Formation in Eastern Kamchatka,” Tikhookean.
Geol., No. 3, 82-88 (1989).

A. 1. Malinovsky, Cenozoic Molasse in the South of the
Koryak Highland (Dal’nauka, Vladivostok, 1993) [in
Russian].

A. 1. Malinovsky, A. N. Filippov, V. V. Golozubov, et al.,
“Lower Cretaceous Deposits in the Kema River Basin
(Eastern Sikhote Alin): Sedimentary Fill of a Back-Arc
Basin,” Tikhookean. Geol. 21 (1), 52-66 (2002).

A. 1. Malinovsky, V. V. Golozubov, and V. P. Simanenko,
“Composition and Depositional Settings of Lower Cre-
taceous Terrigenous Rocks of the Kema River Basin,
Eastern Sikhote Alin,” Litol. Polez. Iskop. 40 (5), 495—
514 (2005) [Lithol. Miner. Res. 40 (5), 429-447 (2005)].

A. I. Malinovsky, V. V. Golozubov, V. P. Simanenko, and
A. N. Mitrokhin, “Kema Terrane (Eastern Sikhote Alin)
as a Fragment of an Early Cretaceous Island Arc System
in the Eastern Margin of Asia,” Tikhookean. Geol. 24
(6), 38-59 (2005).

P. V. Markevich and O. V. Chudaev, “Composition of
Flysch Sandstones in the Sikhote Alin and Kamchatka
and their Paleotectonic Setting,” Dokl. Akad. Nauk
SSSR 246 (2), 428-431 (1979).

P. V. Markevich, A. N. Filippov, A. I. Malinovsky, et al.,
Geosynclinal Lithogenesis at the Continent—Ocean
Boundary (Nauka, Moscow, 1987) [in Russian].

P. V. Markevich, S. V. Zyabrev, A. N. Filippov, and
A. 1. Malinovsky, “Eastern Flank of the Kiselevka—
Manoma Terrane: Fragment of an Island Arc in Accre-
tionary Prism (Northern Sikhote Alin),” Tikhookean.
Geol. 15 (2), 70-98 (1996).

P. V. Markevich, A. N. Filippov, A. I. Malinovsky, et al.,
Cretaceous Volcanic Sedimentary Rocks of the Lower
Amur Region (Dal’nauka, Vladivostok, 1997) [in Rus-
sian].

P. V. Markevich, V. P. Konovalov, A. I. Malinovsky, and
A. N. Filippov, Lower Cretaceous Sequences in the
Sikhote Alin (Dal’nauka, Vladivostok, 2000) [in Rus-
sian].

V. P. Nechaev and A. N. Derkacheyv, “Specific Features
of Sediment Accumulation,” in Pacific Margin of Asia.
Geology (Nauka, Moscow, 1989), pp. 50-66 [in Rus-
sian].

V. P. Nechaev, P. V. Markevich, A. I. Malinovsky, et al.,
Geodynamic Setting for Accumulation of Cretaceous
Deposits in the Lower Amur Region Based on Heavy
Mineral Assemblages, Tikhookean. Geol. 15 (3), 14-24
(1996).

RUSSIAN JOURNAL OF PACIFIC GEOLOGY  Vol. 1

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

No. 1

81

V. P. Simanenko, A. 1. Malinovsky, and V. V. Golozuboyv,
“Early Cretaceous Basalt in the Kema Terrane as a Frag-
ment of the Moneron—Samarga Island Arc System,”
Tikhookean. Geol. 23 (2), 30-51 (2004).

A. V. Solov’ev, T. N. Palechek, and R. M. Palechek,
“Tectonostratigraphy of the Northern Olyutor Zone
(Anastasiya Bay Area of Koryak Highland),” Stratigr.
Geol. Korrelyatsiya 6 (4), 92—-105 (1998) [Stratigr. Geol.
Correlation 6 (4), 408-421 (1998)].

A. V. Solov’ev, T. N. Palechek, and G. V. Ledneva,
“Campanian—Maastrichtian Deposits in the Frontal Part
of the Olyutor Zone (Southern Koryak Upland),”
Stratigr. Geol. Korrelyatsiya 8 (2), 88-96 (2000)
[Stratigr. Geol. Correlation 8 (2), 187-194 (2000)].

V. D. Chekhovich, Tectonics and Geodynamics of
Folded Margins of Small Oceanic Basins (Nauka, Mos-
cow, 1993) [in Russian].

M. N. Shapiro, “Achaivayam—Valagina Volcanic Arc and
Plate Kinematics in the Northern Pacific Ocean,”
Geotektonika 30 (1), 52-64 (1995).

S. Arai, “Chemistry of Chromian Spinel in Volcanic
Rocks as a Potential Guide to Magma Chemistry,” Min-
eral. Mag. 56, 173-184 (1992).

V. Hanus and J. Vanek, “Deep Structure of the Vanuatu
(New Hebrides) Island Arc: Intermediate Depth Colli-
sion of Subducted Lithospheric Plates,” New Zealand J.
Geol. Geophys. 26, 133-154 (1983).

J. Leterrier, R. C. Maury, and P. Thonon, “Clinopyroxene
Composition as a Method of Identification of the Mag-
matic Affinities of Paleo-Volcanic Series,” Earth Planet.
Sci. Lett. 59, 139-154 (1982).

A. C. Morton and C. Hallsworth, “Identifying Prove-
nance-Specific Features of Detrital Heavy Mineral
Assemblages in Sandstones,” Sediment. Geology 90
(3/4), 241-256 (1994).

V. P. Nechaev, “Evolution of the Philippine and Japan
Seas from the Clastic Sediment Record,” Mar. Geol. 97,
167-190 (1991).

V. P. Nechaev and W. C. Isphording, “Heavy-Mineral
Assemblages of Continental Margins as Indicators of
Plate Tectonic Environments,” J. Sed. Petrol. 63 (6),
1110-1117 (1993).

V. P. Nechaev and A. N. Derkachev, “Heavy Mineral
Assemblages in Quaternary Sediments of the Philippine
Sea as Indicator of Subduction. Collision-Related Tec-
tonics,” in Geology and Geophysics of the Philippine
Sea Floor, Ed. by H. Tokuyama and S. A. Shcheka (Terra
Sci. Publish., Tokyo, 1995), pp. 215-233.

E. G. Nisbett and J. A. Pearce, “Clinopyroxene Compo-
sition in Mafic Laves from Different Tectonic Settings,”
Contrib. Mineral. Petrol. 63, 149-160 (1977).

M. Tanahashi, “Tectonics of the Spreading Center in the
North Fiji Basin,” Bull. Geol. Surv. Japan 45 (4), 173—
234 (1994).

Y. Teraoka, “Detrital Garnets from Paleozoic to Tertiary
Sandstones in Southwest Japan,” Bull. Geol. Surv. Japan
54 (5-6), 171-192 (2003).

2007



