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Editor’s foreword

This monograph gives an important insight into the geodynamics of evolution of sys-
tems of epicontinental volcanic arcs on the northwestern margin of the Pacific. It is
shown that the regional faults dissecting the eastern margin of the Asian continent into
tectonic segments were characterized by complicated cyclical evolution. The collision
component of that process (formation of ophiolite nappes and protrusions) was fol-
lowed by the periodic opening of sutures and the emplacement of basic mantle melts.
The lack of systematic geological, petrochemical, and other data on igneous cycles of
the Sea of Okhotsk Plate, close to those for mafic-ultramafic massifs of Sakhalin, did
not permit demonstrating their space and time variations. Undoubtedly, as new data
accumulate, these results will supplement the knowledge of the dynamics of formation
of the Kurile volcanic arc and backarc basin. Along with available data on volcanic
arcs of the Kamchatka Peninsula, the statistically processed results of geological, petro-
chemical, geochemical, mineralogical, and isotope-geochronological studies given in
the monograph will help to present the geodynamic evolution of the Sea of Okhotsk
sector of the considered part of the ocean—continent transition as a more complete
picture.

Prof. V.N. Sharapov, Doctor of Geology and Mineralogy
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Introduction

Petrologic studies of mafic-ultramafic massifs of different types in continental folded
areas, midocean ridges, and platform structures have remained topical for decades.
The knowledge of conditions of their formation is continually supplemented by new
information on the structure of such massifs, including data on the composition of
their rocks and minerals, obtained by modern analytical methods. Some approaches
to the study of the structural position and geologic structure of mafic-ultramafic massifs
have changed, along with views on the spatiotemporal relations among the constituent
rock associations. The quantitative characteristics of major- and trace-element dis-
tribution in rocks and rock-forming and accessory minerals, as well as the isotope
parameters of rocks, have been refined. Also, methods for processing of numerical
data and graphical interpretation in analytical studies have been improved. All the
foregoing helped to establish new cause—effect relationships among rock, mineral, and
ore formation processes; that created conditions for improvement of petrogenetic and
geodynamic reconstructions of evolution of deep-seated material and its sources, as
well as prerequisites for developing more substantiated models for mantle magmatism.

Through the 20th century and till now, the idea of genetic unity and contempora-
neous formation of ultramafic and mafic rocks making up such massifs has prevailed
in interpretation of data on the structural position, geologic structure, petrographic
composition, and ore content of mafic-ultramafic massifs and in determination of
conditions of their formation. This view is based on the theory of intrachamber dif-
ferentiation and gravitative crystallization fractionation of deep-seated mafic melts
[Wager, Brown, 1970; Yoder, 1983; Sharkov, Bogatikov, 1985; Latypov, 2009; and
others]. It is one of the fundamentals of plate tectonics which explains the genesis of the
so-called banded, or cumulate, series of rocks contained in the majority of complicated
mafic-ultramafic massifs which belong to ophiolite associations [Coleman, 1979].

In the last few decades, geological surveying and targeted studies have been car-
ried out on mafic-ultramafic massifs localized in folded structures of different ages,
which are eroded to different depths and differ in internal structure, petrographic
composition, and many other features. It has been found that such massifs are usually
associations of heterogeneous rocks. Reliable evidence has been obtained that ultra-
mafic and gabbroid bodies belonging to the massifs differ not only in petrographic
composition but also in the sources of material, as well as in the time and mecha-
nism of its penetration into the crust. In the course of time, all these data created
prerequisites for development of a new petrogenetic concept of mafic-ultramafic mag-
matism [Pinus et al., 1973]. It was based mainly on the results of observations showing
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that ultramafic bodies in mafic-ultramafic massifs are genetically autonomous tectonic
blocks or protrusions of different extents, marking deep-seated fault zones. These pro-
trusions moved to the upper crust much earlier than mafic mantle melts were emplaced
along the same fault zones and formed gabbroid intrusions cutting the protrusions.
It was proposed to recognize complicated mafic-ultramafic massifs of this type as
polygenic mafic-ultramafic massifs [Lesnov, 1981b, 1984, 1986].

Mafic-ultramafic massifs occur widely in all ophiolite associations in folded areas
of Russia. As yet, they are studied mainly by small- and medium-scale mapping,
and for most of them researchers have made no detailed petrological, geochemical,
and isotope—geochronological studies by modern analytical methods and theoretical
approaches. Products of mafic-ultramafic magmatism are particularly widespread in
folded structures of different ages in eastern Russia. Regional structure—tectonic stud-
ies show that numerous mafic-ultramafic massifs belonging to ophiolite associations
are concentrated as discontinuous belts and their branches among fold—block struc-
tures along the western coast of the Pacific, from Chukchi Peninsula and Koryakia to
Kamchatka Peninsula, Sakhalin Island, Primorye, isles of Japan, and Southeast Asia.
The study of these massifs is important both for better understanding of geodynamic
evolution of the crust and crustal ophiolite associations in the transition zone from
the Pacific to the Asian continent and for a more substantiated assessment of their ore
potential.

Therefore, it is also necessary to carry out detailed petrological studies of mafic-
ultramafic massifs in the ophiolite association of Sakhalin Island. The N-S East
Sakhalin branch of an ophiolite belt ~220km in length has the highest content of
mafic-ultramafic bodies. It includes several large mafic-ultramafic massifs and many
small ultramafic and mafic bodies. The ultramafic bodies in this region were com-
bined into the Ivashka complex, and the gabbroid bodies, into the Berezovka complex
[Kovtunovich et al., 1971]. Later V.V. Slodkevich [1975a] assigned complicated mafic-
ultramafic massifs to the peridotite—pyroxenite-norite association, whereas ultramafic
bodies were assigned to the gabbro—peridotite association. Regional geological survey
data show that the most suitable massifs for detailed petrological studies are the
Berezovka, Shel’ting, and Komsomol’sk massifs along the eastern coast of Sakhalin
Island and the South Schmidt massif in the northern part of the island; they all belong
to the Mesozoic East Sakhalin ophiolite association.

The publication is based on data from the author’s field and laboratory studies,
made intermittently from 1972 to 2011. Along with his own rock collections, the
author used the rock samples, graphics, and analytical data provided courtesy of
Slodkevich and geologists of the Sakhalin Geological Exploration Expedition: V.T.
Sheiko, V.G. Gal’versen, V.E Evseev, and A.N. Rechkin. Analytical studies of these
collections were largely supported by the Sobolev Institute of Geology and Mineralogy
(Novosibirsk) and the Russian Foundation for Basic Research (grant no. 05-09-0091).

The studies whose results served as the basis for this monograph were carried out
by the following methods: (1) traverse observations accompanied by the refinement of
the boundaries of geologic bodies and by sampling; (2) petrographical examination of
the rocks with a choice of samples suitable for petrochemical, mineralogical, geochem-
ical, and isotope analyses; (3) determination of the chemical composition of the rocks
by a wet chemical technique and the X-ray fluorescence (XRF) method with an ARL
9900XP spectrometer (Thermo-Electron, USA-Switzerland) at the Analytical Center
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of the Sobolev Institute of Geology and Mineralogy; (4) determination of the chemical
composition of minerals by electron probe microanalysis (EPMA) using a JXA-8100
Camebax-Micro microanalyzer at the same center; (5) determination of rare earth
and trace elements in the rocks and minerals by instrumental (INAA) and radio-
chemical (RNAA) neutron activation analyses at the same center; (6) determination
of rare earth and trace elements in the rocks by inductively coupled plasma mass
spectrometry (ICP-MS) with an Element mass spectrometer (Finnigan MAT, Germany)
at the Analytical Center of the Sobolev Institute of Geology and Mineralogy and with
an ELAN DRC II mass spectrometer (Perkin Elmer, USA) at the Analytical Center of
the Kosygin Institute of Tectonics and Geophysics (Khabarovsk); (7) determination
of trace elements in the rocks by synchrotron-radiation XRF analysis at the Analyt-
ical Center of the Sobolev Institute of Geology and Mineralogy (here and in points
8-15); (8) determination of rare earth and trace elements in coexisting rock-forming
and accessory minerals by laser ablation inductively coupled plasma mass spectrom-
etry (LA ICP-MS) using an Element mass spectrometer (Finnigan MAT, Germany)
with a UV Laser Probe attachment (Finnigan MAT, Germany); (9) determination of
the chemical composition and trace elements of chromitites by inductively coupled
plasma atomic-emission spectroscopy (ICP-AES) with an IRIS Advantage analyzer
(Intertex, USA); (10) determination of PGE and Re in the rocks and chromitites by
ICP-MS with an Element mass spectrometer (Finnigan MAT, Germany); (11) deter-
mination of PGE, Au, and Ag in the chromitites by the atomic-absorption method;
(12) study of morphology and determination of the chemical composition of PGE
minerals in the chromitites using a LEO 1430VP scanning electron microscope (SEM);
(13) determination of the ratios 8”Rb/%¢Sr and 87Sr/%¢Sr in the rocks by the solid-phase
thermal-ionization method with an MI1201T thermal-ionization mass spectrometer
(TIMS); (14) determination of the chemical composition of zircons by X-ray spec-
troscopy with a JXA-8100 Camebax-Micro microanalyzer; (15) determination of rare
earth and trace elements in zircons by LA ICP-MS with an Element mass spectrometer
(Finnigan MAT, Germany); and (16) study of the optical properties and morphology
and determination of the isotopic age of zircons by the U-Pb method with a SHRIMP II
secondary-ion mass-spectrometer (SIMS) at the Center of Isotopic Research of VSEGEI
(St. Petersburg).

The author’s main goals were (1) to present the first and, if possible, complete
geological and petrological description of mafic-ultramafic massifs of the East Sakhalin
ophiolite association, based on results of comprehensive study, including study by
modern analytical methods, and (2) to obtain a more complete substantiation of the
earlier proposed model of polygenic formation of such massifs as the most important
components of ophiolite associations.
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Chapter |

Topical problems of petrology
of mafic-ultramafic massifs

Further efforts toward the structural and petrological interpretation of each ophi-
olite occurrence will permit a stricter and more reliable interpretation of ophiolites
in general.

R.G. Coleman

Over the last few decades, key problems of petrology of mafic-ultramafic com-
plexes (massifs) of different types in different crustal structures have been discussed,
with emphasis on massifs belonging to ophiolite associations. The aspects concerned
were their structural position; bedding conditions; internal structure; spatial and age
relations between ultramafic and gabbroid bodies; rock, mineral, major- and trace-
element, and isotope compositions; time and possible conditions of generation of melts
and their emplacement into the crust; and composition of deep-seated sources of mate-
rial. It has been established that mafic-ultramafic massifs can be considerably different
in structural position, bedding conditions and age, size, morphology, internal structure,
relationship between the volumes of ultramafic rocks and gabbroids at the present-
day erosion level, petrographic composition, petrochemical and isotope-geochemical
characteristics, and metallogeny. It has been found that ophiolite associations and con-
stituent mafic-ultramafic massifs have a belt-like structure and mark zones of long-lived
deep-seated faults and feathering faults; at the present-day erosion level, most of these
massifs are elongated lens-shaped objects with steeply inclined contacts. On the other
hand, massifs at the intersection of faults which experienced fold—block deformations
are often of irregular or subisometric shape and show gentle bedding. The length of
massifs is from few hundreds of meters to tens and hundreds of kilometers, and their
width is from few tens of meters to few tens of kilometers. Massifs can outcrop in
areas of fractions of a square kilometer to several thousands of square kilometers. By
relationships between the areas of ultramafic- and mafic-rock outcrops, massifs vary
from almost “monogene” ultramafic bodies and complex mafic-ultramafic bodies to
almost “monogene” gabbroid bodies.

In the 1960s-1970s, plutonic- and volcanic-rock complexes were classified in
Russian igneous geology; that was quite important during large-scale geological map-
ping of the country’s territory. The results of these studies were summarized by
Yu.A. Kuznetsov [1964], who combined mafic-ultramafic massifs and complexes
into two igneous associations: gabbro-pyroxenite—dunite and ultrabasic. According
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to Kuznetsov, the massifs of the first association formed owing to the multistage
emplacement of melts and their differentiation; the massifs of the second associ-
ation, in which gabbroids occur in extremely small quantities, crystallized from
magma which was a mixture of olivine and enstatite crystals. Using facies analysis,
S.S. Zimin [1973] summarized available geological and petrological data on mafic-
ultramafic complexes located in the Far East and on the folded framing of the Pacific.
He assigned these massifs to three igneous associations (dunite~harzburgite, dunite—
wehrlite-pyroxenite, and olivinite—wehrlite), explaining the formation of different
types of ophiolite series mainly by the heterogeneous composition of the original
“paleomantle” in the horizontal direction.

Petrology of the so-called layered mafic-ultramafic massifs, usually localized
within cratons, has long been considered by many researchers based on the model of
differentiation of mafic melts [Wager and Brown, 1970; Cox et al., 1982; Yoder, 1983;
Sharkov and Bogatikov, 1985; Yaroshevskii et al., 2006; Latypov, 2009; Lavrenchuk
and Latypov, 2009; and others]. The same approach was applied in the solution of
problems related to the genesis of complex mafic-ultramafic massifs in folded areas
[Balykin et al., 1986; Ledneva et al., 2009; Mekhonoshin and Kolotilina, 2009;
Nikolaev, 2009; Khain and Remizov, 2009, and others]. The “cumulate” model of for-
mation of layered mafic-ultramafic massifs was substantiated with geological-mapping
data as well as the results of physical experiments and numerical simulation with
calculations of the compositions of parental melts for individual massifs, based on esti-
mations of their average weighted chemical compositions [Lavrenchuk and Latypov,
2009, and others].

The fundamental review by K.G. Cox et al. [1982] covered an extremely wide range
of issues of igneous petrology, with a focus on the prevailing role of magma differentia-
tion. However, it almost lacked data on the genesis of complex mafic-ultramafic massifs
in ophiolite associations; note that ultramafic bodies were defined as “ultramafic intru-
sions”. Concentrically zoned Pt-bearing pyroxenite—dunite massifs, widespread in the
Urals, were studied by O.K. Ivanov [1997]; he made the conclusion that they are mul-
tistage hypabyssal intrusive—postmagmatic complexes formed in settings of ancient
island arcs with the differentiation of basaltoid magma.

Mafic-ultramafic massifs are usually localized on the framing of differently aged
stratified structures: from almost unmetamorphosed sedimentary—volcanic strata to
their high-grade metamorphic analogs. The primary sections of the strata were often
disturbed by later plication and disjunctions. Contacts between massifs and host rocks
are very often faulted and overlain by loose sediments. On the other hand, the study
of contacts between massifs and host rocks, as well as those between ultramafic and
gabbroid bodies within massifs, is important for understanding their genesis. If the
contacts between gabbroid and ultramafic rocks are well-exposed, they vary from
eruptive, with gabbroid bodies intruding into ultramafic ones, to extremely gentle,
with a gradual transition from gabbroid to ultramafic bodies; in this case it is always
unclear in what sequence the ultramafic and gabbroid bodies formed.

During field studies of many mafic-ultramafic massifs, we found that ultramafic
bodies usually border on the host strata along faults whose planes have inclinations
varying from near-vertical and steep to gentle. These faults are accompanied by foliated
and brecciated (mélange) zones of highly serpentinized ultramafic rocks and host rocks,
which are of different thicknesses. Sometimes coarse or fine platy jointing is retained
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in serpentinites at such contacts. Contacts between gabbroid bodies within mafic-
ultramafic massifs and host rocks vary from abrupt and crosscutting to gradual. In
some cases such contacts are characterized by irregular alternation of sill-like gabbroid
bodies with sheet-like or lens-shaped host rock xenoliths.

In the second half of the 20th century, geophysical and petrological studies of
ophiolite associations and constituent mafic-ultramafic massifs, which are localized
within midocean ridges and continental folded areas, led to a change from the geosyn-
clinal paradigm of formation of crustal structures to the new, geodynamic, one. This
paradigm was presented and approved at the Penrose Conference and then system-
atically described by R.G. Coleman [1979] as the concept of plate tectonics. It was
based on the hypothesis that ophiolite associations, which are widespread in both mid-
ocean ridges and continental folded structures, generally belong to oceanic-type crust
and have a “stratified” structure. According to Coleman, the complete section of an
ophiolite association consists of the following rock complexes overlying one another:
(1) metamorphic peridotites (tectonites); (2) cumulate peridotites passing up the section
into layered gabbro, which often include plagiogranite differentiates in the upper part;
(3) complex of parallel dikes varying in composition from basalts to keratophyres;
and (4) complex of pillow lavas interbedded with pelagic sediments. It was stressed
that the main components of the ophiolite section are often separated by faults and
these sections can be incomplete and isolated; also, this rough stratigraphic sequence is
clearly proven at many places, so that there are, apparently, no objections to the idea of
its existence [Coleman, 1979]. Afterward, for several decades, many researchers tried
to interpret results of their studies in accordance with this scheme for the structure of
ophiolite associations, which has become almost classical.

The geologic structure, petrology, and stages of evolution of ophiolite associations
in the Polar Urals and West Sayan, in which mafic-ultramafic massifs are particularly
widespread, were described in detail by N.L. Dobretsov et al. [1977]. Regarding the
West Sayan ophiolites, the authors made the conclusion that ultrabasic rocks and
gabbroids, including the gabbro-diabase dike complex and the rocks of the Chinge
Formation, form a sublayered ophiolite series; the ultrabasic and gabbroid rocks are
in sublayered and intrusive relations simultaneously (gabbro formed later); and the
intrusive contacts of the ultrabasic rocks and gabbro with the rocks of the Chinge
Formation have not been reliably detected anywhere.

However, our field and analytical data on geology of ophiolite associations and
mafic-ultramafic massifs belonging to them, as well as data by some other petrolo-
gists, clearly show that the structure of many massifs far from always agrees with
the models based on the concepts of gravitative crystallization differentiation of mafic
melts or plate tectonics. First and foremost, these data show that mafic-ultramafic
massifs, like ophiolite associations in general, are considerably more diverse in their
structure—tectonic position, internal structure, petrographic composition, and other
features than it was presumed before; also, ultramafic and gabbroid bodies localized
in a morphologically united massif are genetically autonomous and their forma-
tion is nonsimultaneous. Besides that, our data mostly do not confirm the presence
of “stratification” in mafic-ultramafic massifs or ophiolite associations in general.
Discrepancy between observations in many of these massifs, on the one hand, and plate
tectonics, on the other, was discussed in the literature repeatedly, including the works
on the massifs of the Anadyr’-Koryak folded system [Pinus et al., 1973], Mongolia
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and entire Central Asia [Pinus et al., 1976, 1979, 1984], and other regions [Dilek
and Robinson, 2003; Herzberg, 2004]. Some aspects of geology of ophiolite associa-
tions and constituent mafic-ultramafic massifs concentrated in the zone of transition
from Asian continent to Pacific were discussed in the works by many petrologists and
tectonists [Velinskii, 1979; Vysotskii et al., 1998; Chekhov, 2000; Ishiwatari et al.,
2003], including the works concerned with massifs on Sakhalin Island [Raznitsyn,
1975, 1978, 1982; Rechkin et al., 1975; Rozhdestvenskii, 1975; Slodkevich, 1975a,b,
1977; Slodkevich and Lesnov, 1976; Bekhtol’d and Semenov, 1978; Rozhdestvenskii
and Rechkin, 1982; Rechkin, 1984; Lesnov, 1986; Ostapenko, 2003; Grannik, 2008;
Stepashko and Lesnov, 2013]. The recently discussed subduction model for ophiolite
formation suggests a relationship between ophiolite genesis and crust destruction in
backarc basins [Shervais, 2001; Herzberg, 2004; Dilek and Polat, 2008].

The conditions of formation of the so-called banded complexes, or transition
zones, usually bordering on ultramafic and gabbroid bodies, remain a key problem
related to the genesis of mafic-ultramafic massifs in ophiolite associations. These zones,
extremely inhomogeneous in their internal structure, petrographic composition, and
other features, are defined in plate tectonics as complexes of cumulate peridotites
passing into layered gabbro [Coleman, 1979]. Also, Coleman pointed out that a con-
siderable part of the ophiolite section is composed of rocks formed by the fractional
crystallization of basaltic magma, which produced an ultramafic series and ended with
the crystallization of leucocratic derivates. This view on the genesis of “banded com-
plexes” is held by many geologists, who draw analogies with the so-called layered
mafic-ultramafic massifs (e.g., the Skaergaard intrusion). Note that the mechanism of
fractional crystallization of basaltoid melts is regarded as reliable evidence which does
not require any additional confirmation. Based on the study of Mongolian ophiolite
associations, supporters of the concept of plate tectonics presumed that these associ-
ations are underlain everywhere by ultramafic rocks and overlain by pyroxenites and
gabbroids, which are, in turn, overlain by pillow lavas; all these structures make up a
stratified ophiolite section [Zonenshain and Kuz’min, 1978].

However, there exist many contradictions and inconsistencies when banded com-
plexes within mafic-ultramafic massifs are interpreted based on the “cumulate” model
for their formation, as shown by geological and structural studies of a great number
of mafic-ultramafic massifs belonging to ophiolite associations in different regions of
the former Soviet Union and in Mongolia. There is abundant evidence for the nonsi-
multaneous formation of ultramafic and gabbroid bodies in such massifs, strong effect
of mafic magmas on older ultramafic rocks, and contact-reaction origin of the rocks
of the so-called banded complexes [Lesnov, 1976, 1979, 1980, 1981a-d, 1982, 1984,
1985, 1986a,b, 2007¢,2009¢, 2011a; Pinus et al., 1976, 1979; Slodkevich and Lesnov,
1976; Lesnov et al., 1982; Balykin et al., 1991].

The study of Mongolian mafic-ultramafic massifs showed that they are all con-
fined to large faults and feathering faults, which often separate folded systems of
different ages and their blocks, or they are traced within these structures [Pinus et al.,
1979]. Also, evidence was provided that gabbroid bodies in such massifs intruded
into spatially related earlier ultramafic protrusions, whereas ultramafic rocks experi-
enced different degrees of alteration under the effect of mafic melts and their fluids.
It was proposed to assign complex mafic-ultramafic bodies of this type to polygenic
mafic-ultramafic massifs.
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The earlier intrusion of ultramafic bodies compared to spatially related gabbroid
bodies and the contact-reaction origin of gabbro-pyroxenite—wehrlite zones along
their contacts were hypothesized by researchers of mafic-ultramafic massifs of the
Urals [Shteinberg et al., 1986]; Kuyul massif in Koryakia [Ledneva and Matukov,
2009]; Kroton massif on the Kamchatka Peninsula [Sidorov, 2009]; Dyukali massif in
Primorye [Izokh, 1965; Romanovich, 1973]; Horoman, Ogiwara, Oshima, Yakuno,
and Oeyama massifs in Japan [Miyashiro, 1966; Ultrabasic..., 1967; Hirano, 1977;
Ishiwatari, 1985, 1991; Kurokawa, 1985]; Lanzo massif in the Western Alps [Piccardo
et al., 2005]; and the mafic-ultramafic complexes making up the Mid-Atlantic Ridge
[Pertsev et al., 2009].

During the study of ophiolite complexes of the Polar Urals, V.R. Shmelev [2009]
made the following conclusions: (a) the ultramafic massifs he studied showed no evi-
dence for stratification; (b) the ultramafic rocks are often abnormally enriched in LREE
and, partly, MREE, as well as in some other incompatible elements (Cs, Rb, Ba, Sr,
etc.), which are concentrated as epigenetic film phases within microfractures; (c) the
Polar Urals ultramafic rocks are divided into two geochemical types: with ordinary
and abnormal (negative Eu anomalies) REE patterns; and (d) the mantle ultramafic
rocks of the Polar Urals are polygenic, and they formed owing to the long-lasting evo-
lution of mantle material, with stages of partial melting (depletion), fluid-magmatic
remobilization, and metamorphism in different geodynamic settings.

Petrochemical methods are still widely used in studying mafic-ultramafic mas-
sifs. A summary of analytical data on some better studied massifs showed the bi- or
polymodal structure of histograms for the occurrence of the main components in the
rocks of these massifs. Note that some occurrence maxima correspond to the compo-
sition of ultramafic rocks; others, to the composition of gabbroids; and the minima
between them, to the composition of rocks of the so-called banded complexes. Also,
the chemical compositions of rocks of mafic-ultramafic massifs are discrete on the
diagrams CaO/Al, O3-FeOo/(FeOyor + MgO). These petrochemical features of ultra-
mafic rocks and gabbroids within mafic-ultramafic massifs are considered to be an
additional criterion for their genetic peculiarity [Lesnov, 1985, 1986]. Besides that,
some petrochemical parameters of restite ultramafites, such as the Mg/Si ratio, are
used to assess the degree of partial melting of upper-mantle sources during the forma-
tion of ultramafic restites [Glebovitskii ez al., 2009]. The indicator properties of some
other petrochemical parameters (CaO/Al, O3, Fe/Si, and Cr/Si) used to determine the
conditions of formation of restite ultramafites were pointed out by B.A. Bazylev [2003].

To study the conditions of formation of mafic-ultramafic massifs in ophiolite
associations, researchers analyze the regularities of distribution of groups of microim-
purities with contrasting geochemical properties, such as REE and PGE. The data
obtained suggest an inverse relationship between these elements owing to their differ-
ently directed fractionations during the partial melting of upper-mantle sources, with
the generation of basaltic melts and the formation of ultramafic restites, and during the
contamination and crystallization of these melts with the formation of orthomagmatic
and hybrid gabbroids [Lesnov, 2007, 2009a,b, 2010, 2012b].

Also, note the work by O.M. Glazunov [1979], concerned with interaction
between basaltoid melts and host rocks as a cause of the diverse composition of gab-
broids. It was pointed out that the 87Sr/%¢Sr ratio is an important indicator of the
degree of contamination of such melts with the material of the enclosing rocks and
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that gabbroids associated with ultrabasic rocks are characterized by extremely low
values of this parameter (close to 0.7010).

Uranium-lead isotope dating of zircon is increasingly used in modern petrology for
study of the conditions of formation of mafic-ultramafic massifs and for spatiotempo-
ral reconstructions. A study of zircon from different rocks of ultramafic-mafic massifs
in continental and midocean-ridge ophiolite associations showed that this mineral
usually occurs in several generations. Four main genetic types of zircon were recog-
nized: relict, xenogenic, syngenetic, and epigenetic. They differ not only in isotopic
age but also in the morphology of grains, their optical properties, and trace-element
composition [Savelieva et al., 2007; Bortnikov et al., 2008; Batanova et al., 2009;
Krasnobaev et al., 2009; Malitch et al., 2009; Lesnov et al., 2010; Skolotnev et al.,
2010].

According to the polygenic model of formation of mafic-ultramafic massifs, they
include structure-compositional elements which occupy a certain position and differ
in structure and composition as well as in the formation time and conditions [Lesnov,
1981a—d, 1982, 1984, 1985, 1986a,b, 2007e, 2009¢, 2011a]: (1) protrusion of
ultramafic restites; (2) gabbroid intrusion cutting the protrusion; (3) contact-reaction
zone along the boundaries between gabbroid intrusion and ultramafic protrusion; and
(4) contact-reaction zone along the boundaries between gabbroid intrusion and host
rocks. The criteria for the multistage formation of mafic-ultramafic massifs (first and
foremost, later formation of gabbroid intrusions compared to ultramafic protrusions)
are as follows: (1) ultramafic xenoliths in rocks of gabbroid intrusions; (2) crosscutting
gabbroid bodies (stocks, dikes, sills, veins, and veinlets) in rocks of ultramafic protru-
sions; (3) contact—reaction zones at the boundaries between gabbroid and ultramafic
bodies; (4) discrete petrochemical composition of ultramafic rocks and gabbroids; and
(5) time gap between the formation of ultramafic restites and the emplacement of gab-
broid intrusions, detected by isotope dating of zircon from different rocks of these
massifs.

As it will be shown below, the geological model of multistage formation of mafic-
ultramafic massifs, which received additional substantiation, is based on the evidence
that the leading mechanism of formation of all the various petrographic types of
rocks in these massifs was not gravitative crystallization differentiation of upper-
mantle basaltoid melts; it was magma-metasomatic integration of these melts, on
the one hand, and the substance of older protrusions of restite ultramafites, as well
as the host terrigenous volcanics of these massifs and their metamorphic derivates, on
the other.

The review of topical problems of petrology of mafic-ultramafic massifs in ophiolite
associations has shown that the genesis of these igneous complexes is studied using a
wide range of methods and approaches, which permit developing genetic models of
formation of such massifs [Lesnov, 2013]. Nevertheless, there are many disputable
questions related to the structure and conditions of formation of mafic-ultramafic
massifs and ophiolite associations in general. The concept of gravitative crystallization
fractionation of mafic melts is still often used as a basis for studies on this subject
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and resulting petrogenetic reconstructions of formation of the entire diversity of pet-
rographic types of rocks making up these complex massifs. However, the alternative
model for the formation of mafic-ultramafic massifs has been proposed and substanti-
ated. It is based on evidence for the nonsimultaneous emplacement of restitic ultramafic
protrusions and gabbroid intrusions as well as for the magma—metasomatic action of
mafic melts and their fluids on older ultramafic restites with the formation of hybrid
rocks. For example, such evidence was obtained during study of mafic-ultramafic mas-
sifs of the East Sakhalin ophiolite association, and it will be considered in detail in the
following chapters.
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Chapter 2

Structural position of mafic-ultramafic
massifs of the East Sakhalin ophiolite
association

According to regional structural and tectonic reconstructions, numerous mafic-
ultramafic massifs belonging to ophiolite associations are concentrated in Paleozoic,
Mesozoic, and younger folded structures along the northwestern shore of the Pacific,
from Chukchi Peninsula to the islands of Japan; they are of various structures and com-
positions. Certainly, a comprehensive study of these massifs is interesting for solving
general problems related to the geodynamic evolution of the crust and upper mantle
and the formation of ophiolite associations in this large segment of the Earth; also, it
is interesting for assessment of the ore potential of these igneous complexes. Published
data show that mafic-ultramafic massifs of Sakhalin Island mark the wide zone of the
long-lived deep-seated fault traced along the Sea of Okhotsk shore of the island, from
northern peninsulas to Aniva Bay.

According to the earliest structural and tectonic summaries by P.N. Kropotkin
and K.A. Shakhvarstova [1965], the Sakhalin mafic-ultramafic massifs are localized
within the East Sakhalin anticlinorium, which is part of the Hokkaido—Sakhalin folded
system. Together with many tens of massifs in folded structures of the Chukchi and
Kamchatka Peninsulas, Koryakia, Primorye, and Japan, the Sakhalin massifs were
included in the ophiolite belts traced along the Asian continent—Pacific transition zone
[Semenov, 1967; Bogdanov and Khain, 2000]. In the later geodynamic reconstructions
[Khanchuk, 2006], the mafic-ultramafic massifs on the eastern shore of Sakhalin Island
were included in the Nabil’ terrane, which was assigned to the Sakhalin—-Kamchatka
orogen. As shown by geophysical observations, the fault zone along the Sea of Okhotsk
shore of Sakhalin Island is a N-S-trending transpressional-fault structure with a steep
westward inclination; the band of fault-line dislocations here sometimes reaches 7 km
in width [Vasilenko and Prytkov, 2012].

The East Sakhalin branch of the Sakhalin-Kamchatka orogen (total length of
~220km) includes quite many small and several large bodies varying in composition
from essentially ultramafic to mafic-ultramafic and essentially gabbroid. The essen-
tially ultramafic massifs were combined into the Ivashka igneous complex; the complex
mafic-ultramafic massifs, in the Berezovka igneous complex [Kovtunovich et al., 1971].
Afterward V.V. Slodkevich [1975a, 1977] combined the mafic-ultramafic massifs into
the Shel’ting igneous complex, assigned to the peridotite—pyroxenite-norite facies,
whereas the massifs of the Ivashka complex were assigned to the gabbro-peridotite
facies.

From data on the disjunction tectonics of northeastern Sakhalin Island, V.S.
Rozhdestvenskii [1975] made the conclusion that an important role in the regional
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Cape Terpeniya

Figure 2.1 Position of mafic-ultramafic massifs in the northern part of Sakhalin Island (modified after
[Rozhdestvenskii, 1987]).
| — serpentinite, peridotite, dunite, and gabbroid bodies; 2 — positive magnetic anomalies;
3 — isobaths and their marks.

structure is played by a system of strike-slip faults, normal faults, and reverse fault—
thrusts, to which the formation of Cenozoic folded structures is related. According
to his observations, the present-day structure of Sakhalin Island was formed by hori-
zontal compression from east-northeast to west-southwest (i.e., near-perpendicularly
to the strike of present-day folded and fault structures). Later Rozhdestvenskii
[Rozhdestvenskii and Rechkin, 1982; Rozhdestvenskii, 1987] distinguished two ophi-
olite belts within Sakhalin Island: one in the central part and the other in the eastern
one (Figs. 2.1, 2.2). The ophiolites in the central part of the island are significantly
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Figure 2.2 Position of structure-facies zones within northern Sakhalin Island (after [Rozhdestvenskii,
1987]).
| — Triassic-Lower Cretaceous deposits of the Western zone (Daldagan Group);
2 — Triassic—Upper Cretaceous deposits of the Eastern zone; 3 — rocks of the Sikhote-
Alin’ volcanic belt; 4 — ophiolite—-metamorphic belts: a — on land (Central Sakhalin suture
zone), b — estimated from geophysical data under water and overlying sediments; 5 —
Upper Cretaceous terrigenous sediments: a —VWest Sakhalin forearc basin, b — East Sakhalin
forearc basin; 6 — Upper Cretaceous volcanics (paleovolcanic arc of East Sakhalin Island);
7 — Upper Cretaceous deposits of East Sakhalin, overlain by Cenozoic deposits: a — volcanic,
b — terrigenous; 8 — Cenozoic deposits; 9 — deep faults (strike-slip faults):a — on land, b —in
the Sea of Okhotsk water area; /0 — transverse faults; | | — stratigraphic boundaries.
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overlapped by Paleozoic—Mesozoic rocks, while those in the eastern part are only partly
overlapped by Cretaceous siliceous—volcanic—terrigenous eugeosynclinal strata. It was
pointed out that the ultramafic rocks making up the massifs of both belts are similar in
chemical composition to Alpine-type peridotites. Also, according to Rozhdestvenskii,
the mafic-ultramafic massifs in both ophiolite belts are localized within the outlines of
aeromagnetic anomalies elongated in the north-northwestward direction, and similarly
sized or larger anomalies of this kind are detected east of Sakhalin Island, beneath the
Sea of Okhotsk water area.

Having interpreted the structural position of the mafic-ultramafic bodies on north-
ern Sakhalin Island, based on models of plate tectonics, Yu.N. Raznitsyn [1975] drew
the conclusion that the ultramafic, gabbroid, and basaltoid bodies occur in the area as
oceanic-mantle and crustal plates thrust over the edges of continental structures in the
Late Cretaceous—Tertiary. That was due to obduction directed away from extension
zones in deep-water basins of marginal seas. Raznitsyn pointed out that the ultra-
mafic bodies on the Schmidt Peninsula form a chain ~47 km in length and 4 km in
width; as seen from aeromagnetic data, they are traced in the southward direction,
where they are overlain by Neogene deposits. This chain of ultramafic bodies includes
the South Schmidt massif, the largest one on Sakhalin Island. It is dissected by a sys-
tem of high- and low-angle faults accompanied by crush and mélange zones. In later
works [1978, 1982], Raznitsyn applied an analogous approach in the description of
the structural position and geologic structure of the fragment of the East Sakhalin
ophiolite association including the Berezovka and Shel’ting mafic-ultramafic massifs
(Fig. 2.3).

The structural position and petrographic composition of the Sakhalin ophiolite
association by the example of the South Schmidt and Berezovka massifs were con-
sidered by A.N. Rechkin et al. [1975]. Two differently aged structure—-compositional
complexes were distinguished: Late Paleozoic—Early Cretaceous and Late Cretaceous.
Based on the data by G.V. Pinus et al. [1973] and EP. Lesnov et al. [1973], they divided
the gabbroids forming these massifs into two genetic types (ortho- and paramagmatic)
and made the conclusion that the wehrlites, hornblende lherzolites, and pyroxenites in
these massifs formed owing to the impact of mafic magmas on ultramafic rocks. Later
Rechkin [1984] returned to the issue of the structural position of ophiolites on Sakhalin
Island, which he divided into two types: (1) those localized within pre-Cretaceous
eugeosynclinal rocks and Paleozoic—Early Mesozoic metamorphic schists and (2) those
occurring as an ultrabasic-gabbroid-radiolarite association within Upper Cretaceous
volcanics and eugeosynclinal rocks. According to A.V. Rikhter [1985], the oldest base-
ment rocks on Sakhalin Island are metaophiolites, whereas the oldest paleontologically
constrained sediments are limestones (probably, of Silurian age). Also, this researcher
presumed that the central and eastern parts of the island have an imbricated-thrust
structure, including ophiolite allochthons.

Having studied the geologic structure, petrographic composition, and petrochemi-
cal features of the rocks of the Shel’ting massif, A.F. Bekhtol’d and D.F. Semenov [1978]
presumed that the contacts between ultrabasic rocks and gabbroids in the massif, like
those between the massif and host volcanosedimentary rocks, pass along faults every-
where, but there might have been a time gap between the formation of the ultramafic
and gabbroid bodies. Semenov [1982] presented a general description of the igneous
associations of the Pacific folded area by the example of Sakhalin Island. Considering
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Figure 2.3 Tectonic sketch map of the southeastern part of the East Sakhalin Mountains (after
[Raznitsyn, 1982]).
| — Neogene rocks, undivided; 2 — plagiogranites, granodiorites, gabbro; 3 — Berezovka for-
mation (olistostrome, Late Santonian—Danian?); 4 — Bogataya and Rakitinskaya formations
(Coniacian?-Santonian); 5 — serpentinite mélange; 6 — basic—ultrabasic complex; 7 — faults:
a — thrusts, b — steeply dipping; 8 — position of the region described by the tectonic sketch
map (inset). | — Shel’ting massif; 2 — Berezovka massif.

the geology of the Sakhalin ophiolite association, Bekhtol’d and Semenov [1990] and
V.M. Grannik [2008] pointed out that these rocks occur in five areas of the island:
Schmidt Peninsula, East Sakhalin Mts., Nabil’ and Susunai Ridges, and Tonin—Aniva
Peninsula. Also, they stressed that the vast majority of outcrops of the ophiolite asso-
ciation is dissected by faults of NW strike, which is typical of the structure of the lower
stage in the entire region. In Grannik’s view [2008], the ophiolites were exposed to
the day surface by the Alpine activity of pre-Cenozoic faults; note that at some places,
ophiolite plates are thrust over Cenozoic sediments and most of the ultramafic bodies
have tectonic contacts with the gabbroid ones.
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Figure 2.4 Position of investigated mafic-ultramafic massifs on Sakhalin Island.
Massifs (out of scale): B — Berezovka; K — Komsomol’sk; SH — Shel’ting; S.SH — South Schmidt.

Lesnov et al. [2009¢] summarized data on the structure, geology, and petrographic
composition of mafic-ultramafic massifs of the East Sakhalin ophiolite association. The
Berezovka, Shel’ting, Komsomol’sk, and South Schmidt massifs (Figs. 2.4, 2.5) were
studied in most detail. As it will be shown below, they differ in structural position,
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Figure 2.5 Position of the Berezovka, Komsomol'sk, and other mafic-ultramafic and mafic massifs in
structures of the East Sakhalin Mountains (fragment of the State Geological Map of the
Russian Federation, 1:200,000. Sheet M-54-XXIV) (after [Explanatory note ...,2009]).
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size, morphology, internal structure, the ratio between the areas occupied by ultra-
mafic rocks and gabbroids, and petrographic types of rocks as well as petrochemical,
geochemical, and mineralogic features, etc.

Many issues of the tectonics, structure, age, petrographic composition, and gene-
sis of the Sakhalin mafic-ultramafic massifs are debatable and remain poorly studied.
According to some geologists [Starozhilov, 1990; Zharov, 2004], the present-day struc-
ture of the island formed by accretion, with the leading role of transverse compression,
and itis divided into three structural provinces: (1) structures of the West Sakhalin Mts.,
(2) structures of the East Sakhalin Mts., and (3) the system of intermontane basins
which separates them. Besides that, it is presumed that the oldest rocks on the island
outcrop within the East Sakhalin Mts., where they are the Paleozoic basement rocks
of the Susunai metamorphic complex and make up Early Jurassic intrusive complexes.
The rock complexes of this basement are overlain by strata of Cretaceous—Paleogene
basalts, siliceous limestones, and shales. Recently the idea has been developed that
the Sakhalin mafic-ultramafic massifs formed during the evolution of an island arc
[Ishiwatari et al., 2003]. Now the genetic unity of all the Sakhalin ultramafic rocks is
presumed. It is hypothesized that no complete section of the oceanic crust is preserved
within the island, but it can be reconstructed based on data on the structure and com-
position of the largest mafic-ultramafic massifs and associated volcanic-terrigenous
complexes. Also, it is believed that the lower part of the ophiolite section is preserved
only within the South Schmidt ultramafic massif; the Shel’ting massif corresponds to
the above-lying fragment of this section, in which the rocks of the so-called cumulate
complex are added to dunites and harzburgites; the Berezovka massif might correspond
to the uppermost oceanic crust.

However, as emphasized by I.Yu. Lobodenko [2010], there is no generalized
structure—tectonic model for the Sakhalin Island region or different structures of the
regional ophiolite association which would be accepted by most researchers.

Based on new information, it is attempted in the next chapters to specify and sup-
plement existing views on the internal structure, composition, and time and conditions
of formation of mafic-ultramafic massifs of the East Sakhalin ophiolite association.
This will favor the least contradictory genetic modeling of formation of such massifs
on and outside Sakhalin Island.

The various data obtained by many researchers from geological mapping and regional
targeted studies in the last few decades have shown that numerous mafic-ultramafic
massifs are concentrated within Paleozoic, Mesozoic, and younger fold-block struc-
tures along the western Pacific shore, on the segment from Chukchi Peninsula through
Koryakia, Kamchatka Peninsula, Sakhalin Island, and Primorye to the islands of
Japan and Southeast Asia. They form belts of different strikes and lengths and their
branches, which mark zones of long-lived deep-seated faults along the boundaries
between Asian continent and Pacific. One of the fragments of this long belt within
Sakhalin Island includes tens of small and several large mafic-ultramafic massifs. The
Berezovka, Shel’ting, Komsomol’sk, and South Schmidt massifs, which are best stud-
ied, show many differences in structural position, size, morphology, geologic structure,
occurrence of ultramafic and mafic rocks at the present-day erosion level, etc.



Structural position of mafic-ultramafic massifs of the East Sakhalin ophiolite association 17

Until recently these massifs were explored mainly during small- and medium-scale
geological mapping and, partly, targeted studies. Therefore, there still exist different
views on the structural position, structure, and conditions of formation of mafic-
ultramafic massifs and the entire ophiolite association of Sakhalin Island. It remains
important to carry out a detailed petrological study of these massifs by modern analyt-
ical methods. The solution of this problem will favor the least contradictory modeling
of their formation both on and outside Sakhalin Island.
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Chapter 3

Geologic structure of mafic-ultramafic
massifs of the East Sakhalin ophiolite
association

Based on the published data of some researchers and the author’s data, we present the
generalized geologic structure of the Berezovka, Shel’ting, Komsomol’sk, and South
Schmidt mafic-ultramafic massifs, which are considered typical objects within the East
Sakhalin ophiolite association.

3.1 BEREZOVKA MASSIF

The Berezovka mafic-ultramafic massif is one of the best studied massifs in the East
Sakhalin ophiolite association. It is localized in the eastern spurs of the Central Ridge of
Sakhalin Island, on the watersheds of the Zloveshchaya, Geran’, and Berezovka Rivers.
Its size is 1.5 x 4.5 km; outcrops (~6.7 km?) consist of ~90% ultramafic rocks, and
the rest are gabbroids (Fig. 3.1). At a distance from the massif, there are considerably
smaller ultramafic and gabbroid bodies, which might be its tectonic outliers.

The first information on the geologic structure and petrography of the massif was
provided by Yu.M. Kovtunovich, geologist of the Sakhalin Geological Survey Expedi-
tion, in reports on medium-scale geological surveying (1959-1961). Later geological
survey within the massif was done by V.T. Sheiko, L.I. Gritsenko, and V.V. Slodkevich.
In 1972 the author carried out traversing studies in the area and collected rock sam-
ples; at the same time, some samples were obtained from the collections of Sheiko and
Slodkevich. Based on the rock collections, a petrographic description of the Berezovka
massif was carried out, and part of the analytical studies were made [Slodkevich and
Lesnov, 1976; Lesnov et al., 1998a]. In 2009 the collection was supplemented by
the samples provided courtesy of V.G. Gal’versen and V.E Evseev, geologists of the
Sakhalin Expedition.

The Berezovka massif is localized within an intricately dislocated, compositionally
heterogeneous complex of terrigenous volcanics (presumably, Cretaceous ones). It was
divided into the Bogataya and Rakitinskaya Formations, according to the geological
survey [Explanatory note ..., 2009]. The Bogataya Formation consists of mafic and
intermediate volcanics metamorphosed to the greenschist facies: trachyandesite-basalt,
andesite, and trachyandesite lavas, as well as their tuffs, tuff breccias, and tuffaceous
rocks, interbedded with sandstones and siltstones. The total thickness of the Bogataya
Formation is 800-900 m. The rocks of the Rakitinskaya Formation above in the section
are more widespread within the massif; these are variegated pyroclasts interbedded
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Figure 3.1 Geological sketch map of the Berezovka massif (according to A.N. Rechkin and
V.G. Gal'versen, with modifications).
I — dunites, harzburgites, Iherzolites, their serpentinized varieties; 2 — plagioclase-bearing
peridotites alternating with banded and lens-shaped bodies of wehrlites, clinopyroxen-
ites, websterites, orthopyroxenites, cortlandites (schriesheimites), olivine gabbro and
gabbronorites, troctolites and anorthosites; 3 — gabbronorites, gabbro, norites; 4 —
serpentinites, which form the peripheral and near-fault line zones of the massif; 5 —
hornblende gabbro and gabbro-diorites, diorites, quartz diorites, very rarely — tonalites.
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Figure 3.2 Sketches of bedrock outcrops of the Berezovka massif at the contact between gabbroid
intrusion and ultramafic protrusion (made by V.V. Slodkevich).
a) gabbro veins (1) are injected into serpentinized harzburgites (2) and contain their xeno-
liths; the harzburgites are nonuniformly enriched in plagioclase (3) along the contact with
gabbro; b) veins of clinopyroxene-containing troctolite (I) pierce serpentinite (2) after
harzburgite, transformed into clinopyroxenite (3) at some sites; serpentinite xenoliths in
the troctolite vein partly or completely transform into clinopyroxenite.

with jaspers, limestones, and radiolarites. The estimated total thickness of this forma-
tion is 1400 m. The massif and its framing are dissected by differently directed faults,
along which the rock blocks separated by them were displaced in different directions.
Almost everywhere the faults dissect the primary contacts of the massif with the host
terrigenous volcanics. These faults are mostly accompanied by zones of rocks which
experienced intense dynamic metamorphism and hydrothermal alteration, from few
meters to tens of meters in thickness. Observations in mapping trenches show that
the planes of the faults passing along the eastern and western contacts of the massif
are inclined at 80° eastward in the northern part of the massif to 25° in its southern
part. Albite—carbonate—zoisite and zoisite—talc—chlorite rocks, as well as cataclastic
and carbonated diabases, injected with micropegmatite veinlets at some places, occur
in narrow zones along the boundaries of the massif with the host rocks. Gabbroid and
pyroxenite veins are observed at some places in the ultramafic rocks near their contacts
with the gabbroid bodies (Fig. 3.2).

As stated above, the Berezovka massif consists of predominant ultramafic rocks
and minor gabbroids. The ultramafic rocks are divided into two composition—genetic
types. Type 1 includes restite harzburgites, lherzolites, or, less often, dunites, and ser-
pentinites formed after them, which make up a protrusion. They have a homogeneous
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Figure 3.3 Cross section of a sample of banded olivine gabbro (here and in Figs. 3.4-3.13, the
Berezovka massif, gabbroid intrusion—ultramafic protrusion contact, is shown).
Small lens-shaped xenoliths of serpentinized peridotite are observed. Scaled down to
half size.

Figure 3.4 Cross section of a sample of banded melanocratic olivine gabbro.
One can see lens-shaped and irregularly shaped xenoliths of serpentinized peridotites
containing plagioclase porphyroblasts. Half size.

texture, structure, and quantitative mineral composition. Type 2 is hybrid (param-
agmatic) ultramafic rocks making up a contact-reaction zone along the boundaries
of the ultramafic protrusion and the gabbroid bodies cutting them. These rocks vary
widely in texture, structure, and quantitative mineral composition: plagioperidotites,
websterites, orthopyroxenites, clinopyroxenites, and their olivine- and plagioclase-
bearing varieties. The same varieties of ultramafic rocks form xenoliths in gabbro.
Note that the hybrid ultramafic rocks often have taxitic, including parallel-banded,
textures (Figs. 3.3-3.13).

The gabbroids of the Berezovka massif are divided into three composition—-genetic
types. Orthomagmatic gabbroids (olivine-free gabbronorites, gabbro, and, less often,
norites, characterized by a stable quantitative mineral composition and a massive



Geologic structure of mafic-ultramafic massifs of the East Sakhalin ophiolite association 23

Figure 3.5 Cross section of a sample in which pinching-out veins of melanocratic gabbro pierce ser-
pentinite after peridotite.
Gabbro contains small serpentinite xenoliths. Minute clinopyroxene and plagioclase
porphyroblasts are present in serpentinite.

Figure 3.6 Cross section of a sample of banded olivine gabbro.
One can see lens-shaped and banded xenoliths of serpentinites after peridotites, which
contain small plagioclase porphyroblasts and veinlets. At one of the xenolith contacts the
content and sizes of plagioclase grains are somewhat increased.

structure) are considered a product of crystallization of uncontaminated upper-mantle
mafic melts. Hybrid (paramagmatic) gabbroids (olivine and olivine-containing meso-,
melano-, and leucocratic gabbro, gabbronorites, and, more rarely, troctolites and
anorthosites) with a variable quantitative mineral composition and taxitic, including
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Figure 3.7 Cross section of a sample of melanocratic olivine gabbro.
The sample contains banded and irregularly shaped xenoliths of serpentinites after peri-
dotites. In the center there is an elongated serpentinite xenolith dissected by a thin
plagioclase—pyroxene veinlet.

Figure 3.8 Cross section of a plagiowehrlite sample.
Small relict xenoliths of serpentinites after peridotites are observed. In the center one
can see a dissecting anorthosite veinlet, with clinopyroxene grains concentrated at the
periphery.

parallel-banded, textures are regarded as a product of crystallization of upper-mantle
mafic melts nonuniformly contaminated with the material of an ultramafic protrusion.
Hybrid (paramagmatic) gabbroids (amphibole- and quartz-containing gabbro, gabbro-
diorites, diorites, and quartz diorites) with a variable quantitative mineral composition



Figure 3.9 Cross section of a sample of taxitic olivine gabbro.
Olivine gabbro contains rounded xenoliths of serpentinites, injected with gabbroid veinlets.
In the left part of the sample olivine gabbro and the serpentinite xenolith it contains are
dissected by a vein of pegmatoid gabbro.

Figure 3.10 Cross section of a sample of banded plagiowehrlite.
The plagiowehrlite texture is characterized by the subparallel orientation of small
relict xenoliths of serpentinites after peridotites (black) containing porphyroblastic
accumulations of clinopyroxene and plagioclase grains.

Figure 3.11 Cross section of a sample of banded olivine gabbro.
Gabbro contains imbricate lens-shaped xenoliths of serpentinites (black) with porphyrob-
lastic plagioclase segregations. At some places along the xenolith boundaries the content
of plagioclase grains increases.
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Figure 3.12 Cross section of a sample of coarse-banded olivine gabbro (right), in which an anorthosite
vein (center) alternates with flattened serpentinite xenoliths (black).

and taxitic textures are considered a result of crystallization of upper-mantle mafic
melts nonuniformly contaminated with the material of different host rocks.

The ultramafic xenoliths in the gabbroids, gabbroid and pyroxenite apophyses
in the ultramafic rocks, and the contact—reaction zone suggest that gabbroid intru-
sions formed later than ultramafic protrusions. The widespread occurrence of hybrid
varieties of ultramafic rocks and gabbroids in the Berezovka massif testifies to highly
intense interaction of mafic melts and their fluids with the substance of the preexisting
ultramafic protrusion and enclosing rocks. The presented description of the geologic
structure and petrographic composition of the Berezovka massif, as well as the contact
relations between the ultramafic and gabbroid bodies, permits viewing the massif as a
typical polygenic mafic-ultramafic complex in ophiolite associations.
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Figure 3.13 Cross section of a sample of parallel-banded ultramafic-mafic rock.
The rocks in the alternating “bands” vary in quantitative mineral composition from
plagiowehrlite (dark gray sites) to leucocratic gabbro and anorthosite (light sites).

3.2 SHEL'TING MASSIF

The Shel’ting massif is localized on the shore of the Sea of Okhotsk, near Shel’ting
Cape. It was first described by S.S. Darbidyan in 1953; in 1961-1963 it was mapped
by Yu.M. Kovtunovich and V.T. Sheiko. Information on the geologic structure and
petrographic composition of the massif was later published by G.P. Vergunov [1964],
V.V. Slodkevich [1975b], Yu.M. Raznitsyn [1978], A.F. Bekhtol’d and D.E. Semenov
[1990], and S.V. Vysotskii et al. [1998]. Using the rock collection kindly provided by
Slodkevich, EP. Lesnov [1988] made petrographic, petrochemical, and geochemical
studies of the Shel’ting massif.

The massif (1.75 x 2.25 km in size) outcrops in an area of ~1.8 km? (Fig. 3.14).
About 70% of this area is occupied by ultramafic rocks, and the rest, by gabbro.
Vergunov [1964], having observed an alternation of near-vertical “sheet-like” dunite
and peridotite bodies near Shel’ting Cape, presumed that the dunites are older than
the peridotites. Slodkevich [1975b] described the Shel’ting massif as an Early Miocene
layered pluton within Late Cretaceous dislocated strata of the eugeosynclinal type.
This researcher distinguished three elements in the massif structure: quenched zone;
lower, lateral, and upper marginal groups; and a ternary layered series. According
to his data, the massif is composed of dunites, harzburgites, lherzolites, enstatitites,
gabbronorites, norites, gabbro, and gabbro-diorites. Based on measurements of optical
constants, Slodkevich determined the compositions of rock-forming minerals and made
the conclusion that the rocks of the massif are characterized by “cryptic layering”. Also,
he noted that harzburgite blocks are localized in pyroxenites at some places.
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Figure 3.14 Geological sketch map of the Shel’ting massif (after [Slodkevich, 1975]).

| — pebble gravel-siliceous—clayey deposits of the Uchir Formation (Upper Cretaceous);
2 — rocks of the quenched zone: gabbro, gabbro-diorites, and diorites; 3-9 — rocks
of the layered series and marginal groups: 3 — interbedded peridotite—dunite unit;
4 — peridotites; 5 — interbedded pyroxenite—peridotite unit; 6 — pyroxenites; 7 — norites;
8 — gabbronorites; 9 — gabbro, gabbro-diorites, quartz diorites; / 0 — rocks of the intermedi-
ate horizon (tonalites, gabbro-plagioclasites, and plagioclasites). | I—-13 — marginal groups:
I'l — lower; 12 — lateral; I3 — upper; /4 — microdiorite dikes; /5 — boundaries of the
structural units of the pluton; /6 — tectonic faults.

Raznitsyn [1978], having explored the geology of the Shel’ting massif, stressed
structure—tectonic aspects. In his view, the massif is a thin (200-250 m) near-horizontal
“plate” which overlies the siltstones of the Uchir Formation and consists of almost
undeformed massive and banded harzburgites, enstatitites, gabbronorites, and troc-
tolites. In some outcrops Raznitsyn found serpentinized wehrlites with segregations
of green spinel. On the eastern flank of the massif, within the ultramafic rocks, he
described a tectonic block (20 x 30 m in size) of silicified basalts. The researcher
pointed out that the banding in the harzburgites is due to the alternation of 5 to
30 cm thick band-like segregations enriched or, on the contrary, depleted in grains
of enstatite and subordinate diopside. Measurements of the dips and strikes of the
banding in the ultramafic rocks revealed no regularity. Besides that, Raznitsyn noted
that the base of the ultramafic “sheet” is a 50 to 60 m thick serpentinite mélange and
a series of faults divides the massif into several blocks which experienced differently
directed displacements.

Bekhtol’d and Semenov [1978] compiled a schematic geologic section of the
Shel’ting massif, with five horizons differing in petrographic composition (Fig. 3.15).
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Figure 3.15 Schematic geologic section of the Shel’ting massif, after [Bekhtol'd, Semenov, 1978].
| — harzburgites, 2 — dunites, 3 — lherzolites, 4 — orthopyroxenite horizon, 5 —
orthopyroxenite veins, 6 — gabbro-plagioclasites, 7 — norites, 8 — gabbronorites, 9 —
hornblende gabbro, /0 — microgabbro and dolerite dikes, /| — endocontact dolerites,
12 — volcanosedimentary rocks of the Uchir Formation (Upper Cretaceous), /3 —
boundaries between horizons, /4 — faults.

According to their estimates, the areas of outcrops of the rock varieties in the massif
structure are related as follows: 35% serpentinized harzburgites and lherzolites; 10%
dunites; 20% orthopyroxenites and olivine orthopyroxenites; 25% norites and gab-
bronorites; and 10% hornblende gabbro. It was noted that ultramafic and gabbroid
bodies usually have tectonic contacts and the Shel’ting ultramafic rocks are similar in
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chemical composition to the Alpine-type ultramafic rocks making up the South Schmidt
massif, but the ultramafic and gabbroid bodies, most likely, formed at different times.

As observed by Vysotskii et al. [1998], ultramafic rocks make up the lower part of
the section of the Shel’ting massif (~120 m in thickness); they are overlain by pyrox-
enites and then by gabbroids—mainly olivine-free gabbro and gabbronorites. These
researchers presumed that the Shel’ting and Berezovka massifs are coeval intrusive
derivates of boninitic lavas and all their rock varieties resulted from “layering” of
boninitic magma emplaced in the setting of an ensimatic island arc.

Having summarized the available data on the structure and composition of the
Shel’ting massif and results of his own petrographic studies of the collection provided
by Slodkevich, Lesnov [1988] distinguished three composition-structural elements
which are closely related in space but genetically independent: (1) protrusion of restite
ultramafites (harzburgites, lherzolites, dunites, their serpentinized varieties, and ser-
pentinites); (2) orthomagmatic-gabbroid intrusion cutting the ultramafic protrusion
(olivine-free gabbronorites, gabbro, and, less often, norites); and (3) contact-reaction
zone composed of hybrid ultramafic rocks (orthopyroxenites, olivine orthopyroxen-
ites, and websterites) and hybrid gabbroids (olivine gabbronorites and anorthosites).
At some places the hybrid ultramafic rocks and gabbroids occur as vein bodies within
the restite ultramafites. All the above-mentioned features suggest that the Shel’ting
massif, like the Berezovka massif, is a polygenic mafic-ultramafic complex (Fig. 3.16).
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Figure 3.16 Structural scheme of the Shel’ting massif (after [Lesnov, [988]).
| — dunites, pyroxene-containing dunites, harzburgites, lherzolites, serpentinites; 2 —

wehrlites, plagiowehrlites, clinopyroxenites, websterites, and their olivine- and plagioclase-
containing varieties; 3 — gabbronorites, norites, gabbro, olivine-containing and olivine
gabbro, and, less often, troctolites, anorthosites, and hornblende gabbro.
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3.3 KOMSOMOL’SK MASSIF

The Komsomol’sk massif (0.5-1.0 x 3.5 km in size) is localized ~2 km south-southwest
of the Berezovka massif. It was first mapped by V.T. Sheiko, V.V. Vasil’ev, A.L
Donets, and N.V. Galushko during medium-scale geological surveying. As presumed
by Raznitsyn [1982], the massif is a near-horizontal “sheet” elongated for 2 km north-
westward, <500 m in width, and 200-250 m in thickness (Fig. 3.17). According to
this author, the massif is “thrust” over the flyschoid sediments of the Berezovka For-
mation and the siliceous volcanics of the Bogataya Formation. In the upper reaches of
the Uzkii Creek, Raznitsyn observed a near-horizontal contact of ultrabasic rocks with
interbedded flyschoid strata of the Berezovka Formation sandstones and siltstones,
whose beds are inclined at 70° eastward. He noted the presence of zones of brecciated
serpentinites, which he defined as mélanges, along the contacts between ultramafic
and host rocks. Near Mt. Komsomol’skaya, Raznitsyn observed an outcrop of amphi-
bolized gabbronorites 70 x 50 m in size (probably, a tectonic block). Somewhat away
from the Komsomol’sk massif, in the host sediments, several small tectonic blocks of
serpentinites and stock-like gabbroid bodies are localized.

Based on published data and results of study of the rock collection provided by
Sheiko, as well as on the experience of studying the Berezovka massif, Lesnov [1988]
came to the conclusion that the Komsomol’sk massif is a fault-bounded ultramafic
protrusion of lherzolites, dunites, and serpentinites intruded by a stock-like gabbroid
body. As observed by the predecessors, a thin discontinuous contact-reaction zone
of olivine-containing hybrid gabbroids and hybrid ultramafic rocks (wehrlites and

Komsomol'sk Mountain
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Figure 3.17 Structural scheme of the Komsomol’sk mafic-ultramafic massif (after [Lesnov, 1988]).
See legend in Fig. 3.16.
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pyroxenites) is localized along the boundaries of this gabbroid stock with the ultramafic
rocks. It might have resulted from transformation of restite ultramafites under the
effect of mafic melts and their fluids. This suggests that the Komsomol’sk massif is a
polygenic complex [Lesnov, 1988].

3.4 SOUTH SCHMIDT MASSIF

The South Schmidt massif is the largest essentially ultramafic body on Sakhalin Island.
It is localized in the northern part of the island, on the Schmidt Peninsula. The mas-
sif is elongated from north to south, 1-3 x 19 km in size, the total area of outcrops
being ~42km? (Fig. 3.18). The earliest information on the massif was provided by
V.G. Krasnov, A.Ya. Chalykh, and B.A. Naumenko in reports on results of

b Levenshtern

Figure 3.18 Structural scheme of the South Schmidt mafic-ultramafic massif (after [Lesnov, 1988]).
See legend in Fig. 3.16.
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medium-scale geological mapping. Later it was described in [Raznitsyn, 1975; Rechkin
et al., 1975; Rechkin, 1984; Rozhdestvenskii, 1988; Lesnov and Agafonov, 1976;
Lesnov et al., 1976; Lesnov, 1988] from results of targeted studies.

According to Raznitsyn [1975], the ultramafic, gabbroid, and basaltoid bodies
in the ophiolite association near the Schmidt Peninsula occur as “sheets” thrust over
continental structures during Late Cretaceous-Tertiary obduction. This author pointed
out that, according to aeromagnetic data, ultramafic bodies are traced southward
from the Schmidt Peninsula beneath Neogene sediments. The massif is composed of
serpentinized harzburgites, lherzolites, dunites, and minor wehrlites and pyroxenites.
It is dissected by a system of high- and low-angle faults, along which crush (mélange)
zones are localized.

Rechkin [1984] presumed that the structural position of the South Schmidt massif
is determined by its confinement to the Longri fault, which belongs to the zone of a
deep disjunction, traced along the Sea of Okhotsk shelf of Sakhalin Island. According
to his data, the massif has tectonic contacts with the Jurassic—Early Cretaceous host
volcanics. Based on results of airborne geophysical studies, Rechkin showed that ultra-
mafic outcrops on land are traced east of the South Schmidt massif, beneath the water
area of the Sea of Okhotsk. The ultramafic rocks in the massif are serpentinized lher-
zolites and minor harzburgites and dunites intruded by the small hypabyssal gabbroid
stocks of the Tomi intrusive complex. One of such stocks (0.4 x 1.2 km in size) near
Levenshtern Mountain is overlapped by Jurassic—Cretaceous volcanics. The ultramafic
rocks are injected with orthopyroxenite and websterite vein bodies of different thick-
nesses. At the gabbroid—ultramafite contacts, rocks which experienced intense dynamic
metamorphism are localized; they are pierced with a network of natrolite and albitite
veins. Schlieren-like bodies of massive low-alumina chromitites were detected at some
places within the lherzolites and dunites.

Rozhdestvenskii [1988], sharing the views of Raznitsyn [1975, 1982] on the
allochthonous bedding of ophiolites on the Schmidt Peninsula, disagreed with the
statement that the ophiolite “flakes” in the southeastern part of the peninsula show
gentle bedding. Having considered results of measurements of the dips and strikes of
banding in peridotites, Rozhdestvenskii made the conclusion that the South Schmidt
massif is a protrusion emplaced along the Longri fault zone. Based on aeromagnetic
and airborne gravity surveys [Sychev, 1966], the researcher stated that the ultramafic
protrusion is a near-vertical block expanding with depth.

By V.M. Grannik [2008], the South Schmidt massif was interpreted as a near-
horizontal allochthonous “sheet” >500m in thickness, overlying Upper Cretaceous
sediments. Its lower part consists of a serpentinite mélange several tens of meters in
thickness, composed of brecciated and foliated apoharzburgite and, less often, apo-
dunite talcose serpentinites. In the mélange Grannik observed blocks 1-10 m in size,
made up of unaltered harzburgites and lherzolites as well as hornblende gabbro, dior-
ites, and rodingites. The upper part of the ultramafic “sheet”, ~400 m in thickness, is
composed predominantly of considerably serpentinized massive harzburgites, includ-
ing banded varieties. Wehrlite and enstatitite bodies occur in subordinate quantity.
Small gabbroid bodies and chromitite segregations are found at some places in the ultra-
mafic rocks of the massif, dissected by numerous high-angle faults. Gold-containing
prehnite—zeolite—chlorite mineralization is locally observed in the gabbroids.
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Using results of aeromagnetic and gravity surveys, R.M. Yurkova [2012] makes the
conclusion that the South Schmidt massif is a near-vertical dunite~harzburgite diapir,
which is the oldest complex of the Sakhalin ophiolite association.

In our view, based on the published data of the earlier researchers and our own
field observations and analytical data, the South Schmidt mafic-ultramafic massif is
an essentially ultramafic polygenic mafic-ultramafic body within the East Sakhalin
ophiolite association [Lesnov and Agafonov, 1976; Lesnov et al., 1976; Lesnov,
1988]. It is localized in Jurassic—-Cretaceous terrigenous volcanics and includes a large,
steeply dipping protrusion of restite ultramafites and the small hypabyssal gabbroid
stocks which cut it. The ultramafic restites are predominant serpentinized lherzolites
and minor harzburgites and dunites. Few vein bodies of hybrid ultramafic rocks—
orthopyroxenites (enstatitites) and websterites—are localized within the ultramafic
restites. At some places along the ultramafite—gabbroid contacts, there are thin cata-
clastic zones pierced with a network of natrolite and albitite veinlets. The latter are
locally bluish gray because of the presence of fine-fibrous segregations of alkaline
amphibole from the crossite-rhodusite group [Lesnov et al., 1976].

All the available data suggest that the Berezovka, Shel’ting, Komsomol’sk, and
South Schmidt mafic-ultramafic massifs in the East Sakhalin ophiolite association are
polygenic plutonic complexes. The Berezovka massif includes an ultramafic-restite
protrusion, the small intrusive bodies of orthomagmatic gabbroids cutting the pro-
trusion, and a compositionally heterogeneous thick contact-reaction zone of hybrid
ultramafic rocks and hybrid gabbroids. The latter contain hybrid ultramafic xenoliths
of different sizes and shapes. Near the contacts with the host terrigenous volcanics,
the gabbroid massif consists of hybrid gabbroids: hornblende gabbro, gabbro-diorites,
diorites, and quartz diorites. In the ultramafic rocks, there are thin chromitite veins
and schlieren. The Shel’ting massif is composed of several fragments of an ultramafic
protrusion, the gabbroid intrusion cutting the protrusion, and a contact-reaction zone
of hybrid ultramafic rocks—orthopyroxenites and websterites. The Komsomol’sk mas-
sif is a protrusion of ultramafic restites and their serpentinized varieties, bounded by
high- and low-angle faults. In its southern part, the protrusion is cut by a small gab-
broid stock, with a narrow discontinuous contact-reaction zone of hybrid wehrlites
and olivine gabbro at the periphery. The South Schmidt massif is the largest protru-
sion of ultramafic restites (lherzolites, subordinate harzburgites and dunites, and their
serpentinized varieties) on Sakhalin Island. It is intruded by small shallow gabbroid
stocks. In the ultramafic restites, there are few vein bodies of hybrid ultramafic rocks
(websterites and wehrlites) and schlieren-like chromitite segregations of different sizes.

The presented data on the geologic structure of four mafic-ultramafic massifs from
the East Sakhalin ophiolite association suggest that the ultramafic bodies belonging to
the massifs had intruded along fault zones as tectonic blocks (protrusions) before the
mafic melts which formed the gabbroid intrusions spatially related to the protrusions
were emplaced through these zones. Therefore, it is justified to consider all these
massifs polygenic plutonic complexes.



Chapter 4

Petrography of mafic-ultramafic
massifs of the East Sakhalin
ophiolite association

... But for the diversity of igneous rocks there would be no science dealing with

igneous petrogenesis ...
G.M. Brown

It was shown that the Berezovka, Shel’ting, Komsomol’sk, and South Schmidt mafic-
ultramafic massifs (East Sakhalin ophiolite association) consist of highly diverse
ultramafic rocks and gabbroids. The petrographic description of rocks from these mas-
sifs was made based on their examination under an optical microscope with regard
to the rock nomenclature accepted in the Petrographic Code of Russia [2009]. Both
the author’s descriptions of rocks and those by petrographers of the Sakhalin Geo-
logical Exploration Expedition [Explanatory note ..., 2009] were used. In total, >20
petrographic varieties of ultramafic and mafic rocks were recognized and described.

The Berezovka massif consists of harzburgites, lherzolites, dunites, their serpen-
tinized varieties and serpentinites, wehrlites, websterites, ortho- and clinopyroxenites,
olivinites, schriesheimites (cortlandites), plagioclase-containing ultramafic rocks, gab-
bronorites, gabbro and olivine-containing gabbro, troctolites, hornblende gabbro,
gabbro-diorites, diorites, and quartz diorites. The Shel’ting massif is composed
of harzburgites, lherzolites, dunites, their serpentinized varieties and serpentinites,
wehrlites, websterites, orthopyroxenites, olivine- and plagioclase-containing pyrox-
enites, gabbronorites, gabbro, norites and olivine-containing norites, troctolites,
anorthosites, and hornblende gabbro. In the Komsomol’sk massif, the following
rocks are observed: dunites, lherzolites, their serpentinized varieties and serpen-
tinites, wehrlites, pyroxenites, olivine gabbronorites, gabbronorites, gabbro, and
gabbro-pegmatites. The rocks of the South Schmidt massif are harzburgites, lherzo-
lites, dunites, wehrlites, websterites, orthopyroxenites, gabbro, and gabbro-diabases.
A brief petrographic description of the above ultramafic rocks and gabbroids is
presented below. The rocks are divided into the following petrogenetic groups:
(1) restitic (orthomagmatic) ultramafic rocks, (2) hybrid (paramagmatic) ultramafites,
(3) orthomagmatic gabbroids, (4) hybrid (paramagmatic) gabbroids of endocontact
zones with ultramafites, and (5) hybrid (paramagmatic) gabbroids of endocontact
zones with enclosing rocks.
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4.1 RESTITIC (ORTHOMAGMATIC) ULTRAMAFIC ROCKS

The restitic (orthomagmatic) ultramafic rocks are harzburgites, lherzolites, and
dunites, which were earlier defined as Alpine-type ultramafites; in plate tectonics,
they are called “metamorphic peridotites™.

Harzburgites are the most widespread restitic ultramafic rocks in the Berezovka,
Shel’ting, and South Schmidt massifs. These are differently serpentinized medium-
grained massive dark green to black rocks with 30-50% olivine, 50-65% orthopy-
roxene, 0-5% clinopyroxene, and 2-5% Cr-spinel. Secondary minerals are serpentine
(5-50%), magnetite (<2%), and, sometimes, talc. The harzburgites are often cut by
pyroxenite veins and veinlets (Fig. 4.1).

Lberzolites are detected in the Berezovka, Komsomol’sk, and South Schmidt mas-
sifs. These are medium-grained dirty green to dark green rocks with a massive (less
often, indistinctly banded) structure. They have a panidiomorphic-granular texture
passing into cellular texture in serpentinized varieties. The quantitative mineral compo-
sition of these rocks is as follows: 15-20% olivine, 10-15% orthopyroxene, 10-60%
clinopyroxene, 2—-5% Cr-spinel, 5-40% serpentine, and 1-2% magnetite (Fig. 4.2).

Dunites are observed in the Berezovka, Shelting, Komsomol’sk, and South
Schmidt massifs in minor quantities. These are differently serpentinized medium-
grained massive dark green to black rocks. They have a cellular texture with relics
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Figure 4.1 Microphotograph of weakly serpentinized harzburgite cut by a clinopyroxenite veinlet
(sample 1596, Berezovka massif).
Hereafter, in Figs. 4.2-4.6, 4.8, and 4.10—4.12, samples are from the Berezovka massif.
Micrographs in Figs. 4.1—4.4 and 4.6—4.12 were taken using an optical microscope at a 20x
magnification (parallel Nicol prism).
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of panidiomorphic-granular texture. These rocks consist of dramatically predomi-
nant olivine grains (sometimes, with <5% clinopyroxene admixture), and Cr-spinel
is an accessory phase (1-5%). Schlieren- and vein-like segregations of massive and
thick-disseminated chromitites are sometimes detected in the dunites. Orthomag-
matic ultramafites near faults are usually intensely serpentinized and pass into
serpentinites which have experienced different degrees of cleavage, brecciation, and
foliation.

Figure 4.2 Microphotograph of Iherzolite (sample 145, Berezovka massif).

Olivine (Ol) forms xenomorphic, often chain-like segregations, cut by magnetite-serpentine
veinlets, with polygonal fragments of preserved unaltered mineral grains in the intervals
between them. Orthopyroxene (Opx) occurs as subisometric prismatic grains with straight
or sinuous edges, often with subparallel thin platy clinopyroxene segregations (exsolution
structures). Prismatic clinopyroxene (Cpx) grains, which almost do not undergo sec-
ondary alterations, show a network of joints. The contents of olivine, orthopyroxene, and
clinopyroxene are ~20%, ~20%, and ~60%, respectively.
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4.2 HYBRID (PARAMAGMATIC) ULTRAMAFIC ROCKS

The hybrid (paramagmatic) ultramafites are wehrlites, websterites, ortho- and clinopy-
roxenites, and olivine ortho- and clinopyroxenites (less often, olivinites and amphibole
peridotites (schriesheimites)). All these rocks sometimes contain a plagioclase admix-
ture. Many of the above rocks have a highly variable quantitative mineral composition,
taxitic texture, and parallel-banded structure. Rocks of this group usually form
contact—reaction zones at the boundaries of ultramafic protrusions and gabbroid intru-
sions cutting them, vein bodies cutting restitic ultramafites, and xenoliths in hybrid
gabbroids.

Minor quantities of webrlites and plagiowehrlites are observed in all the massifs
under consideration. They are medium-grained or inequigranular rocks consisting of

Figure 4.3 Microphotograph of plagioclase-containing wehrlite (sample 1593, Berezovka massif).
Subisometric and anhedral grains of olivine are almost completely replaced by brownish
yellow bowlingite (Bowl). Clinopyroxene (Cpx) is present as prismatic and xenomorphic
grains of different sizes, often with sinuous or jagged edges, filled with a network of adjacent
joints. Plagioclase (Pl) is observed as rare small, weakly altered angular grains. The contents
of olivine, clinopyroxene, and plagioclase are ~25%, ~65%, and ~10%, respectively.
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40-70% olivine grains (predominantly, xenomorphic ones), which are usually partly
or completely replaced by serpentine or bowlingite, and 25-60% larger prismatic
or xenomorphic clinopyroxene segregations. At some places the wehrlites contain
an admixture of amphibole, which partly or completely replaces the clinopyroxene
grains; also, xenomorphic plagioclase segregations are detected. Accessory phases are
Cr-spinel or, in some cases, sulfide minerals (Fig. 4.3).

Websterites, olivine websterites, and plagiowebsterites are medium-grained (more
rarely, coarse- or fine-grained) grayish brown rocks composed of prismatic ortho-
and clinopyroxene grains in variable quantities (Fig. 4.4). Xenomorphic olivine and
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Figure 4.4 Microphotograph of olivine websterite (sample 1603-1, Berezovka massif).

Olivine (Ol), almost epigenetically unaltered, occurs as highly xenomorphic, often amoeboid
and thread-like segregations dissected in different directions by thin fractures into many
small acute-angled “blocks”. Large, rarely medium-sized crystals of orthopyroxene (Opx)
with sinuous and angular contours are cut by joints. Clinopyroxene (Cpx) is present as
large and many smaller xenomorphic grains. As seen from the slight bending of joints in the
large clinopyroxene grains (above center), the rock has experienced weak brittle—ductile
deformation. The contents of olivine, orthopyroxene, and clinopyroxene are ~35%, ~25%,
and ~40%, respectively.
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Figure 4.5 Microphotograph of an exsolution structure (lamellae of clinopyroxene partly replaced by
amphibole) in orthopyroxene from olivine websterite (sample 140, Berezovka massif).
The picture was taken using a scanning electron microscope. The chemical composition of
these minerals is given in Table 8.8.

plagioclase segregations are sometimes observed as an admixture. The orthopyroxene
grains contain exsolution structures consisting of lamellae of clinopyroxene, sometimes
replaced by amphibole (Fig. 4.5).

Orthopyroxenites are medium- or coarse-grained light gray or dark gray rocks
with a panidiomorphic-granular texture. Some varieties show a parallel-banded struc-
ture formed by an alternation of medium- and coarse-grained “bands”. These rocks are
composed of prismatic orthopyroxene grains, with segregations of clinopyroxene and
accessory Cr-spinel as an admixture. In some cases orthopyroxene is partly replaced
by serpentine or talc.

Olivine orthopyroxenites (sometimes, with a clinopyroxene admixture) are
medium-grained greenish dark gray rocks with a panidiomorphic-granular tex-
ture. They consist of predominant orthopyroxene and variable quantities of olivine
(5-10%), clinopyroxene (<3%), amphibole (<5%), and accessory magnetite
(<2%).

Clinopyroxenites, olivine clinopyroxenites, and plagioclase clinopyroxenites are
medium-grained or inequigranular (often, taxitic) dark gray rocks. Clinopyrox-
ene usually makes up >60%; olivine, whose xenomorphic segregations are partly
or completely replaced by bowlingite, is often detected in minor amounts (up to
7-10%); and plagioclase is observed (Fig. 4.6). Some varieties contain xenomor-
phic segregations of plagioclase partly or completely replaced by secondary prod-
ucts and elongated prismatic segregations of amphibole forming pseudomorphs
after clinopyroxene grains (Fig. 4.7). The plagioclase-enriched clinopyroxenites are
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Figure 4.6 Microphotograph of coarse olivine clinopyroxenites (sample Skh-2, Berezovka massif).
Olivine, present as small grains with jagged edges (< 10% of the rock volume), is completely
replaced by brownish yellowish bowlingite (Bowl). Clinopyroxene (Cpx) occurs as unaltered
large (~6 mm) and smaller xenomorphic grains with sinuous edges, which are often cut by
adjacent joints. Clinopyroxene content is <90%.

assigned to gabbro-pyroxenites. Accessory minerals in the clinopyroxenites are
magnetite, iron sulfides, titanomagnetite, zircon, apatite, and titanite, which is
replaced by leucoxene pseudomorphs. In the restitic ultramafites and their serpen-
tinized varieties clinopyroxenite veins and veinlets are observed, at whose exo-
contacts the ultramafic rocks transform into fine-fibrous chrysotile serpentinite
(Fig. 4.8).

Olivinites are rare in the studied massifs. They have a medium-grained,
panidiomorphic-granular, or cellular—platy-netted texture and consist of grains of
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Figure 4.7 Microphotograph of clinopyroxenite containing plagioclase, amphibole, and olivine (sample
191, Komsomol’sk massif).
Olivine (Ql) is present as xenomorphic segregations with a multidirectional network of
cracks filled with serpentine and magnetite. Between cracks there are angular fragments in
which olivine has not undergone secondary alterations. The angular grains of clinopyroxene
(Cpx) are in a matrix of predominant elongated prismatic grains of amphibole (Amph).
Plagioclase (Pl) is observed as elongated and xenomorphic segregations completely replaced
by secondary minerals. The long axes of the mineral grains have a subparallel orientation.
Olivine, clinopyroxene, amphibole, and plagioclase make up 15-20%, < 10%, 60%,and ~ 0%,
respectively.

serpentinized olivine (<90%) and occasional ortho- and clinopyroxene segregations
(<5%). Chrome-magnetite and magnetite (<5%) are accesory minerals.

Amphibole peridotites (schriesheimites, cortlandites) are dark green, almost black,
with a massive structure and a panidiomorphic-granular texture. They are composed
of predominant olivine and minor clinopyroxene, which is completely or significantly
replaced by amphibole.
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Figure 4.8 Microphotograph of a fragment of the contact of a clinopyroxenite vein (left) with chrysotile
serpentinite (right) (sample 1606-1, Berezovka massif).
Clinopyroxenite consists of differently sized prismatic and xenomorphic segregations
of clinopyroxene (Cpx), which have not undergone secondary alterations. Serpenti-
nite is an aggregate of fibrous chrysotile segregations 0.1-1.5mm in length. The direct
clinopyroxenite—serpentinite contact has a sinuous line. The gaping crack in the upper left
part of the image shows defects caused by the production of the thin section.

43 ORTHOMAGMATIC GABBROIDS

Orthomagmatic gabbroids include gabbronorites, gabbro, and, less often, norites and
gabbro-pegmatites.

Gabbronorites are medium- to fine-grained rocks with a massive structure and
trachytoid texture (Fig. 4.9). They consist of prismatic idiomorphic grains of predomi-
nant plagioclase (<60%) and subordinate grains of orthopyroxene and clinopyroxene,
which is partly replaced by amphibole. Some varieties contain serpentinized olivine
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Figure 4.9 Microphotograph of fine-grained gabbronorite with a trachytoid texture (sample 182,
Shel’ting massif).
Unaltered elongated prismatic grains of orthopyroxene (Opx) with rounded edges are
idiomorphic with respect to grains of clinopyroxene (Cpx) and plagioclase (Pl). Orthopyrox-
ene grains are cut by adjacent joints oriented along their long axis and by rare sinuous cracks
perpendicular to their long axis. The orthopyroxene grains contain thin clinopyroxene
lamellae (exsolution structures). Clinopyroxene is present as prismatic and xenomorphic
grains which have not undergone secondary alterations. Elongated clinopyroxene grains,
like the orthopyroxene grains, have a subparallel long axis. Plagioclase is observed as long-
and short-prismatic grains and their intergrowths, not subjected to secondary alterations.
Their long axes are subparallel to the long axes of the orthopyroxene and clinopyroxene
grains. Orthopyroxene, clinopyroxene, and plagioclase make up ~30%, ~30%, and ~40%,
respectively.

and secondary hydrogarnet as an admixture. Accessory minerals include spinel, iron
sulfides, magnetite, and zircon.

Gabbro are medium-grained meso- and leucocratic rocks composed of 70-75%
plagioclase, <25% clinopyroxene, and <3% hornblende (sometimes, with occasional
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ample 155-4

Sample 155-4

Figure 4.10 Microphotograph of medium-grained gabbro (sample |55-4, Berezovka massif).
The rock consists of ~20% clinopyroxene (Cpx) and ~80% plagioclase (Pl). Small
and, rarely, larger prismatic grains of clinopyroxene are partly replaced by amphibole
along microcracks. Plagioclase occurs as larger prismatic grains with polysynthetic twins,
replaced by a finely dispersed saussurite agregate by 15-30%.

orthopyroxene segregations). Plagioclase is partly or completely replaced by a saus-
surite or micaceous aggregate, whereas orthopyroxene is differently replaced by bastite.
Zircon is present in these rocks as an accessory mineral (Fig. 4.10).

Norites are a rare gabbroid variety. These are medium- and coarse-grained
greenish dirty gray rocks with a panidiomorphic-granular texture and, sometimes,
a parallel-banded structure. The rocks consist of <85% orthopyroxene and ~15%
or more plagioclase. Orthopyroxene is replaced by amphibole in the microcracks
and narrow rims of grains. Hornblende occurs as tabular, elongated, and irregularly
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shaped grains. Sometimes small xenomorphic quartz segregations are observed in
the grain interstices of other minerals. Plagioclase is often replaced by a saussurite
aggregate.

Gabbro-pegmatites are coarse- to giant-grained gray to light gray rocks with a
poikilitic texture. They consist of large crystals of predominant plagioclase containing
<30% poikilitic inclusions of hornblende. These rocks most often occur as veinlets,
veins, or lenticular segregations in ultramafic rocks and gabbroids. Some gabbro-
pegmatite bodies have a narrow rim of white or pink hydrogarnet grains. A consider-
able amount of plagioclase in these bodies is usually replaced by a sericite—saussurite
aggregate.

4.4 HYBRID (PARAMAGMATIC) GABBROIDS FROM
ENDOCONTACT ZONES WITH ULTRAMAFIC ROCKS

Hybrid (paramagmatic) gabbroids of endocontact zones with ultramafites are
gabbronorites, olivine—amphibole gabbronorites, olivine gabbro, troctolites, and
anorthosites differently enriched in olivine.

Olivine gabbronorites are medium-grained meso- and melanocratic rocks with a
massive or banded structure and a gabbroid texture. Their total olivine and ortho-
and clinopyroxene contents reach 60%, and the rest are plagioclases. Olivine is
usually serpentinized, chloritized, or talcose, whereas clinopyroxene is partly or com-
pletely replaced by actinolite. Magnetite, titanite, apatite, and zircon are accessory
minerals.

Olivine—amphibole gabbronorites are mainly medium-grained melanocratic rocks,
generally with a distinct parallel-banded structure. They have “interlayers” and lentic-
ular segregations 0.5-5 cm in thickness, with a varying quantitative mineral compo-
sition (%): olivine (15-20), clinopyroxene (10-15), orthopyroxene (3-5), amphibole
(40-50), plagioclase (10-15), and secondary hydrogarnet (5-10). Accessory minerals
are spinel and magnetite (<2%) as well as sulfides (1-2%).

Olivine gabbro are medium-grained meso- and, less often, melanocratic rocks
of massive or banded structure and hypidiomorphic-granular texture. The content
of olivine is up to 15-25%, and it is usually partly serpentinized, chloritized, or
talcose. Clinopyroxene grains (30-40%) are differently replaced by actinolite or,
sometimes, chlorite. Plagioclase grains (up to 45-50%) are partly or completely
replaced by a saussurite aggregate. As a rule, these rocks contain secondary magnetite
(Fig. 4.11).

Troctolites are rare in the studied massifs. These are medium-grained or
inequigranular greenish gray rocks. They consist of variable amounts of predomi-
nantly xenomorphic segregations of plagioclase and olivine. The olivine segregations
sometimes have kelyphitic rims.

Anorthosites are medium- to coarse-grained greenish light gray rocks. In some
cases they show a parallel-banded structure due to the alternation of thin “interlay-
ers” of dramatically predominant plagioclase (95-98%) and still thinner “interlayers”,
which contain not only plagioclase but also up to 2-5% clinopyroxene. Accessory mag-
netite is sometimes observed. Anorthosites form predominantly thin veins and veinlets
injected into ultramafic rocks and gabbroids (Fig. 4.12).
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Figure 4.1 1 Microphotograph of medium-grained gabbro making up the “bands” interspersed with
plagiowebsterite “bands” (sample 155-5, Berezovka massif).
Anhedral grains of olivine (Ol) with sinuous and jagged edges are cut by a dense network
of microcracks into small angular fragments not subjected to secondary alterations. The
grains of clinopyroxene (Cpx) are more idiomorphic than those of olivine and plagioclase
(Pl), and they often have joints. Plagioclase occurs as prismatic grains of different sizes,
idiomorphic with respect to the olivine grains and xenomorphic with respect to the
clinopyroxene grains. Polysynthetic twins of different widths are usually observed in the
plagioclase grains. The contents of olivine, clinopyroxene, and plagioclase are ~25%, ~30%,
and ~45%, respectively.

4.5 HYBRID (PARAMAGMATIC) GABBROIDS OF ENDOCONTACT
ZONES WITH ENCLOSING ROCKS

Hybrid (paramagmatic) gabbroids of endocontact zones with enclosing rocks include
hornblende and quartz-containing gabbro, gabbro-diorites, diorites, and biotite-
containing and quartz diorites.
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Sample 148-1

Sample 148-1
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Figure 4.12 Microphotograph of veins of clinopyroxene-containing anorthosite (left) with serpentinite
(right) (sample 148-1, Berezovka massif).
Anorthosite is composed of very weakly altered prismatic grains of plagioclase (Pl) with
polysynthetic twins.

Hornblende and quartz-containing gabbro and gabbro-diorites are fine- and
medium-grained mesocratic massive rocks with a prismatic-granular texture. They
are composed of 50-55% hornblende, 40—-45% plagioclase, and scarce quartz segrega-
tions and sometimes contain a K-feldspar impurity. Magnetite, ilmenite, and zircon are
accessory minerals. Secondary minerals include actinolite and chlorite (which replace
hornblende) as well as epidote and a saussurite aggregate (which replace plagioclase).
The K-feldspar impurity is usually pelitized, whereas ilmenite is partly or completely
replaced by leucoxene.

Diorites are medium-grained rocks with a massive or, sometimes, parallel-banded
structure. They consist of 50-65% plagioclase, 40-45% hornblende, and rare quartz
segregations. Plagioclase forms tabular or elongated grains measuring 0.1 to 2-3 mm.
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Quartz occurs as xenomorphic segregations 0.05-1.5 mm in size. Zircon is an accessory
mineral. Plagioclase in the diorites is saussuritized or, less often, chloritized, whereas
hornblende is replaced by actinolite and chlorite.

Biotite-containing diorites are medium-grained rocks with a massive or, some-
times, maculose structure and a hypidiomorphic-granular texture. These rocks consist
of plagioclase and hornblende grains and rare biotite segregations. Secondary minerals,
which form after plagioclase, are chlorite (replacing biotite), epidote, saussurite, and
sericite. Accessory minerals include occasional titanomagnetite, magnetite, titanite,
apatite, and zircon segregations.

Quartz diorites are medium-grained hypidiomorphic-granular rocks, which some-
times show a banded structure. They are composed of 45-50% plagioclase, 25-35%
hornblende, <15% quartz, and accessory magnetite (2%) and apatite. Plagioclase
occurs as wide tabular polysynthetic twins 0.3-3 mm in size. Hornblende forms elon-
gated and irregularly shaped idiomorphic grains 0.2-7 mm in size. Xenomorphic
quartz segregations 0.5-5 mm in size fill the grain interstices of amphibole and pla-
gioclase. Zircon is an accessory mineral. Plagioclase is usually strongly saussuritized,
whereas hornblende is partly replaced by chlorite and epidote.

More than 20 petrographic varieties of ultramafic and gabbroid rocks are recognized
in the studied massifs. Their main minerals, present in variable ratios, are olivine,
ortho- and clinopyroxene, plagioclase, and primary and secondary amphiboles. Biotite,
K-feldspar, and quartz are secondary minerals. Finally, Cr-spinel, magnetite, titano-
magnetite, zircon, apatite, titanite, and sulfides are accessory minerals. The studied
rock varieties are divided into five groups: (1) restitic (orthomagmatic) ultramafic
rocks, (2) hybrid (paramagmatic) ultramafic rocks, (3) orthomagmatic gabbroids,
(4) hybrid (paramagmatic) gabbroids of endocontact zones with ultramafites, and
(5) hybrid (paramagmatic) gabbroids of endocontact zones with enclosing rocks.
Restitic ultramafites and orthomagmatic gabbroids are mostly more homogeneous in
texture, structure, and quantitative mineral composition than hybrid ultramafic rocks
and gabbroids.
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Chapter 5

Petrochemistry of rocks of
mafic-ultramafic massifs of the
East Sakhalin ophiolite association

Petrochemical studies have been a principal approach for compositional classification
of igneous rocks, for revealing their conditions of formation based on composition,
and verification of petrogenetic models. Special attention to the approach in igneous
petrography was paid by numerous non-Russian and Russian geologists, including
Zavaritskii [1961], who designed one of the formerly most popular methods of graphic
interpretation of petrochemical data. A considerable contribution to the develop-
ment of petrochemical studies and their genetic interpretation with focus on statistical
analysis was made by Belousov [1982], Kutolin [1972], and other geologists.

The recent decades have seen X-ray fluorescence analysis, a more efficient ana-
lytical method, come into use, replacing the formerly popular wet chemical method.
In the past, interpretation of petrochemical data relied widely on conversion of chemi-
cal analyses to normative mineralogic composition (the CIPW method) and Zavaritskii
petrochemical coefficients with vector diagrams.

The diversity of petrographic rock types composing the mafic-ultramafic massifs of
the East Sakhalin ophiolite association and the inhomogeneity of the quantitative min-
eral composition account for considerable variations in their chemical compositions.
For several decades, petrochemical studies of the mafic-ultramafic massifs of Sakhalin
Island were conducted along with structural and petrographic studies, geologic sur-
veys, and subject studies. One of the earliest works [Vergunov, 1964] summarized
available petrochemical data for the mafic-ultramafic massifs of Sakhalin Island and
the Kuriles. Later Slodkevich [1977] published average chemical component contents
for major varieties of mafic-ultramafic rocks belonging to the massifs of the Sokolovsk,
Vodopadnensk, Peskovsk, and Schmidt igneous complexes. For graphic interpretation
of petrochemical data, V.V. Slodkevich used Zavaritskii-Sobolev vector diagrams and
MgO - FeOyor — (Nay O +K;,0) ternary plots without normalizing the results to dry
matter. The diagrams showed distinct compositional differences between ultramafic
and gabbroid rocks. It was clear, for example, that ultramafic rocks had considerably
higher MgO content and lower FeOy; and alkali contents than gabbroid ones.

Later some petrochemical issues of the Sakhalin Island mafic-ultramafic massifs
were discussed in geological survey reports and in publications by A.N. Rechkin, A.F.
Bekhtol’d, D.F. Semenov, Yu.N. Raznitsyn, and S.V. Vysotskii. Petrochemical data for
the Sakhalin Island mafic-ultramafic massifs were also given in our works [Lesnov,
2009¢; Lesnov and Stepashko, 2010; Stepashko and Lesnov, 2011, 2013]. The below
summary of the petrochemical characteristics of the regional mafic-ultramafic massifs
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involved about 90 chemical analyses of major rock varieties, performed on samples
from our collections and cited from some works (Table 5.1). Most of our rock samples
were analyzed using the X-ray fluorescence method. Table 5.1 characterizes chemi-
cal compositions of about 20 petrographic rock varieties from different massifs. The
data were processed and interpreted taking into account that the rocks belong to five
petrogenetic groups.

Earlier petrochemical comparative analyses, especially those of ultramafic rocks,
were not usually normalized to “dry matter”, that is, to 100 wt.%. This introduced
errors to actual concentrations of chemical components. The errors were especially
huge when analyzing highly serpentinized ultramafic rocks, affecting most drastically
the contents of the major components (Si0,, MgO, CaO, Al,O3, and FeO,). Hence,
today all primary petrochemical results are normalized to 100%. Besides, as will
be shown below, it is preferable to use weight ratios of chemical component con-
tents instead of absolute weights for classification and graphical interpretation of data
[Lesnov, 2007c].

5.1 VARIATIONS IN THE CONTENTS OF MAJOR CHEMICAL
COMPONENTS IN PETROGENETIC ROCKS GROUPS

A general summary of differences among chemical compositions of rock varieties from
the studied massifs and their petrogenetic groups was obtained by plotting component
contents on two-dimensional diagrams. As can be seen, the locations of compositional
points on the MgO-S5iO, diagrams indicate the discreteness of chemical composi-
tions of restitic ultramafic (lherzolites, harzburgites, and dunites) (Fig. 5.1, 1) and
orthomagmatic gabbroid (gabbronorites and gabbro) (Fig. 5.1, 3) rocks. The last
diagram shows the inverse relationship between MgO and SiO; contents. The compo-
sitional points in Fig. 5.1, 2 place hybrid ultramafic rocks (wehrlites, pyroxenites, etc.)
with respect to their chemical compositions between those of restitic ultramafic rocks
and orthomagmatic gabbroid rocks. The diagram also shows that some varieties of
paramagmatic ultramafic rocks (e.g., orthopyroxenites) have notably higher SiO; con-
tent than orthomagmatic gabbroid rocks. Similar compositional differences between
petrogenetic rock groups can be seen in Fig. 5.2 in the MgO-FeOy,, diagram. Consider-
ing the locations of the compositional points for the pool of the analyzed samples from
the massifs in question, we can assume a direct relationship between the contents of
the components (Fig. 5.2, 4). Distinct chemical differences between restitic ultramafic
rocks (Fig. 5.3, 1) and orthomagmatic gabbroid rocks are shown in the MgO-CaO
diagram (Fig. 5.3, 3). Note that most of the restitic ultramafic rocks samples contain
<3 wt.% CaO; higher concentrations were found for only some samples from the
Berezovka massif. Hybrid ultramafic rocks can be divided into three groups accord-
ing to the CaO content: (1) high (15-22 wt.%), (2) medium (8-13 wt.%), and (3)
low (<5 wt.%) (Fig. 5.3, 2). The discreteness of chemical compositions of restitic and
hybrid ultramafic rocks vs. orthomagmatic gabbroid rocks is also apparent from the
MgO-Al, O3 diagram (Fig. 5.4). While only some ultramafic rocks contain >4 wt.%
Al O3, nearly all orthomagmatic gabbroid rocks contain >10wt.%. The location
of the compositional points in the CaO-TiO;, diagram indicates low Ti content in
both ultramafic and gabbroid rocks from the studied massifs; only a few samples
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Figure 5.1 Relationship between MgO and SiO, contents for rocks from the Berezovka, Shel'ting,
Komsomol’sk, and South Schmidt massifs (data from Table 5.1).
I — restitic ultramafic rocks (lherzolites, harzburgites, and dunites) and their serpen-
tinized varieties; 2 — paramagmatic ultramafic and mafic rocks (wehrlites, heterogeneous
pyroxenites, other varieties of paramagmatic ultramafic rocks, and olivine gabbro); 3 —
orthomagmatic gabbroid rocks (gabbronorites and gabbro); 4 — pooled data on ultramafic
and mafic rocks (lherzolites, harzburgites, dunites, wehrlites, pyroxenites, and gabbroids).
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Figure 5.2 Relationship between MgO and FeO,,, contents for the rocks from the Berezovka, Shel’ting,
Komsomol’sk, and South Schmidt massifs.
|—4 — see Fig. 5.1 caption for explanation.
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Komsomol’sk, and South Schmidt massifs.
1-3 — see Fig. 5.1 caption for explanation.
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Figure 5.4 Relationship between MgO and Al,O; contents for the rocks from the Berezovka, Shel’ting,

Komsomol’sk, and South Schmidt massifs.
14 — see Fig. 5.1 caption for explanation.

contain >0.20 wt.% Ti (Fig. 5.5). Chemical composition comparison of ultramafic
rocks from the Berezovka, Shel’ting, and South Schmidt massifs for MgO, SiO;, FeOyq,
and Al, O3 showed that the fields of the compositional points on the diagrams are nearly
coincident, yet the scatter of the points for the Berezovka massif samples was greater
than for the samples from the other two massifs (Fig. 5.6). The points for the restitic
ultramafic rocks (harzburgites) (the Semail massif, the ophiolite association of Oman)
plot more compactly than those for the restitic ultramafic rocks from the Sakhalin
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Figure 5.5 Relationship between CaO and TiO, contents for the rocks from the Berezovka, Shel'ting,
Komsomol’sk, and South Schmidt massifs.
|—4 — see Fig. 5.1 caption for explanation.
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Figure 5.6 Relationship among the contents of MgO and SiO,, MgO and FeO,., and MgO and Al,O;
in ultramafic rocks from mafic-ultramafic massifs of the East Sakhalin ophiolite association.
| — Berezovka massif (harzburgites, Iherzolites, and dunites); 2 — Shel’ting massif (harzbur-
gites, lherzolites, and dunites); 3 — South Schmidt massif (Iherzolites) (data from Table 5.1);
4 — Semail massif, Oman (harzburgites) (after [Godard et al., 2000]).
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Island massifs. Besides, the ultramafic rocks from the Semail massif are considerably
more homogeneous in composition and have greater MgO content.

The data on hand indicate that same-type rock varieties from different massifs
of the Sakhalin Island ophiolite association differ in chemical compositions in a var-
ious degree. Thus, the contents of the major chemical components in the Berezovka
massif ultramafic rocks vary as follows (wt.%): SiO; (34-47), Al; O3 (0.2-2), FeOyo
(1-17), MgO (26-40), and CaO (0.2-10). In paramagmatic ultramafic rocks the con-
tents of the components vary in a wide range (wt.%): SiO, (37-58), Al,O3 (0.7-21),
FeOyo: (3-14), MgO (10-38), and CaO (1-22). The Berezovka massif ultramafic rocks
are characterized by an overall increased CaO content, compared to similar rocks
from the Shel’ting and Schmidt massifs and harzburgites from the Semail massif. The
contents of the chemical components in the Berezovka massif orthomagmatic gab-
broid rocks vary as follows (wt.%): SiO, (41-51), Al; O3 (2-23), FeOy, (3-11), MgO
(5-20), and CaO (8-19). Note that all the gabbroid rocks from the studied massifs
have very low TiO; (0.087 wt.% on average) and total alkali (1.2 wt.% on average)
contents.

5.2 COMPARATIVE DESCRIPTION OF PETROGENETIC GROUPS
OF ROCKS BASED ON THE VALUES OF THEIR
PETROCHEMICAL PARAMETERS

We used chemical data obtained for the ultramafic rocks and gabbroids, divided into
petrogenetic groups, from the Sakhalin Island mafic-ultramafic massifs to calculate the
following chemical parameters: MgO/Fe; O3, MgO/SiO;, CaO/Si0;,, MgO/Al, O3,
CaO/Al, 03, MgO/TiO;, and others (Table 5.2). Note that the ratios are not affected by
weight loss on ignition (LOI) error, unlike component contents in weight percentage.

The location of the compositional points on the petrochemical diagrams reveals
some distinctive features of the chemistry of the rocks under comparison as well as
the rock populations. The widest variations were found for the ratios MgO/Fe; O3q1,
MgO/Si0,, CaO/Si0,, MgO/Al, O3, CaO/Al, O3, and MgO/TiO; (Fig. 5.7). The loca-
tion of the compositional points suggests direct relationship between MgO/Fe; O30,
and MgO/SiO;, as well as MgO/Fe; O3, and MgO/TiO,. The CaO/Al, O3 ratio was
<2 for most of the ultramafic and gabbroid samples, varying from 2 to 14 for only
some samples. At the same time, ultramafic rocks are characterized by considerably
greater CaO/Al, O3 ratio compared to pyrolite (Fig. 5.8, a). In turn, nearly all gab-
bronorite samples have higher MgO/Fe; O3, ratio compared to N-MORB (Fig. 5.8, b).
The MgO/Si0,~CaO/TiO, diagram shows that the ratios differ slightly for restitic
and hybrid ultramafic rocks, the latter having a greater variation of the CaO/TiO,
ratio than the former (Fig. 5.9, a). Orthomagmatic gabbroid rocks (gabbronorites) are
also characterized by greater variations in CaO/TiO,, exceeding those for N-MORB
(Fig. 5.9, b).

The data for the Sakhalin Island massifs, as well as our earlier observations
[Lesnov, 1986a], therefore, indicate that comparison of some petrochemical ratios
reveals differences in chemical compositions of separate ultramafic and gabbroid vari-
eties as well as of their petrogenetic groups. The ratios can be used as heterogeneity
criteria for the rocks in question and rock populations.



Table 5.2 Petrochemical parameters for the rocks from the Berezovka, Shel'ting, Komsomol’sk, and
South Schmidt massifs.

Dun  Srpt olvt Hrzt Srpt hrzt  Lrzt
Sh- G- G- G-

Parameter Pyrolite MORB 4193 1596-6 1610-2 1596-4 133 1610-2 1610-3 [45
MgO/SiO, 0.840 0.167 088 .16 1.03 1.16 076 098 1.02 0.56
MgO/Al, O3 8494 0.526 - 104 98.5 268 665 478 53.7 14.2
MgO/Fe; O3, 4.228 0909 385 3.79 3.53 3.96 1.80 3.24 3.17 222
MgO/CaO 10.65 0.694 2298 107 128 212 11.09 6236 176 2.99
MgO/TiO, 188.1 7.026 370 1980 1920 402 1531 3679 - 444
CaO/sio, 0.079 0.241 0.04 0.0l 0.01 0.01 0.07 0.02 0.01 0.19
CaO/Al,O; 0.798 0757 - 0.97 0.77 1.27 6.00 0.77 0.30 474
CaO/Fe;03c 0397 1310 0.17 0.04 0.03 0.02 0.16 0.05 0.02 0.74
CaO/TiO, 1766 10.12 16.1 185 15.0 1.90 1380 59.00 - 149
Al,O;/Fe;03,c 0498 1.730 - 0.04 0.04 0.01 0.03 0.07 0.06 0.16
AL Os/TiO, 22.14 1337 - 19.00 1950 1.50 23.00 77.00 - 313
Fe,O5/TiO, 4448 7726 96.0 522 544 101 851 137 - 200
Na,O/K,0O 1241 12 1.82 - - - - - - -
Na, O/P,0Os 17.14 20 250 - - - 1.75 - - 3.00

Lrzt Pllrzt Wrt Srpt wrt  Plwrt Pl wbt

138 1556 Sh-6320 161 163 142  Sh-6318 139 [48-1a 155-5
MgO/SiO, 0.61 072 0.65 1.04 092 095 0.87 0.38 0.40 0.39
MgO/Al, O3 12.1 158 257 868 209 9.13 469 1.26 1.22 2.11
MgO/Fe; O3, 2.36 3.08 3.79 493 463 486 299 3.1 2.77 |.49
MgO/CaO 272 6.1 5.6 60.1 207 10.I 126 0.92 0.99 [.11
MgO/TiO, 376 1020 592 - 3631 - 703 135 544 15
CaO/sio, 023 0.12 0.13 0.02 0.04 0.09 0.07 0.41 0.40 0.35
CaO/Al,O; 444 260 499 144 1.0l 091 3.73 1.37 1.24 1.90
CaO/Fe;03c 0.87 0.50 0.74 0.08 0.22 048 024 3.39 2.8l 1.33
CaO/TiO, 138 167 115 - 175 - 56.0 147 551 103
AL Os3/Fe;O3,c 020 0.19 0.15 0.06 0.22 0.53 0.06 2.48 227 0.70
AlLO;/TiO, 3I.1 643 230 - 174 - 15.0 108 446 54.47
Fe,O3/TiO, 160 331 156 - 784 - 235 434 196 77.5
Na,O/K,0 - 267 114 - - - 0.67 7.27 - -
Na, O/P,0Os 250 4.00 4275 125 1.00 200 - 20.0 7.50 5.50

Plwrt  Schr Wbt

Parameter 155-1 135 140 |55 1603-1 1593 143 |52 162 164
MgO/SiO, 0.52 088 043 0.62 0.47 045 033 055 059 0.63
MgO/Al, O3 2.04 9.10 746 204 9.39 8.19 108 154 187 279
MgO/Fe; O30 1.91 382 244 223 2.88 353 218 383 491 434
MgO/CaO 2.70 758 1.10 1483 273 122 077 953 244 250
MgO/TiO, 152 309 517 771 494 432 211 3069 3266 3322
CaO/sio, 0.19 0.12 039 0.04 0.17 037 043 006 002 0.03
CaO/Al,O; 0.76 120 675 1.38 3.44 6.69 140 162 077 1.12
CaO/Fe;Os¢0r 0.71 050 221 0.I5 1.06 289 284 040 020 0.17
CaO/lTiO, 56.5 408 468 520 181 353 274 322 134 133
AlLO;3/Fe; O3 0.94 042 033 O.ll 0.31 043 020 025 026 0.16
Al,O;/TiO, 74.7 340 693 378 52.6 52.8 195 199 175 119
Fe,O3/TiO, 79.7 8l.1 212 346 171 122 96.5 802 665 765
Na,O/K,0 - - - - 23.0 6.00 - - - -
Na, O/P,0O5 12.2 820 250 225 1.5 300 650 200 200 200




Table 5.2 Continued.

Ortpyr Ol cnpyr Clnpyr
Parameter 176 184 174 Sh-4263-e G-1606-1 G-1596-1 G-1595 G-1597 1606-1 Skh-2
MgO/SiO, 042 027 051 0.38 0.48 0.83 0.55 0.36 0.41 0.24
MgO/Al,O4 154 0.62 54.6 6.88 12.1 51.0 14.8 1.37 686  0.49
MgO/Fe; O3, 1.08 227 244 2.08 4.52 3.63 3.89 091 429 3.16
MgO/CaO 10.6 0.68 23.5 5.49 1.32 9.58 1.98 0.88 096  0.65
MgO/TiO, 321 58.0 2895 147 763 1140 516 20.3 663 524
CaO/Sio, 0.04 040 0.02 0.07 0.36 0.09 0.28 0.41 0.43 0.37
CaO/Al, O3 146 091 232 1.25 9.15 5.33 747 1.55 7.14 076
CaO/Fe;03c 0.10 333 0.10 0.38 3.4l 0.38 1.96 1.04 446 487
CaOfTiO, 3043 854 123 267 577 119.0 260.0 23.1 690 807
Al,Os3/Fe; O3 0.07 3.67 0.04 0.30 0.37 0.07 0.26 0.67 0.63 6.45
ALO;/TiO, 209 940 530 213 63.0 223 34.8 14.9 96.7 1068
Fe, O5/TiO, 298 256 1186 70.6 169 314 133 22.2 155 166
Na,O/K,0 - 5.56 — 41.8 - - - 0.75 - 6.93
Na, O/P,0Os 225 348 1.60 359 - - - 0.05 350 970

Hrnb Gbrt

Parameter G-4186-1 131 13la 130 1607 191 189 182 183 Sh-4195-1
MgO/SiO, 0.27 028 025 034 023 053 032 041 033 0.25
MgO/Al,O4 2.07 058 050 092 049 .74 109 130 073 1.14
MgO/Fe;Os30c .19 290 281 218 284 266 192 273 292 159
MgO/CaO 0.86 061 053 098 057 145 070 184 1.0l 0.82
MgO/TiO, 35.1 575 345 740 495 209 282 476 486 615
CaO/Sio, 0.32 046 046 035 040 037 046 022 033 0.30
CaO/Al,O; 241 095 094 094 085 120 155 071 072 1.39
CaO/Fe; O30t 1.39 477 529 222 497 183 274 149 288 194
CaO/TiO, 41.0 947 649 756 868 144 403 259 479 750
Al O;/Fe; O3 0.58 5.03 561 237 584 .53 1.77 210 398 140
AlLO5/TiO, 17.0 999 689 807 1020 120 260 366 662 54.0
Fe, O5/TiO, 29.5 199 123 340 175 784 147 174 166 386
Na,O/K,0 - - - 888 813 950 - - - 9.86
Na, O/P,0s 110 168 163 178 325 190 108 183 7.0 256

Gbrt Ol gbrt Gab Ol gab Anrt Drt

429- Sh- G- Skh- Sh-  Sh- G- 148- G-
Parameter 5p 173 1604 129 | 1605 1612 143 6220 1607 Ib 197-1
MgO/SiO, 0.12 025 028 033 043 026 026 023 0.10 029 0.0l 0.05
MgO/Al,O4 040 085 .08 071 8.8 069 067 070 022 0.74 0.02 020
MgO/Fe; O3, 049 290 1.87 285 430 240 267 191 158 319 222 048
MgO/CaO 0.73 097 1.0l 094 105 069 063 093 035 075 0.02 047
MgO/TiO, 123 256 170 451 673 295 287 390 100 1270 - 7.56
CaO/Sio, 0.17 026 028 035 04l 038 042 024 030 039 058 0.1l
CaO/Al,O; 0.54 0.88 1.06 076 780 1.00 1.06 075 0.62 099 074 042
CaO/Fe;O3r  0.67 299 1.85 303 410 348 421 204 450 425 970 1.03
CaO/[TiO, 168 264 168 478 642 430 454 417 286 1690 - 16.0
ALO;3/Fe; O3 1.23 341 1.74 401 053 347 398 271 721 430 132 247
AL O;/TiO, 310 301 158 633 823 428 429 554 457 1710 - 385
Fe,O;/TiO, 252 882 908 158 157 123 108 204 634 398 - 15.6
Na,O/K,0 248 0.37 8.80 1.62 — 56.0 167 558 091 433 279 162
Na, O/P,0s 398 - - 36.0 9.00 280 50.0 58.0 454 - 363 41.6

Note: Pyrolite — after [McDonough and Sun, 1995], MORB — after [Wedepohl, 1981]. Dun — dunite; Srpt
olvt — serpentinized olivinite; Hrzt — harzburgite; Srpt hrzt — serpentinized harzburgite; Lrzt — lherzolite;
Pl Irzt — plagiolherzolite; Wrt — webhrlite; Srpt wrt — serpentinized wehrlite; Pl wrt — plagiowehrlite; Schr —
schriesheimite; Wbt — websterite; Pl wbt — plagiowebsterite; Ortpyr — orthopyroxenite; Ol clnpyr — olivine clinopy-
roxenite; Clnpyr — clinopyroxenite; Hrnb — hornblendite; Gbrt — gabbronorite; Ol gbrt — olivine gabbronorite;
Gab — gabbro; Ol gab — olivine gabbro;Anrt — anorthosite; Drt — diorite (according to Table 5.1).
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Figure 5.7 Relationship among the values of the petrochemical parameters MgO/Fe;O;, and
CaO/Al, O3, MgO/Fe; O3, and MgO/SiO,, MgO/Fe; O3, and MgO/Al, O3, MgO/Fe; O30
and MgO/Ca0O, MgO/Fe; O3 and MgO/TiO,, and MgO/Fe; O3, and CaO/SiO; in ultra-
mafic and mafic rocks from the Berezovka, Shel'ting, Komsomol'sk, and South Schmidt
massifs (data from Table 5.2).
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Figure 5.8 Relationship between the values of the petrochemical parameters MgO/Fe; O3, and
CaO/Al, O3 for ultramafic and mafic rocks from the Berezovka, Shel'ting, Komsomol’sk,
and South Schmidt massifs (data from Table 5.2).
a: | — dunites, harzburgites, and lherzolites; 2 — plagiolherzolites, wehrlites, and olivine and
olivine-free websterites, enstatitites, and clinopyroxenites; 3 — pyrolite (after [Ringwood,
1972]); b: | — gabbronorites; 2 — N-MORB (after [Wedepohl, 1981]).
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Figure 5.9 Relationship between the values of the petrochemical parameters MgO/SiO, and CaO/TiO,
for ultramafic and mafic rocks from the Berezovka, Shel'ting, Komsomol’sk, and South
Schmidt massifs (data from Table 5.2).
See Fig. 5.8 caption for explanations.

5.3 ON SYSTEMATIZATION OF ULTRAMAFIC AND GABBROID
ROCKS BASED ON THE NORMALIZED VALUES OF THEIR
PETROCHEMICAL PARAMETERS

To minimize LOI error in petrochemical data, especially those for highly serpen-
tinized ultramafic rocks, comparison and graphical interpretation of the data involved
the mentioned petrochemical ratios normalized to those for N-MORB and pyro-
lite [Lesnov, 2007c]. At an early stage of results processing, the following ratios
were calculated for each rock type: MgO/SiO;, Al;O3/MgO, CaO/Al;, O3, CaO/TiO,,
FeOyo/Al, O3, FeOo/MgO, MgO/CaO, CaO/Na;0, Na,O/K,0, and Na,O/P,0s5.
Ratios obtained for gabbroid rocks were normalized to those for N-MORB
[Wedepohl, 1981]; ratios obtained for ultramafic rocks were normalized to those for
pyrolite [Ringwood, 1972] as follows:

Normalized parameter = [MgO/CaO rock type) [/[MgO/CaO N-MORB or pyrolite)]- (5-1)

All normalized ratios were plotted in the same fashion as chondrite-normalized
REE patterns. The resultant diagrams of ratio variations are shown in Fig. 5.10. Despite
slight variations in the ratios, the diagrams for petrographically similar rocks, as well
as those for their petrogenetic groups, have similar configuration albeit different from
those for other petrographic varieties and petrogenetic groups. This is especially clear
in websterite and gabbronorite diagrams and less clear in harzburgite ones. The dunite
graph configuration shows that most of its normalized petrochemical ratios are similar
to those for pyrolite, while the diagram configuration for harzburgites and lherzolites
reveals their compositional differences from pyrolite. Comparison of gabbronorite and
websterite diagrams with those for N-MORB brings us to a similar conclusion.
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Figure 5.10 Graphs of variations in pyrolite-normalized (for restitic ultramafic rocks) and N-MORB-
normalized (for hybrid ultramafic and mafic rocks) values of petrochemical parameters of
rocks from the Berezovka, Shel'ting, Komsomol’sk, and South Schmidt massifs (data from
Table 5.2).
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As the examples suggest, normalized petrochemical ratios for ultramafic and
gabbroid rocks and diagrams plotted for them can be used as auxiliary criteria for
petrochemical classification of ultramafic and gabbroid rocks.

54 THE DEPENDENCE OF THE CHEMICAL COMPOSITION OF
ULTRAMAFIC RESTITES ON THE DEGREE OF PARTIAL
MELTING OF UPPER-MANTLE SOURCES

Considering possible models for generation of basaltic melts during partial melting
of upper-mantle substrates, we came to a conclusion that chemical compositions of
basaltic melts, as well as resultant refractory residues (restites), were largely deter-
mined by the degree of partial melting of the substrates [Green and Ringwood, 1968].
The conclusion served as basis for modeling processes that could account for the inho-
mogeneity of the chemical and mineral compositions of restitic ultramafic rocks that
compose the mafic-ultramafic massifs of the ophiolite associations. Contemporary
studies focus on distribution patterns of chemical components, such as MgO, FeO,
Ca0, Si0,, and Al O3, in restitic ultramafic rocks that differ in their characteristics and
variation patterns in some petrochemical ratios, such as MgO/SiO,, Ca0O/SiO,, and
Al 03/510; [Glebovitsky et al., 2009]. The available petrochemical and experimental
data led the authors to the conclusion that the Mg/Si and Al/Si ratios should be used
as more reliable criteria to evaluate the degree of melting of a matter compositionally
similar to primitive mantle. Physical experiments demonstrated that the ratios consis-
tently changed with the increase in the degree of partial melting of ultramafic samples.
For example, V.A. Glebovitsky et al. showed that the Mg/Si ratio increased and Al/Si
decreased with the increase in pressure from 1.0 to 7.0 GPa and in temperature from
1250 to 1950°C during the experiment on partial melting of ultramafic rock.

With these considerations in mind, we calculated Mg/Si, Al/Si, and Ca/Al ratios
for restitic harzburgites and lherzolites from the Berezovka, Shel’ting, and South
Schmidt massifs and plotted the values (Table 5.3, Fig. 5.11). For comparison, the

Table 5.3 Petrochemical parameters for the restitic ultramafic rocks from the Berezovka, Shel’ting, and
South Schmidt massifs.

Sample Rock Si0, Al,O; MgO CaO Si Al Mg  Ca Mg/Si AllSi  CalAl

Berezovka massif

133 Harzburgite 40.37 046 30.61 2.76 1885 0.122 1837 197 0975 0.006 16.18
6320  Lherzolite 4540 1.15 29.60 574 21.20 0305 17.76 4.10 0.838 0.014 13.46

138 - 4281 2.18 26.30 9.97 1999 0.578 1578 691 0.789 0.029 11.96
1596  -"- 42.77 193 3059 5.10 1997 0511 1835 3.58 0919 0.026 7.0l
145 - 4725 1.88 26.65 892 22.07 0498 1599 6.38 0.725 0.023 12.8]

Shel’ting massif

404b  Harzburgite 43.76 0.52 37.60 0.28 20.44 0.138 2256 020 1.104 0.007 145
10k - 40.17 050 36.75 0.64 1876 0.133 22.05 046 1.175 0.007 3.44
Ila - 4246 037 3380 0.70 19.83 0.098 20.28 050 1.023 0.005 5.11

South Schmidt massif

161 Lherzolite  37.68 045 39.07 065 1760 0.119 23.44 046 1.332 0.007 3.9I
163 - 3943 1.74 3631 1.75 1841 0461 21.79 1.25 1.184 0.025 2.71
Pyrolite 45.10 330 38.10 3.21 21.06 0.875 2286 230 1.085 0.042 262

Note: Pyrolite — after [Ringwood, 1981].
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Figure 5.1 1 Relationship between the values of the petrochemical parameters Mg/Si—Al/Si and Ca/Al-
Al/Si for restitic ultramafic rocks (data from Table 5.3).
| — Berezovka massif (harzburgites and lherzolites); 2 — Shel'ting massif (harzburgite);
3 — South Schmidt massif (Iherzolites); 4 — field of compositional points for harzburgites
of the Semail massif, Oman (after [Godard et al., 2000]); 5 — pyrolite (after [Ringwood,
1972]).

compositional point for pyrolite as a model of primitive mantle and the group of
points representing the chemical composition of harzburgites from the Semail mas-
sif were plotted. Analysis of the diagrams leads us to conclude that (1) ultramafic
restites from the Berezovka massif have lower Mg/Si and higher Ca/Al ratios than
ultramafic rocks from the Shel’ting and South Schmidt massifs, similar to pyrolite;
the ratios also have greater variations; (2) ultramafic rocks from the three massifs
under consideration, as well as harzburgites from the Semail massif, have lower Al/Si
ratio than pyrolite; (3) ultramafic rocks from the Shel’ting and South Schmidt mas-
sifs, as well as harzburgites from the Semail massif, have low Ca/Al ratio, being in
this way similar to pyrolite; (4) experimental data from [Glebovitsky et al., 2009]
suggest that the increased Mg/Si ratio and the decreased Al/Si ratio for the ultramafic
restites from the Shel’ting and South Schmidt massifs compared to pyrolite, as well
as those in harzburgites from the Semail massif, should be regarded as evidence of
considerable depletion of the ultramafic rocks. This fact points to a very high degree
of partial melting of upper-mantle sources during the formation of the ultramafic
restites.

The available petrochemical data suggest discreteness of chemical compositions of
restitic ultramafic rocks and orthomagmatic gabbroid rocks from the Sakhalin Island
massifs. Chemical compositions of hybrid ultramafic and gabbroid rocks are interme-
diate between the two aforementioned petrogenetic rock groups. Same-type varieties of
ultramafic and gabbroid rocks from different massifs differ in chemical compositions
in a various degree. All the gabbroid rocks from the massifs have very low TiO; and
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alkali contents. The ratios of major-component contents (petrochemical parameters)
and diagrams showing variations in the normalized ratios can be used as auxiliary
criteria for classification of ultramafic and gabbroid rocks and for revealing their het-
erogeneity. Higher Mg/Si and lower Al/Si ratios for ultramafic restites from the South
Schmidt and Shel’ting massifs compared to pyrolite indicate high degree of partial
melting of upper-mantle sources during their formation.
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Chapter 6

Geochemistry of rocks of
mafic-ultramafic massifs of the
East Sakhalin ophiolite association

According to Zharikov and Yaroshevskii [2003], geochemistry is the science that stud-
ies the occurrence and distribution of chemical elements and their isotopes in the Earth’s
substance. Geochemical studies of igneous rocks and massifs built up by them are the
most important area in modern petrology. The introduction of new analytical meth-
ods, ensuring very low limits of element detection along with the use of very small
batches of analyzed substance, has largely contributed to such importance. Analytical
studies that have been carried out in the last decades have revealed new patterns in the
distribution of many indicator impurity elements in a variety of rocks, which has con-
tributed to the progress in the solution of some problems related to rock, mineral, and
ore formation. To perform the discriminatory treatments using geochemical data and
to carry out petrogenetic reconstructions, a number of diagrams, plots, and algorithms
have been developed [Rollinson, 1993; Sklyarov, 2001; etc.].

As Zharikov and Yaroshevskii [2003] stated, available geochemical data on the
distribution of elements in igneous rocks allow interpreting them reasonably enough
within the concept of crystallization differentiation of mafic magmas. At the same
time, they stressed that many geochemical and petrological issues remain unresolved
and alternative genetic models for the same rocks and massifs built up by them are
used increasingly. As shown in the following chapters, the last point is highly relevant
in the study of the genesis of mafic-ultramafic massifs, because the results of their
more detailed study by geochemical and other methods often contradict the model of
crystallization differentiation of mafic magmas. They point to the discrete geochem-
ical parameters of rocks in the studied massifs at different times of their formation
and suggest active influence of mafic melts on earlier ultramafic rocks. As Coleman
[1979] emphasized, petrologists possess limited information on trace elements, iso-
tope ratios, and the ophiolite genesis. The current situation in this field of petrology
has significantly improved; nevertheless, for the majority of mafic-ultramafic massifs,
especially those that are common in the folded structures of Eastern Russia, geochem-
ical data obtained with the use of modern analytical methods are very scarce. We hope
that the below results of geochemical studies of ultramafic and mafic rocks from the
Berezovka, Shel’ting, Komsomol’sk, and South Schmidt massifs by XRF-SR, INAA,
RNAA, ICP-MS, and LA ICP-MS will help to fill this gap.
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6.1 DISTRIBUTION OF CA, K,AND SOME IMPURITY ELEMENTS IN
ROCKS OF THE BEREZOVKA MASSIF (FROM XRF-SR DATA)

Element distribution patterns in rocks were obtained by the X-ray fluorescence method
with synchrotron radiation (XRF-SR) for a collection of samples of gabbroid and
ultramafic rocks from the Berezovka massif. The following elements were determined:
Cr, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Mo, Pb, Ti, Mn, Fe, V, as well as Ca and K.
Thus, the element detection limits were in the range from 0.1 to 0.5 ppm, error being
no higher than 15-30% [Baryshev et al., 1986]. This collection included samples
of rocks belonging to three petrogenetic groups: ultramafic restites (harzburgite and
lherzolites), hybrid ultramafic rocks (wehrlites, websterites, and clinopyroxenites), and
orthomagmatic gabbroids (gabbronorites and gabbro). Preliminary results from these
studies were published in [Lesnov and Kolmogorov, 2009].

Contents of the overwhelming majority of detected elements in rocks from this
collection vary over a wide range (Tables 6.1, 6.2, Fig. 6.1). It was found that ultramafic

Table 6.1 Petrographic characteristics of rock samples from the Berezovka massif, analyzed by the
XRF-SR method.

Sample Rock Petrographic characteristics

1610-2 Harzburgite Moderately serpentinized. Orthopyroxene forms
large porphyroblasts.

1610-3 Harzburgite Significantly serpentinized. Orthopyroxene is almost

completely replaced by bastite. Rare thin veinlets of
chrysotile asbestos are present.

1596 Lherzolite with websterite Medium- to coarse-grained texture. The content of
veinlet orthopyroxene is insignificant.
1593 Wehrlite The content of olivine is low, and it is almost

completely replaced by serpentine.

Skh-2 Plagiowehrlite Coarse-grained texture. Olivine is almost completely
replaced by serpentine. The amount of plagioclase is
very small; it is completely replaced by secondary

products.

1603-1 Olivine websterite Coarse-grained texture. Orthopyroxene and
clinopyroxene almost did not undergo secondary
alterations.

1606-1 Olivine clinopyroxenite Clinopyroxene dominates over olivine, which is

completely replaced by serpentine.

1607 Gabbronorite Pyroxenes and plagioclase are slightly altered. There
is an admixture of late-magmatic amphibole, and an
accessory ore mineral is absent.

1605 Gabbro Medium-grained texture; clinopyroxene and
plagioclase are slightly altered. Amphibole forms
kelyphitic rims around clinopyroxene grains.

Skh- | Gabbro Rock is significantly altered. Clinopyroxene and
plagioclase are preserved as relics. Secondary
amphibole is present.

1612 Gabbro Fine-grained texture, moderately altered rock.
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restites differ from their hybrid varieties and orthomagmatic gabbroids in much higher
contents of refractory and medium-refractory elements, such as Cr, Ni, Cu, Zn, Rb,
V, and Ti. Elevated Ca, K, and Sr contents were identified in some varieties of hybrid
ultramafic rocks and orthomagmatic gabbroids. Almost all analyzed rocks are depleted
in Y and Zr. A direct relationship was found between Ca and K contents as well as
between V and Ti. Based on the Rb and Sr content ratio, the rocks under consideration
can be divided into two geochemically distinct groups: orthomagmatic gabbroids, in
which an increase in Sr content is accompanied by an increase in Rb content; restitic and
hybrid ultramafic rocks, in which, along with low Sr contents, significant variations
in Rb contents were observed.

Several geochemical differences between the rocks were observed when comparing
their chondrite-normalized multielement spectra (Fig. 6.2). According to the configu-
ration of their spectra, harzburgites are markedly depleted in elements, such as K, Ti,
Ni, Cu, Zn, Ga, Zr, Mo, and Pb, but enriched in Cr compared to chondrite. According
to the location and configuration of the spectra, the analyzed lherzolite samples are
identical in trace-element composition. Thus, they are depleted in Ni, Cu, and Zn,
while being enriched in Ca, Rb, and Sr as compared with chondrite. Plagiolherzolite

Table 6.2 Contents of chemical elements and their ratios in rocks from the Berezovka mafic-ultramafic

massif, ppm.

Sample

133 1610-2 16103 138 1596 142 139 1593 Skh-2 140 1603-1
Element | 2 3 4 5 6 7 8 9 10 I
K 70 40 10 550 590 190 2070 960 1130 1130 630
Ca 19200 4200 1700 63900 70800 24400 110000 103000 106000 120000 56400
Ti 190 260 210 380 470 100 660 240 110 220 310
Mn 2150 1900 1800 1280 1890 1190 690 940 730 1100 1280
Fe 141000 101000 97900 81500 102000 63900 33000 37400 23900 52600 57900
\ 64 41.1 35 6l 92 46 60 60 29.2 76 52.7
Cr 3113 7359 7662 1918 2515 5279 1051 4752 5485 2155 2571
Ni 1751 1286 1271 1233 865 2619 279 378 282 341 451
Cu 26 18.8 25.2 18.8 6.93 1.9 20.7 10.5 7.72 12.6 13.6
Zn 107 8l 77 74 85 72 30.5 359 19 42.3 78
Ga 0.99 2.04 1.69 2.88 2.89 33 10.6 3.52 2.78 4.05 33
Rb 4.18 3.78 3.94 483 294 137 1.6l 10.3 0.8 1.06 226
Sr 3.86 3.39 292 21.5 1.2 29.1 210 10.1 9.44 10.8 19.1
Y <0.1 <0.1 <0.1 0.78 1.24 <0.1 4.73 1.83 0.68 3.04 1.66
Zr 1.32 <0.1 <0.1 8 94 59 7.83 0.63 0.4 18.8 1.63
Nb 0.26 <0.1 0.22 0.28 0.22 <0.1  <0.1 <0.1 <0.1 0.15 <0.1
Mo 0.25 <O0.1 <O0.1 .13 048 022 079 1.01 0.37 3.15 1.21
Pb 0.38 2.7 <0.3 1.22 1.92 0.63 1.28 1.7 1.3 1.78 1.4
Fe/Ni 80.5 78.5 77.0 66.1 118 244 118 98.9 84.8 154 128
Fe/Cr 453 13.7 12.8 425 40.6 12.1 314 7.87 4.36 24.4 22.5
CrlV 48.6 179 219 314 27.3 115 17.5 79.2 188 284 48.8
Cr/Mn 145 3.87 4.26 1.50 1.33 4.44 1.52 5.06 7.51 1.96 2.0l
Tiv 297 6.33 6.00 623 5.1 217 110 4.00 3.77 2.89 5.88
Ca/Ti 101 16.2 8.10 168 51 244 167 429 964 546 182
Ca/K 274 105 170 16 120 128 53.1 107 93.8 106 89.5
Sr/Rb  0.92 0.90 0.74 445 38l 212 130 0.98 1.8 10.2 8.45
Zn/Cu 4.12 4.31 3.06 3.94 12.3 6.05 1.47 342 2.46 3.36 5.74

Zn/Pb 282 30.0 - 50.7 443 114 238 21.1 14.6 23.8 55.7
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Table 6.2 Continued.

Sample .
Detection Cl
143 1606-1 130 131 131a 1607  Skh-1 1605 1612 limits chondrite

Element 12 13 14 15 16 17 18 19 20 2] 22
K 1300 1080 1830 1430 1610 1550 1750 1050 1310 - 558
Ca 142000 107000 90700 111000 124000 99300 79400 87000 96200 - 9280
Ti 480 110 160 190 190 50 50 150 100 - 436
Mn 1280 690 840 510 520 430 360 480 470 0.5 1990
Fe 45400 20700 44100 24500 24900 20700 17300 26600 23300 - 190400
\ 54 377 49 34 39 13.4 127 239 235 0.5 56.5
Cr 893 5298 258 308 327 398 403 530 1192 0.5 2660
Ni 401 229 202 167 159 130 131 151 182 0.5 110
Cu 3.45 10.4 10.5 3.52 3.85 756 886 10.4 119 02 126
Zn 66 235 429 29.2 31.2 279 17.3 294 254 0.2 312
Ga 421 3.08 1.5 13.9 14.8 10.1 949 825 788 0.2 10
Rb 1.02 0.59 2.98 1.31 1.37 222 388 0.96 1.65 0.1 23
Sr 15.1 17.3 295 292 323 471 661 175 410 0.1 7.80
Y 133 0.8l 1.15 1.9 2.02 062 08 1.21 1.51 0.1 1.56
Zr 71 0.74 8.13 53.2 85 3.04 3.96 1.82 3.71 0.1 3.94
Nb 0.08 <0.1 <0.1  <O0.1 <0.1 <0.  <0.I <0.I <01 0.l 0.245
Mo 0.41 1.1 1.5 0.54 0.78 0.88 <0.1 037 <0.1 0.1 0.928
Pb 2.24 2.1 236 259 1.78 2.5 1.3 0.97 1.4 0.3 2.470
Fe/Ni 113 90.4 218 147 157 159 132 176 128 - 17.8
Fe/Cr  50.8 391 171 79.5 76.1 520 429 50.2 195 - 71.6
CrlV 16.5 141 527  9.06 8.38 29.7 31.7 222 507 - 47.1
Cr/Mn 0.698  7.68 0.307 0.604  0.629 0926 1.12 1.10 254 - 1.34
TirvV 8.98 2.92 327 559 4.87 3.73 394 628 426 - 7.72
Ca/Ti 297 973 567 584 652 1986 1588 580 962 - 21.3
Ca/K 109 99.1 496 776 77.0 64.1 454 829 734 - 16.6
Sr/Rb 14.8 29.3 99.0 223 236 212 170 182 248 - 3.39
Zn/Cu  19.1 2.26 4.09 8.30 8.10 3.69 1.95 2.93 213 - 2.48
Zn/Pb  29.5 11.2 18.2 1.3 17.5 11.2 13.3 30.3 18.1 - 126

Note: -3 — harzburgites; 4, 5 — lherzolites; 6 — plagiolherzolite; 7, 8 — webhrlites; 9 — plagiowehrlite; 10, I —
olivine websterites; 12 — websterite; 13 — olivine clinopyroxenite; 14—17 — gabbronorites; 18-20 — gabbro;
21 —lower limits of element detection; 22 — contents of elements in Cl chondrite [Anders, Grevesse, 1989]. Analyses
were carried out by the XRF-SR method at the Institute of Geology and Mineralogy (analyst Yu.P. Kolmogorov).

is enriched in Zr and depleted in Cu compared to chondrite, whereas wehrlites, web-
sterites, clinopyroxenites, gabbronorites, and gabbro are depleted in Ni, Cu, and Zn
compared to chondrite. Intense Zr maxima are present in websterite spectra, while Sr
maxima occur in the spectra of gabbronorites and gabbro.

Let us discuss some of the patterns in the distribution of elements in the analyzed
rock varieties (their content variations are given in ppm).

Chromium is present in increased amounts in harzburgites (3113-7662),
lherzolites (1918-25135), plagiolherzolites (5279), wehrlites (1051-5485), and olivine
clinopyroxenites (5298). Its somewhat lower content and a narrower range of
variations are observed in olivine websterites (2155-2571).

Harzburgites (1271-1751), lherzolites (865-1233), and plagiolherzolites (2619)
are enriched in nickel. Its contents are much lower (130-451) in wehrlites, olivine
websterites, olivine clinopyroxenites, and some gabbroids. For comparison, note that
in harzburgites of the Papua New Guinea complex, Ni is present in an amount of
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Figure 6.1 Variations in the contents of Ca, K, and some impurity elements in ultramafic and mafic
rocks from the Berezovka massif (data from Table 6.2).
| — restitic ultramafic rocks (harzburgites and lherzolites); 2 — hybrid ultramafic rocks
(plagiolherzolites, wehrlites, plagiowehrlites, olivine and olivine-free websterites, olivine
clinopyroxenites); 3 — orthomagmatic mafic rocks (gabbronorites, gabbro).

about 1100 ppm. In harzburgites of the Kroton massif (Kumroch Ridge, Kamchatka
Peninsula) Ni content is 2800 ppm, in those from the Ust’-Bel’sk massif (Chukchi Penin-
sula) — 1500 ppm, and in those from the midocean ridges — 2500 ppm [Lutts, 1980].

Iron is the most abundant in harzburgite (97,000-141,000), lherzolites (81,500—
102,000), olivine websterites (52,600-57,900), and wehrlites (23,900-37,400).

According to manganese content, harzburgites (1800-2150), lherzolites (1280-
1890), and olivine websterites (1100-1280) differ slightly.

In all rocks under study vanadium is present in low and roughly equal amounts:
restitic ultramafic rocks (35-92), hybrid ultramafic rocks (29-76), and gabbroids
(13-49). In average content of V harzburgites from the Berezovka massif (47) are
comparable with harzburgites from the Papua New Guinea complex (30), Kroton
massif (50), and the midocean ridges (45) [Lutts, 1980].

Titanium in the largest amounts is found in wehrlites (110-660) and websterites
(220-480).

According to copper content, the rocks from the Berezovka massif differ slightly:
harzburgites (19-25), lherzolites (7-19), and wehrlites (8-21). Copper is present in
gabbroids (3-12) in somewhat smaller amounts.

The distribution of zinc demonstrates the same trend as that of copper: Its elevated
contents are defined in harzburgite (77-107), lherzolites (74-85), and plagiolherzolites



74 Petrology of polygenic mafic-ultramafic massifs of the East Sakhalin ophiolite association

10 Harzburgites 3

Lherzolites
) ]
° 3
5
=
[=}
L=
o
3 ‘ 3
S .
& | 1596
01610-3
0.01 Y+ T T L e e e e e A L L
100 5 Plagioclase Iherzolite 3 Wehrlites 3 Olivine websterites (140. 1603-1).
] ] 1 websterites (143)
G 103 E
2 E 3 3
]
c
2 14 E E
3] 3
=
[$]
]
@ 0.14 4 ]
0.01 Y———rrT T T L e e e LA e e LI e e e e LA e e e
100 3 Olivine clinopyroxenite Gabbronorites
— 103
&) 3
£ ]
.g ]
2 13
o 3
=
3
¢ 0.1
O O R e e o e e e e e e e e T LS B e s o s o s e s e LU B s e s e s e e e e
K Ti Fe Cr Cu Ga Sr Zr Mo K Ti Fe Cr Cu Ga Sr Zr Mo K Ti Fe Cr Cu Ga Sr Zr Mo
CaMn V Ni ZnRb Y Nb Pb CaMn V Ni ZnRb Y Nb Pb CaMn V Ni Zn Rb Y Nb Pb

Figure 6.2 Distribution patterns of chondrite-normalized contents of impurity elements in rocks of
the Berezovka massif (data from Table 6.2).
ClI chondrite normalization (after [McDonough and Sun, 1995]).

(72); they are slightly lower in wehrlites (19-36), olivine websterites (42.3-78),
clinopyroxenites (24), and gabbroids (17-43).

The largest amount of calcium is defined in wehrlites (103,000-110,000), web-
sterites (110,000-140,000), and gabbronorites (99,300-124,000).

The highest potassium content is identified in gabbronorites (1430-1830) and
gabbro (1050-1750); somewhat lower K content is detected in wehrlites (960-2070),
websterites (630-1300), and clinopyroxenites (1080); harzburgites (10-70) are the
most depleted. Approximately the same amounts of K were determined from the
Kroton harzburgite massif (50). Abnormally high K content is detected in harzburgites
of the Papua New Guinea complex (400) [Lutts, 1980].
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Rubidium is present in very small amounts in all rock varieties under
study: harzburgites (3.8-4.2), lherzolites (2.9-4.8), plagiolherzolites (1.4), wehrlites
(0.8-10), olivine websterites (1.1-2.3), websterites (1.0), olivine clinopyroxenites
(0.6), and gabbroids (1.0-3.0). Note that harzburgites of the Berezovka massif are
richer in Rb compared to harzburgites of the Papua New Guinea complex (0.8) [Lutts,
1980].

Gallium content insignificantly drops in the series gabbroids (7.9-14.8) —
webhrlites (2.8-11) — websterites (4.2) — olivine websterites (3.3—4.1) — plagiol-
herzolites (3.3) — olivine clinopyroxenites (3.1) — lherzolites (2.9) — harzburgites
(1-2).

Strontium is present in rocks in the following amounts: harzburgites (2.9-3.9),
lherzolites (11.2-21.5), websterites (10.8-19.1), olivine clinopyroxenites (17.3), pla-
giolherzolites (29.1), wehrlites (9.44-210), and olivine gabbro (175-661). Also, Sr
content is slightly higher in harzburgites from the Kumroch Ridge massif (10) and
from the midocean ridges (13.6) [Lutts, 1980] than in such rocks from the Berezovka
massif.

The highest y#trium content is defined in one of websterite samples (13.3); it is
lower in wehrlites (4.78), olivine websterites (1.66-3.04), and gabbroids (0.62-2.02);
and it is minimal in harzburgites and plagiolherzolites (<0.1).

Approximately similar zirconium content is found in lherzolites (94), websterites
(71), plagiowehrlites (59), and gabbronorites (85); it is minimal in harzburgites (<0.1).
For comparison, Zr content of harzburgites in the Papua New Guinea complex (20)
and in the midocean ridges (30) is much higher [Lutts, 1980].

Minimum molybdenum contents are detected in harzburgites (<0.1), and they are
much higher in the olivine websterites (1.21-3.15).

Lead is found in comparable amounts in all rock varieties under study:
harzburgites (0.38-2.7), lherzolites (1.22-1.92), wehrlites (1.28-1.70), websterites
(2.24), olivine websterites (1.40-1.78), gabbronorites (1.78-2.59), and gabbro
(0.97-1.4).

The above-mentioned data indicate that elements determined by XRF-SR are
unevenly distributed among petrographic and genetically different rocks of the
Berezovka massif. It is assumed that the identified differences are related to the frac-
tionation of elements in the formation of ultramafic restites and generation of mafic
melts as well as in interaction between them. This process is accompanied by contam-
ination of mafic melts with ultramafic substance and addition of elements from the
melts into hybrid ultramafic rocks during the ultramafic restite transformation.

6.2 GEOCHEMICAL PARAMETERS OF ROCKS OF THE
BEREZOVKA MASSIF (FROM XRF-SR DATA)

Some parameters of distribution of impurity elements whose contents were determined
by XRF-SR were used as additional indicators to identify geochemical differences
between the petrographic varieties of rocks. For this purpose the ratios between the
maximum and the minimum contents of each element was calculated, which reflect the
extent of heterogeneity in the element distribution in the rocks of the massif. Accord-
ing to calculations, by the degree of dispersion elements form the descending series
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Zr (235) — Sr (226) — K (207) — Cr (30) — Y (22) — Ni (20) — Rb (18) — Ga
(15) — Mo (14) — Ti (13) = Fe (8.2) — Cu (8) = V (7.2) = Pb (7) = Zn (6.2) —
Mn (6). These data suggest that Zr, Sr, and K underwent the most intense fractionation
during the formation of rocks of the Berezovka massif, while Fe, Cu, V, Pb, Zn, and
Mn underwent the least intense fractionation.

In addition, the values of some geochemical parameters (ratios) between the
contents of elements (Table 6.2) were calculated. Depending on the petrographic attri-
bution of rocks and quantitative mineral composition, these parameters change at
different intervals.

Fe/Ni varies in the range of 24-218 with elevated values inherent mainly to
gabbroids (128-176).

Fe/Cr. From 4 in olivine clinopyroxenites to 171 in gabbronorites.

Cr/V. From § in gabbronorites to 219 in harzburgites.

Cr/Mn. From 0.31 in gabbronorites to 7.68 in olivine clinopyroxenites.

Ti/V. From 2.2 in plagiolherzolites to 11 in wehrlites.

Ca/Ti. From 8.1 in harzburgites to 1986 in gabbronorites. Elevated values of the
parameter are observed mainly in the gabbroids and some hybrid ultramafic rocks
(websterites and wehrlites).

Ca/K. In gabbroids — 45-99, in harzburgites, lherzolites, and plagiolherzolites —
105-274.

Sr/Rb. In gabbroids — 99-248, in websterites — 8.5-11.0, in harzburgites and
lherzolites — 0.74-4.45.

Zn/Cu. In gabbroids — 1.95-8.30, in harzburgites and lherzolites — 3.1-12.3.

Zn/Pb. In gabbroids — 11-30, in restitic and hybrid ultramafic rocks — 14-282.

K/Rb. Elevated values were defined in gabbroids (451-1175), wehrlites (93-1413),
olivine websterites (279-1066), websterites (1275), and olivine clinopyroxenites
(1831). Much lower values were observed in harzburgites (2.5-16.7) and lherzolites
(114-201), while in the latter the values are lower than in harzburgites of the Papua
New Guinea complex (570) and the Ust>-Bel’sk massif (333) [Lutts, 1980].

The geochemical features of the rocks of the Berezovka massif are also described
based on the values of the above parameters, normalized to the corresponding values of
these parameters for the CI chondrite. Variation plots of normalized values of parame-
ters of different rocks vary in their position on the diagrams and in the intensity of the
maxima and minima of some parameters (Fig. 6.3). For example, plots of harzburgites
are complicated by Fe/Ni, Ca/K, and Cr/V maxima and Fe/Cr and St/Rb minima. Plots
for lherzolites have a different configuration, with Ca/Ti and Ca/K maxima. Fe/Cr min-
ima are present on plots for plagiolherzolites, wehrlites, plagiowehrlites, and olivine
and olivine-free websterites, whereas Ca/Ti maxima are on plots of all varieties of
rocks under study. Furthermore, intense Zn/Pb minima are observed on the plots of
all rocks except plagiolherzolite.

Thus, the results of XRF-SR analyses of the Berezovka massif rocks showed that a
significant part of elements under study is distributed in rocks very unevenly; refractory
elements are mainly concentrated in restitic and hybrid ultramafic rocks, whereas
medium-refractory and fusible elements are concentrated in orthomagmatic gabbro
and some hybrid ultramafic rocks. The observed differences in the distribution of
impurity elements in the rocks of the Berezovka massif are generally consistent with
the model of its polygenic formation.



Geochemistry of rocks of mafic-ultramafic massifs 77

100 4 Harzburgites 100? Lherzolites 1003 piagioclase Iherzolite
6 b 1 4
2 103 10 1= 101
5 1 ]
5 A 133 E\ 1 [/\
f —
S5 A 1 ]
§ 1-; 1: 1 $
z ] \E ] \/ 142
1 1610-3 1 1596 ]
1610-2
0.1 ———r—— 0.1 ———r——— 0.1 —T—T—T— |
LY 3 Wehrlites 1004 Plagiowehrlite 1005 Olivine websterites
] 139 ] 3
] 1593 1
5 1 104 1
2 104 L 10,
s 1 ] ] 1603-1
s 1 1 ] -
S5 ] v
é 1g 1 19
] 0.14
e Skh-2
1 ] 140
0.1 - 1 0.01 —T— —— 0.1 — T T T
100 5 Websterite 1004 100 3 Gabbronori
Olivine clinopyroxenite abbronorites
E ] Py 3(130. 131.
" ] ] 1606-1 1131a. 1607)
— E b 10
o P
2 3 103 3
2 1 \f ] 1
o ] 1 E
5 ] 1
S 014 143 ] 0.13
0.01 — T T T T 0.1 —%——r——7——— 0.01 — 7T
2oz sEEsede zogsgEsedt
L2957 006588 £298587 0046588
100§ Gabbros
5 1
210¢
= g
£ g
5
s ]
g 1
o
S 19
o 3
o ]
1 Zskn1
1605
0.1 T T — T T
s e85z F33ELL
wow (&) N N N

Figure 6.3 Variations of chondrite-normalized values of geochemical parameters in rocks from the
Berezovka massif (data from Table 6.2).
ClI chondrite normalization (after [Evensen et al., [978]).
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6.3 DISTRIBUTION OF RARE EARTH ELEMENTS IN ROCKS OF
MAFIC-ULTRAMAFIC MASSIFS OF THE EAST SAKHALIN
OPHIOLITE ASSOCIATION

Rare earth elements (REE) are considered important indicators used for the taxon-
omy of igneous rocks of different compositions and for solution of problems of their
genesis [Lesnov, 2005, 2007b]. Laws of distribution of these elements in ultramafic
rocks and gabbroids of Sakhalin Island were first studied on the basis of collections of
their samples from the Berezovka, Shel’ting, Komsomol’sk, and South Schmidt mas-
sifs. These studies were carried out by four analytical methods: instrumental neutron
activation analysis (INAA), radiochemical neutron activation analysis (RNAA), induc-
tively coupled plasma (from solutions) mass spectrometry (ICP-MS), and laser-ablation
inductively coupled plasma mass spectrometry (LA ICP-MS) with the use of glass-fused
powder rock samples.

6.3.1 Methods for REE analysis of rocks

Studies by the INAA method were made at the Analytical Center of the Institute
of Geology and Geophysics, Siberian Branch of the USSR Academy of Sciences
(Novosibirsk), at an early stage of research into the REE distribution in the Bere-
zovka massif rocks [Lesnov ef al., 1998a]. Powder samples weighing 100 mg were
used which were preirradiated at the Tomsk reactor by the flow with intensity 1 x 1013
neutrons cm~2 s~! for 12h. After cooling the sample activity was measured; then,
based on the intensity of the characteristic lines, contents of ten REE were determined.
Measurements were taken on coaxial and planar detectors with the resolution of 2 keV
atline 1332 keV (Co-60) and 0.4 keV at line 59 keV (Am-241), respectively. Geochemi-
cal standards ST-1A, ST-2, and SG-3, as well as BIL-1 and ZUK-1, were used as control
samples. The following lower limits of element detection (ppm) were achieved during
the tests: La (0.5), Ce (0.8), Nd (5.0), Sm (0.05), Eu (0.01), Gd (0.2), Tb (0.1), Tm
(0.1), Yb (0.1), and Lu (0.1).

The RNAA method, being a perfect option of the INAA method, allowed sig-
nificantly reducing limits of the REE detection. Analyses were also performed at
the Analytical Center of the Institute of Geology and Geophysics, Siberian Branch
of the USSR Academy of Sciences. Reduction in limits of the REE detection was
achieved using an additional procedure for the radiochemical separation of REE from
radionuclides disturbing their detection (Sc, Cr, Fe, and Co), based on ion exchange
chromatography effect. In this case, similar to the INAA, powder samples weighing
100 mg were preirradiated at the Tomsk reactor by the flow with intensity 1 x 101°
neutrons cm~2 s~! for 20 h. Metered amounts of a solution of a mixture of elements
being defined, spread on ashless filter paper along with the geochemical standards
ST-1A, JP-1, and DTS-1, were used as standards. The irradiated sample was cooled
for 5 days and then subjected to several successive chemical procedures. The first of
them was to separate REE from interfering radionuclides. It was performed with the
use of chromatographic columns 0.9 x 18 cm in size, filled with Dowex AG 50WX8
resin (100-200 mesh), followed by elution with acid solutions of 0.1 M H,C;04, 0.5 M
HCIL, and 2 M HNOg3;. Then REE fraction was eluted from the cationite with 6 M and
8 M HNOj3. Geochemical standards underwent the same radiochemical procedures.
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The latter procedure was to measure the activity of samples and to determine REE
contents similarly to the INAA method. This method of analysis allowed achieving the
following lower detection limits of REE (ppm): La (0.02), Ce (0.05), Nd (0.05), Sm
(0.005), Eu (0.001), Gd (0.03), Tb (0.005), Tm (0.02), Yb (0.02), and Lu (0.02).

Analyses by the ICP-MS method were carried out in the laboratory of the Ana-
lytical Center of the Sobolev Institute of Geology and Mineralogy (Novosibirsk) and
in the laboratory of the Analytical Center of the Institute of Tectonics and Geophysics
(Khabarovsk).

In the laboratory of the Analytical Center of the Sobolev Institute of Geology
and Mineralogy, sample preparation and determination of REE contents were per-
formed as follows. Initially, samples were opened in sealed Teflon autoclaves of a
MARS-5 microwave digestion system using different mixtures of nitric, hydrofluoric,
and hydrochloric acids, prepurified by subboiling. After the decomposition and trans-
fer of samples into solutions, REE contents were determined in them on an Element
mass spectrometer (Finnigan MAT, Germany) by external calibration using standard
geological samples for comparison and with the addition of indium as an internal stan-
dard. The following lower detection limits of REE (ppm) were achieved: La (0.02), Ce
(0.03), Pr (0.003), Nd (0.004), Sm (0.001), Eu (0.0006), Gd (0.0005), Tb (0.0005),
Dy (0.0006), Ho (0.00035), Er (0.0005), Tm (0.0002), Yb (0.0003), and Lu (0.0002).

In the laboratory of the Analytical Center of the Institute of Tectonics and Geo-
physics, the scheme of sample preparation and determination of the REE contents
was different in the following: (1) a sample weighing 0.05 g was placed into a glassy-
carbon crucible and treated with 5 mL HNOj3 and HF in a ratio of 1 : 1; (2) solution
was evaporated on a hot plate to moist salts; (3) 1 mL concentrated HNO3 and 0.5 mL
hydrogen peroxide were added; (4) the resulting solution was again evaporated to
dryness; (5) the dried deposit was dissolved in 10 mL 10% HNO3; (6) the resulting
solution was heated till complete dissolution of salts. When undecomposed deposit was
detected in the sample, it was again evaporated and the whole process was repeated.
After complete dissolution the sample was transferred into a 50 mL measuring tube and
the solution was brought up to the mark with the addition of deionized water. Deter-
mination of REE contents in the resulting solution was carried out on an ELAN DRC
IT mass spectrometer (Perkin Elmer, USA). Analyses by the LA ICP-MS method were
performed in the laboratory of the Analytical Center of the Sobolev Institute of Geol-
ogy and Mineralogy. For this purpose, those samples of fused glass powder rocks were
used for which the overall chemical analysis by the X-ray fluorescence (XRF) method
had been performed. These samples were analyzed on an Element mass spectrometer
(Finnigan MAT, Germany) in combination with a UV Laser Probe laser detachable
device (Nd:YAG laser, A =266 nm, Finnigan MAT, Germany). As a calibration stan-
dard (reference sample) glass NIST-612 (USG) was used. The lower limits of element
detection were as follows (ppm): La (0.001), Ce (0.001), Pr (0.0005), Nd (0.0008),
Sm (0.0004), Eu (0.0003), Gd (0.0003), Tb (0.0002), Dy (0.0002), Ho (0.0002), Er
(0.0002), Tm (0.0001), Yb (0.0002), and Lu (0.0001).

REE detection in individual samples of gabbroids and ultramafic rocks of the
Sakhalin Island massifs at an early research stage was performed by INAA and RNAA
[Lesnov et al., 1998a]. As a result, it was found that lherzolites and websterites are
significantly depleted in all REE and the total contents of elements in them are lower
than those in similar rocks from some massifs of other ophiolite associations. In a
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few samples of gabbronorites total REE contents exceeded 2 ppm. In most samples
of gabbronorites and websterites chondrite-normalized contents of heavy REE were
slightly higher than the contents of light elements. Later the REE detection in the rocks
of the Sakhalin Island massifs was performed by ICP-MS and LA ICP-MS. In total,
more than 60 samples were analyzed: harzburgites, lherzolites, and their serpentinized
varieties, as well as wehrlites, different types of pyroxenites, gabbronorites, gabbro,
olivine gabbro, and anorthosites.

6.3.2 Distribution of REE in restitic ultramafic rocks

The analyzed restitic ultramafic rocks are harzburgites and lherzolites from the
Berezovka and South Schmidt massifs (Table 6.3). The total REE contents are defined
in the range 0.32-3.6 ppm. The total REE content in harzburgites from the Berezovka
massif is somewhat higher (0.97-1.97 ppm) than that in harzburgites from the Voikar—
Syn’in (Polar Urals) (0.21 ppm) and Kempirsay (South Urals) (0.67 ppm) massifs but
much lower than that in such rocks from the Khutul (Mongolia) (22.8 ppm) and
Harzburg (Germany) (11.4 ppm) massifs [Lesnov, 2007b].

Judging from distribution spectra of chondrite-normalized element contents,
abnormally high contents of light REE and a slight deficit of Eu (Fig. 6.4, 1, 3, 4)
are observed in some samples. The contents of heavy REE in these rocks are more
stable compared to the contents of light elements, as indicated by the ratios between

Table 6.3 Contents of REE in harzburgites and lherzolites of the Berezovka and South Schmidt

massifs, ppm.

Sample

133 1610-2 1610-3 138 145 161 163 1596
Element / 2 3 4 5 6 7 8
La 0.176 0.26 0.097 0.345 0.16 0.063 0.020 0.80
Ce 0.433 0.9 0.36 0.918 0.29 0.12 0.045 2.0
Pr 0.031 0.096 0.025 0.129 0.065 0.010 0.005 0.22
Nd 0.175 0.22 0.12 0.805 0.40 0.025 0.023 0.97
Sm 0.025 0.072 0.048 0.226 0.20 0.006 0.012 0.21
Eu N.d. <0.001 <0.001 0.056 0.058 0.001 0.005 0.034
Gd 0.040 0.078 0.057 0.298 0.25 0.007 0.036 0.24
Tb N.d. 0.017 0.013 0.031 0.040 0.002 0.007 0.042
Dy 0.046 0.11 0.081 0.327 0.29 0.019 0.054 0.24
Ho N.d. 0.030 0.019 0.057 0.071 0.005 0.015 0.056
Er 0.030 0.091 0.059 0.207 0.18 0.016 0.059 0.21
Tm N.d. 0.012 0.011 0.016 0.036 0.004 0.013 0.034
Yb 0.044 0.077 0.069 0.214 0.23 0.033 0.088 0.24
Lu N.d. 0.008 0.007 0.018 0.034 0.008 0.015 0.041
¥ REE N.d. 1.972 0.967 3.647 2.304 0.319 0.397 5.337
(La/Yb),, 2.70 2.28 0.95 1.09 0.47 1.29 0.17 2.25
(Eu/Eu¥),, N.d. N.d. N.d. 0.66 0.79 0.47 0.68 0.46
(La/Sm),, 4.43 227 1.27 0.96 0.50 6.6l 1.05 2.40

Note: 1-3 — harzburgites; 4-7 — lherzolites; 8 — lherzolite with websterite veinlet. Massifs: 1-5 — Berezovka;
6,7 — South Schmidt. Methods: |,4-7 — ICP-MS, from solutions; 2, 3,8 — LA ICP-MS. Analyst D.V. Avdeey, Institute of
Tectonics and Geophysics (Khabarovsk); analysts I.V. Nikolaeva and S.V. Palesskii, Institute of Geology and Mineralogy
(Novosibirsk). N.d. — No data.
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their maximum and minimum values: Yb (7.3), Er (13), Ce (44), and La (40). Avail-
able data suggest that the frequently observed anomalous enrichment of ultramafic
restites in light REE and sometimes in other REE is due to the presence of varying
amounts of their unstructured impurities in the analyzed samples; they are concen-
trated in the intergranular and intragranular microcracks during the infiltration of
epigenetic fluids. This assumption is confirmed by the results of geochemical studies
of ultramafic restites from other ophiolite associations and from deep-seated xenoliths
in alkali basalts [Lesnov, 2007b; Lesnov et al., 2009a,b].

6.3.3 Distribution of REE in hybrid ultramafic rocks

As it was noted, the hybrid ultramafic rocks are regarded as products of magmatic
metasomatic transformations of different nature and intensity occurring with restitic
ultramafic rocks under the influence of mafic melts and their fluids. This explains
the higher heterogeneity of hybrid ultramafic rocks with respect to their overall
chemical and quantitative mineral compositions and distribution of impurity elements,
including REE.

The REE composition of hybrid ultramafic rocks, which are plagiolherzolites,
webhrlites, plagiowehrlites, olivine websterites, websterites, olivine clinopyroxenites,
amphibole peridotites (schriesheimites), and olivine and olivine-free orthopyroxen-
ites from the Berezovka, Shel’ting, and South Schmidt massifs, was investigated on
a more representative collection compared to restitic ultramafic rocks (Table 6.4). In
samples in which all REE were identified, their total contents vary in the range of
0.40-15.0 ppm. In some of them chondrite-normalized contents of heavy REE exceed
contents of light elements; therefore, (La/Yb),, < 1, and the REE distribution patterns
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Figure 6.4 Chondrite-normalized REE patterns in restitic ultramafic rocks of the Berezovka and South
Schmidt massifs (data from Table 6.3).
CI chondrite normalization (after [Evensen et al., 1978]).
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Table 6.4 Contents of REE in plagiolherzolites, wehrlites, olivine plagiowehrlites, and olivine-free
websterites and enstatitites from the Berezovka, Shel’ting, and South Schmidt massifs, ppm.

Sample

142 139 136 140 137 155 134a 134 1593 1603-1 143 143a

Element I 2 3 4 5 6 7 8 9 10 11 12
La 0.034 0.168 0.13 0.138 0.180 0.103 0.07 0390 o0.11 023 0.60  0.405
Ce 0.079 0530 028 0332 0250 0.262 084 0240 025 062 220  1.690
Pr 0.011 008 0015 0.033 N.d. 0.003 N.d. N.d. 0.045 0.069 050 0.360
Nd 0.046 0661 0.12 0259 0200 O.119 <19 0.180 023 049 3.00 2486
Sm 0.0l16 0273 0011 0.090 0.047 0.003 0.04 0.056 0.086 0.19 I.16  0.943
Eu 0.005 0.140 N.d. 0.025 0.019 N.d. 0024 0024 0015 0.05I 032 0239
Gd 0.029 0475 0.023 0.192 0.083 0.018 N.d. 0.098 0.15 0.30 1.55 1.375
Tb 0.007 0.072 N.d. 0.025 0.0l6 Nd. <006 0019 0039 0.063 029 0232
Dy 0.043 0633 0.027 0327 N.d. 0.043 N.d. Nd. 026 043 1.97  1.720
Ho 0.015 0.123 Nd. 0066 Nd. Nd. Nd N.d.  0.064 0.l 042 0369
Er 0.045 0374 0018 0251 N.d. 0.044 N.d. N.d. 022 036 129 1115
Tm 0.009 0.039 N.d. 0.023 0.021 N.d. N.d. 0.026 0.033 0056 021 0.144
Yb 0.063 0344 0.028 0260 0.130 0.084 0.19 0.180 023 036 1.30  1.095
Lu 0.010 0035 Nd. 0.026 0.019 Nd. <005 0029 0038 0.054 020 0.146
TREE 041 395 Nd. 205 Nd Nd Nd Nd. 1.57 338 150 1232
(La/Yb), 036 033 3.13 036 094 083 025 l46 032 043 031 025
(Eu/Eu*), 070 1.18 Nd. 057 092 Nd. 319 098 040 065 073  0.64
(La/Sm), 134 039 744 097 241 216 1.0 439 081 076 033 027

Sample

1606-1 Skh-2 135 164 162 174 184 176
Elements 13 14 15 16 17 18 19 20
La 0.22 0.051 0.271 0.131 0.051 0.116 0.310 0.165
Ce 0.38 0.13 0.699 0.364 0.10 0.20 0917 0.401
Pr 0.044 0.018 0.094 0.008 0.009 0.014 0.150 0.018
Nd 0.20 0.068 0.583 0.121 0.045 0.061 1.085 0.140
Sm 0.074 0.025 0.185 N.d. 0.021 0.031 0.437 0.010
Eu <0.001 <0.001 0.063 N.d. 0.007 0.007 0.213 N.d.
Gd 0.12 0.045 0.307 0.009 0.026 0.033 0.753 0.017
Tb 0.024 0.015 0.042 N.d. 0.004 0.005 0.120 N.d.
Dy 0.15 0.060 0.431 0.011 0.028 0.032 0.992 0.042
Ho 0.042 0.014 0.086 N.d. 0.010 0.006 0.200 N.d.
Er 0.13 0.041 0.299 0.005 0.038 0.022 0.600 0.040
Tm 0.024 0.008 0.032 N.d. 0.009 0.004 0.062 N.d.
Yb 0.15 0.041 0.031 0.019 0.059 0.030 0.547 0.070
Lu 0.021 0.004 0.037 N.d. 0.011 0.005 0.062 N.d.
>REE 1.58 0.52 3.16 0.67 0.42 0.57 6.45 N.d.
(La/Yb), 0.99 0.84 5.90 4.65 0.58 2.6l 0.38 1.59
(Eu/Eu®), N.d. N.d. 0.80 N.d. 0.92 0.67 1.13 N.d.
(La/Sm), 1.87 1.28 0.92 N.d. 1.53 2.36 0.45 10.4
Note: | — plagiolherzolite; 2, 9 — wehrlites; 3, 14 — plagiowehrlite; 4, 5, 8, 10 — olivine websterites; 6, |1, 12, 16,

17 — websterites; 13 — olivine clinopyroxenite; |15 — cortlandite (schriesheimite); 18, 20 — olivine enstatitites; 19 —
enstatitite. Massifs: |-15 — Berezovka; 16, |7 — South Schmidt; 18-20 — Shel’ting. Methods: 14, 6, | I, 12, 15-20 —
ICP-MS, from solutions; 9, 10, 13, 14 — LA ICP-MS, from glass-fused samples; 7 — INAA; 5, 8 — RNAA. Performed:
I, 17, 18 — L.V. Nikolaeva and S.V. Palesskii (Institute of Geology and Mineralogy, Novosibirsk); 9, 10, 13, 14 — S.V.
Palesskii (Institute of Geology and Mineralogy, Novosibirsk); 7 — V.A. Bobrov (Institute of Geology and Geophysics,
Khabarovsk)); 5,8 — V.A. Kovaleva (Institute of Geology and Mineralogy, Novosibirsk); 24,6, I 1,12, 15,16, 19,20 —
D.V. Avdeev (Institute of Tectonics and Geophysics, Khabarovsk). N.d. — No data.
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Figure 6.5 Chondrite-normalized REE patterns in hybrid ultramafic rocks from the Berezovka, Shel'ting,
and South Schmidt massifs (data from Table 6.4).
ClI chondrite normalization (after [Evensen et al., 1978]).

have a common positive slope (Fig. 6.5, 1, 4, 5). Another group of hybrid ultramafic
rock samples is made up of their varieties enriched in light REE in varying degrees. In
them (La/YDb),, > 1 and, accordingly, REE patterns have a negative slope (Fig. 6.5, 3, 6,
8). In hybrid varieties, unlike restitic ultramafic rocks, heavy REE are distributed less
evenly compared to light ones, as indicated by the correlation between the maximum
and minimum average contents of Yb (58), Er (223), Ce (28), and La (18).

Comparison of REE patterns in plagiolherzolites from sample 142 (Fig. 6.5, 1) and
in wehrlite from sample 139 (Fig. 6.5, 2) according to their position on the plot indi-
cates how much the content of these impurities depends on the modal clinopyroxene
content in these rocks. However, the configuration of the spectrum of plagiowehrlite
from sample 136 (Fig. 6.5, 3), whose left flank is raised, is most likely due to the pres-
ence of a significant amount of plagioclase as the major concentrator of light REE in
this hybrid ultramafic rock. Fig. 6.5, 5 is also quite indicative, reflecting the differences
between REE contents in olivine-free websterites, on the one hand, and the olivine-rich
wehrlites and olivine websterites, on the other.
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Table 6.5 Contents of REE in olivine websterites, gabbronorites, gabbro, olivine gabbro, and
anorthosites from the Berezovka, Shel'ting, and Komsomol’sk massifs, ppm.

Sample

130 129 131 132a 138a 141 144 147 132ak 182 183 155-5 191 189

Element | 2 3 4 5 6 7 8 9 10 I 12 13 14
La 0.126 0.155 028 N.d. N.d. 021 025 028 N.d. 0077 0.070 094 064 0.134
Ce 0313 0454 044 <01 058 1.10 1.7 3.0 0230 021 0.18 200 148 0456
Pr 0.026 0.056 N.d. N.d. N.d. Nd. Nd. Nd Nd. 0039 0025 032 023 0.059
Nd 0.204 0399 048 0.18 <09 120 Nd. Nd. 0.170 020 0.18 157 106 0.546
Sm 0.058 0.120 0.16 N.d. 0.067 0.076 023 0.103 0.060 0.095 0.098 0.54 034 0.184
Eu 0.025 0.053 0.075 0.038 0.030 0.053 0.18 0.05 0.038 0.05] 0.057 0.19 0.13 0.062
Gd 0.101 0.178 N.d. Nd. Nd. Nd. Nd Nd 0092 013 0.6 077 048 0.288
Tb N.d. 0.014 0.045 0.033 0.025 0.0 N.d. N.d. 0.017 0.027 0.028 0.13 0.095 0.033
Dy 0.153 0.216 N.d. Nd. Nd. Nd. Nd Nd Nd. 017 020 086 067 0.380
Ho 0.022 0.033 N.d. Nd. Nd. Nd. Nd Nd Nd. 0039 0045 0.17 0.15 0.063
Er 0.107 0.133 Nd. Nd. Nd. Nd. Nd Nd Nd. 014 0.13 049 046 0.246
Tm N.d. 0003 N.d. Nd. Nd. Nd Nd. Nd Nd 0024 0027 0.074 0.069 0.012
Yb 0.124 0.131 0245 0.104 0.158 020 0.197 0.17 O0.110 0.16 0.17 047 045 0.239
Lu 0.005 0.006 0.03 N.d. N.d. 0.017 0047 0.022 0.020 0.027 0.021 0.061 0.069 0.013
TREE 127 195 Nd. Nd. Nd. Nd Nd Nd Nd 139 139 859 632 272
(La/Yb), 0.69 080 249 N.d. Nd. 071 086 I.Il Nd. 033 028 135 09 0.38
(Eu/Eu*), 099 1.1l Nd. Nd. Nd. Nd Nd Nd. 156 140 138 09 098 0.82
(La/Sm), 1.37 081 I.Il Nd. Nd. 174 068 1.7 Nd. 051 045 1.10 [.19 046

Sample

1607 1612 1612a Skh-1 1605 148-1b
Element 15 16 17 18 19 20
La 0.16 0.19 0.19 0.058 0.073 0.084
Ce 0.34 0.56 0.40 0.12 0.25 0.19
Pr 0.026 0.11 0.076 0.017 0.032 0.023
Nd 0.13 0.22 0.22 0.080 0.18 0.092
Sm 0.036 0.088 0.080 0.033 0.074 0.039
Eu <0.001 0.020 0.015 <0.001 0.025 0.047
Gd 0.048 0.15 0.13 0.067 0.11 0.035
Tb 0.009 0.027 0.027 0.018 0.021 0.005
Dy 0.055 0.19 0.18 0.085 0.16 0.021
Ho 0.015 0.040 0.042 0.017 0.042 0.005
Er 0.037 0.13 0.12 0.065 0.12 0.010
Tm 0.007 0.018 0.020 0.011 0.019 0.002
Yb 0.037 0.13 0.11 0.067 0.12 0.010
Lu N.d. 0014 0.013 0.007 0.015 0.002
YREE 0.90 1.89 1.62 0.65 1.24 0.57
(La/Yb), 292 0.99 .17 0.58 0.41 5.67
(Eu/Eu¥), N.d. 0.53 0.45 N.d. 0.85 3.82
(La/Sm), 2.80 1.36 1.50 .11 0.62 1.36
Note: |, 3—11, 14, 15 — gabbronorites; 2, 16—19 — gabbro; 12 — olivine websterite; 13 — olivine gabbro; 20 —

anorthosite. Massifs: Berezovka (1-9, 12, 15-20); Shel'ting (10, 11); Komsomol'sk (13, 14). Methods: ICP-MS, from
solutions (1,2, 10-14, 15,20); LA ICP-MS, in the glass-fused samples (15-19); INAA (3—8); RNAA (9). 10, 11,12, 13,
15,20 (analysts I.V. Nikolaeva and S.V. Palesskii, Institute of Geology and Mineralogy, Novosibirsk); I, 2, 14 (analyst
D.V. Avdeey, Institute of Tectonics and Geophysics, Khabarovsk); 3-8 (analyst V.A. Bobroy, Institute of Geology and
Mineralogy, Novosibirsk); 9 (analyst V.A. Kovaleva, Institute of Geology and Mineralogy, Novosibirsk). N.d. — No
data.
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6.3.4 Distribution of REE in orthomagmatic gabbroids

REE distribution in orthomagmatic gabbroids was investigated on gabbronorite and
gabbro samples from the Berezovka, Shel’ting, and Komsomol’sk massifs (Table 6.5).
In those samples in which all REE were detected, their total content ranged from
0.65 to 2.72 ppm. According to the general REE content, these rocks are close to,
or poorer than, CI chondrite; at the same time, a portion of samples has positively
inclined spectra of chondrite-normalized element contents (Fig. 6.6). Contents of La
vary in the range of 0.059-0.28 ppm with an average of 0.16 ppm; contents of Ce are
in the range of 0.12-1.70 ppm with an average of 0.49 ppm; the content of Yb is in
the range of 0.037-0.245 ppm with an average of 0.145 ppm. These three elements
are not significantly different in ratio between the maximum and minimum contents:
La (4.7), Ce (14.2), and Yb (6.6). Overall, orthomagmatic gabbroids of the studied
massifs are depleted in REE, as indicated by their comparison with N-MORB: La —
2.50 ppm, Ce — 7.50 ppm, and Yb — 3.05 ppm. The near-chondrite content of REE and
the lack of evidence for their intense fractionation with enrichment with light elements
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Figure 6.6 Chondrite-normalized REE patterns in mafic rocks from the Berezovka, Shel'ting, and
Komsomol’sk massifs (data from Table 6.5).
Cl chondrite normalization (after [Evensen et al., 1978]).
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suggest that the parental melts of these gabbroids formed from a previously depleted
upper-mantle source.

6.3.5 Distribution of REE in hybrid gabbroids

The REE composition of hybrid gabbroids is investigated on a limited number of
samples of olivine gabbro and anorthosites (Table 6.5). Olivine gabbro differs from
orthomagmatic gabbro in the higher general content of REE, the total contents of
which are in the range of 6.32-8.59 ppm, and their near-horizontal spectra indicate
that elements were hardly subjected to fractionation (Fig. 6.6, 7). Probably this is
due to the overall anomalous trace-element composition of contaminated mafic melts
from which hybrid gabbroids crystallized. As for the anorthosite, as it can be seen in
its spectrum, it has features of almost monomineral plagioclase rock, i.e., low total
content of REE (0.57 ppm), their significant fractionation, and an intense positive Eu
anomaly (Fig. 6.6, 8).

The conducted geochemical studies of rocks of mafic-ultramafic massifs of Sakhalin
Island have greatly expanded knowledge of their trace-element composition. However,
the data are only the first approximation to the real evaluation of the contents of various
elements in the rocks of these massifs.

Analyses of the rocks from the Berezovka massif by XRF-SR have demonstrated
that the majority of impurity elements in them is very unevenly distributed. Refractory
elements mainly accumulated in restitic and hybrid ultramafic rocks, but fusible
elements — in orthomagmatic gabbroids and some hybrid ultramafic rocks and gab-
broids. These data are consistent with the model of partial melting in the formation of
ultramafic restites and the mechanism of contamination of parental mafic melts with
ultramafic substance during their interreacting.

Almost all rocks under study are depleted in REE impurity. In gabbroids and
ultramafic rocks these elements are mainly concentrated in the form of structural
(isomorphous) impurities in clinopyroxenes and amphiboles, to a much lesser extent —
in orthopyroxenes, plagioclases, and accessory phases (apatite, zircon, titanite, and
others). Uneven distribution of REE in rocks is often associated with the presence of
varying amounts of unstructured impurity of light REE, concentrated in the intergran-
ular and intragranular microcracks as submicroscopic particles of epigenetic minerals,
such as apatite [Lesnov et al., 2009]. Analytical errors arising during the performance
of analyses using different methods in different laboratories can serve as another reason
for the heterogeneity of REE content estimates [Itoh et al., 1993]. As we can assume,
the overall low REE content in the ultramafic restites and orthomagmatic gabbroids
under study is due to the depletion of their upper-mantle source in these elements and
the high degree of its partial melting.



Chapter 7

Rb-Sr isotope systems in rocks
of mafic-ultramafic massifs of the
East Sakhalin ophiolite association

Results of study of Rb-Sr isotope systems are increasingly used in geochemical stud-
ies and systematics of igneous rocks differing in composition and genesis. The first
data on these systems in rocks from mafic-ultramafic massifs of the East Sakhalin
ophiolite association were obtained for samples of ultramafic rocks and gabbroids
from the Berezovka and, partly, other massifs [Kiseleva et al., 2010; Lesnov et al.,
2010b]. These studies were carried out in the laboratory of the Analytical Center of
the Sobolev Institute of Geology and Mineralogy by the standard technique, includ-
ing (1) acid digestion of weighted rock specimens, (2) separation of Rb and Sr by
ion exchange chromatography on Dowex AG 50WX8 resin (200-400 mesh) with
2N HCI as an eluent, and (3) measurement of Rb and Sr isotope ratios with an MI
1201T solid-phase thermal-ionization mass spectrometer in double-ribbon mode with
one-collector recording. The accuracy of measurement of the 37 Sr/%¢Sr ratios was con-
trolled by parallel measurements of the VNIIM (Mendeleyev Institute for Metrology)
(0.70800 %10, specification; 0.70810 =+ 10, measurement) and ISG-1 (0.71731 £ 10,
specification; 0.71727 £+ 4, measurement) geochemical standards.

According to synchrotron-radiation XRF data (Table 6.2), Rb and Sr contents
in ultramafic and gabbroid rocks from the studied massifs vary within a narrow
range of values. Harzburgites from the Berezovka massif contain 3.78-4.18 ppm
Rb; lherzolites, 2.94-4.83 ppm. Similar contents of this element were determined
in plagiolherzolites (1.37 ppm), wehrlites (0.8-10.3 ppm), olivine websterites (1.06—
2.26 ppm), websterites (1.02 ppm), olivine clinopyroxenites (0.59 ppm), and gabbroids
(0.96-2.96 ppm). The same samples have the following Sr contents (ppm): harzbur-
gites (2.92-3.86), lherzolites (11.2-21.5), olivine websterites (10.8-19.1), websterites
(15.1), olivine clinopyroxenites (17.3), plagiolherzolites (29.1), wehrlites (9.44-210),
and gabbroids (175-661). Refined estimates of Rb and Sr contents were obtained by
analysis of samples of these rocks with an MI 1201T mass spectrometer (Table 7.1).
It was found that lherzolite and websterite are characterized by low Rb and Sr con-
tents and elevated Rb/Sr ratios compared to other rocks from the analyzed collection.
Higher Rb and Sr contents were determined in wehrlites, gabbronorites, gabbro,
and anorthosites. Gabbroids show low Rb/Sr ratios (0.0017-0.0107). According to
the obtained estimates, the values of the coefficient 1/Sr increase from anorthosites
(0.0008) to lherzolites (0.0585) and websterites (0.1302), whereas 3"Rb/%¢Sr
increases from 0.00492 (gabbro, sample 1615) to 0.08745 (websterite, sample 140).
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Table 7.1 Rb and Sr contents (ppm) and their isotope ratios in rocks from the Berezovka, Shel’ting,
and Komsomol’sk massifs.

Sample Rock Rb Sr Rb/Sr  11Sr Rb®7/Sr8  Sr87/Sr8é(*)  Sr87/Sr86(+)
Berezovka massif

138 Lherzolite 0.230 17.1 0.0134 0.0585 0.03887 0.70382+ 15 0.70373+4
139 Wehrlite 1.907 158 0.0121 0.0063 0.03492 0.70360+6 0.70352+9
140 Websterite 0.232 768  0.0302 0.1302 0.08745 0.70430+12 0.70410+2

130 Gabbronorite 3.497 231 0.0152 0.0043 0.04382 0.70364+11 0.70354+8

I31a  Gabbronorite 1.296 246 0.0053 0.0041 0.01522 0.70353+5 0.70350+10
1607  Gabbronorite 1.427 422.12 0.0034 0.0024 0.00978 0.70351+9 0.70349+ 11
131 Gabbronorite [.561 255.02 0.0061 0.0039 0.01770 0.70343+8 0.70339+13

1612 Fine-grained .10 387 0.0029 0.0026 0.00824 0.70344+8 0.70342+ 12
gabbro

1605  Gabbro 0.278 164 0.0017 0.0061 0.00492 0.70344+8 0.70335+ 14

Skh-1  Gabbro 6.26 584 0.0107 0.0017 0.03098 0.70317x11 0.70310+15

148-1b Anorthosite 891 1189 0.0075 0.0008 0.02167 0.70375+6 0.70370+5

155-5 Olivine gabbro  1.33 128 0.0104 0.0078 0.02993 0.70408+12 0.70401 +3
from a vein in
plagiowehrlite

Shel’ting massif

182 Gabbronorite 032 150 0.0022 0.0067 0.00627 0.70372+11 0.70371+6

183 Gabbronorite 087 169 0.0051 0.0059 0.01480 0.70363+7 0.70360+7

Komsomol’sk massif

191 Olivine 1.36 807 0.0017 0.0012 0.00489 0.70429+13 0.70428+ |
gabbronorite

Note: The determination of Rb and Sr contents and the estimation of their isotope ratios were carried out with
an Ml 1201T mass-spectrometer (TIMS) at the Sobolev Institute of Geology and Mineralogy (Novosibirsk). The
accuracy of measurement of the & Sr/8Sr ratio was controlled by parallel measurements of the VNIIM and ISG-1
standards (analyst V.Yu. Kiseleva). (*) — measured Sr isotope ratios. (*¥) — primary Sr isotope ratios, calculated based
on the estimated isotope age of rock (158 Ma, Late Jurassic), obtained on analysis of zircon from sample 1607.

In lherzolites, wehrlites, and samples of some other rocks they vary within the range
of values for the above two samples.

Based on the measured 87Sr/%Sr ratio and estimated isotope age of zircon from
gabbronorite (sample 1607), equal to 158 &+ 3.1 Ma (see Chapter 10), we calculated
primary Sr isotope ratios in rocks from the studied collection. All the analyzed rocks,
from lherzolites (earliest rocks in the considered massifs) to gabbronorites and gab-
bro (latest rocks), are characterized by quite low 87Sr/3¢Sr ratios (0.70343-0.70430)
(Figs. 7.1, 7.2). Diagrams show the hypothetical evolution trends of Rb and Sr iso-
tope ratios in ultramafic and gabbroid rocks from the Berezovka and other massifs.
As one can see, the 87Sr/%¢Sr ratio for most of the samples of the studied rocks has
values corresponding to its lower limit determined for ultramafic rocks and island-arc
basalts [Cox et al., 1982]. On the other hand, the obtained estimates are very close to
the values for N-MORB (0.7025-0.7035) [Faure, 1989]. Samples of websterites, pla-
giowehrlites, and olivine gabbronorites, which are regarded as hybrid rocks, as stated
above, show the 37Sr/8¢Sr ratios of >0.704.

On the diagram (37Sr/%¢Sr)-1/Sr (Fig. 7.2, (2)), the compositional points of the
studied rocks form two trends: near-vertical and near-diagonal. The near-diagonal
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Figure 7.1 Diagram 8 Rb/%Sr — ®Sr/8Sr for rocks from the Berezovka, Shel'ting, and Komsomol'sk

massifs.
| — olivine gabbronorite (sample 191); 2 — websterite (sample 140); 3 — olivine gabbro from

a vein in plagiowehrlite (sample 155-5); 4 — lherzolite (sample 138); 5 — anorthosite (sample
148-1b); 6—8 — gabbronorites (samples 182, 183, 130); 9 — wehrlite (sample 139); 10, /1,
|3 — gabbronorites (samples 131a, 1607, 131); 12, 14, |5 — gabbro (samples 1612, 1605,
Skh-1) (data from Table 7.1). The age of zircon from sample 1607 (point 11) is 158 + 3.1 Ma

(see Chapter 10).
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Figure 7.2 Diagrams % Sr/%6Sr — 8Rb/®Sr (/) and 8 Sr/%Sr — 1/Sr (2) for rocks from the Berezovka,
Shel’ting, and Komsomol’sk massifs.
I — Iherzolite (black square); 2 — websterite (white square); 3 — wehrlite and plagiowehrlite
(rhombuses); 4 — gabbronorites (straight cross); 5, 5a — gabbro (oblique cross); 6 — olivine
gabbronorite (star on plot | and triangle — on plot 2); 7 — anorthosite (dot) (data from

Table 7.1).
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trend suggests isotope mixing during interaction between the mafic melt from which
orthomagmatic gabbroids crystallized (point 5a) and older ultramafic restite (point 1).
That process produced hybrid ultramafic rocks (websterites) (point 2). Hybrid gab-
broids (olivine gabbronorite) are characterized by the lowest 87Rb/%¢Sr ratio; hybrid
ultramafic rocks (websterite), by the highest one.

The extremely low 8”Rb/%¢Sr ratios in the ultramafic and gabbroid rocks are similar
to those for the primitive mantle [Faure, 1989]. This suggests that the restitic ultra-
mafic rocks and orthomagmatic gabbroids were minimally contaminated with crustal
material, like the hybrid ultramafic and gabbroid rocks formed by their interaction,
which make up massifs on Sakhalin Island.

Data on Rb-Sr systems for rocks from mafic-ultramafic massifs of Sakhalin
Island were compared with such data for similar complexes. Having studied Sr iso-
tope ratios in rocks from mafic-ultramafic massifs of the ophiolite association of the
Koryakia Mountains and the Chukchi Peninsula, Mikhalev and Popeko [1986] deter-
mined extremely low values in ultramafic rocks. For example, the 37Sr/%Sr ratio is
0.7058-0.7073 in rocks of one massif of the Khatyrka zone, 0.7005-0.7075 in rocks
from the Ust’-Bel’sk massif, and 0.7004 in rocks from the North Pekul’nei and Krasno-
gorsk massifs; the Rb/Sr ratio in rocks from massifs of this region is 0.0018-0.0060.
Based on a simplified one-stage model for evolution of mantle material, the authors
presumed that the minimum age of ultramafic rocks from the studied massifs is ~3 Ga.

A study of Rb-Sr isotope systems in rocks from the Dugda mafic-ultramafic
massif (northeastern Tuva) showed 37Sr/3¢Sr=0.7048-0.7055 in wehrlites, 0.7053
in pyroxenites, and 0.7050-0.7051 in gabbro and anorthosites [Mekhonoshin et al.,
1986]. According to the authors, parental mafic melts did not experience significant
contamination with crustal material during the formation of the Dugda massif.

Results of studies of Rb-Sr isotope systems in gabbroids from the Dovyren mafic-
ultramafic massif (North Baikal region) were presented by E.V. Kislov ef al. [1989].
The 87Sr/8¢Sr ratio in these rocks is quite high (0.709-0.715), which testifies to the
important role of crustal rocks in the contamination of the parental melts of gabbroids
of the Dovyren massif. Also, the 87Sr/3Sr ratios for gabbroids from the nearby Chaya
mafic-ultramafic massif were determined as very low (0.7022-0.7037). It might be
that during the formation of the Chaya massif gabbroids, their parental melts were
not contaminated with crustal material.

The first studies of Rb-Sr isotope systems in ultramafic and gabbroid rocks from mas-
sifs of the East Sakhalin ophiolite association have shown that all the analyzed samples
are depleted in Rb and Sr and are characterized by the low 37Sr/%¢Sr and 87Rb/%¢Sr
ratios. It has been found that the 87Sr/3Sr and 1/Sr values decrease in the series from
hybrid ultramafic rocks (websterites) to restitic lherzolites and then to orthomagmatic
gabbronorites. The established trend of variation in the above parameters might be due
to the mixing of the isotope systems of restitic ultramafic rocks and orthomagmatic
mafic melts during the formation of mafic-ultramafic massifs on Sakhalin Island. This
hypothesis confirms the model of polygenic formation of these massifs. The extremely
low 87Sr/86Sr ratios suggest that the upper-mantle mafic melts from which gabbroids
of massifs of Sakhalin Island crystallized were only slightly contaminated with crustal
rocks.



Chapter 8

Chemical composition of rock-forming
and accessory minerals from rocks

of mafic-ultramafic massifs of the

East Sakhalin ophiolite association

This chapter presents results of the first systematic studies of the chemical composition
of rock-forming and accessory minerals from the most widespread ultramafic rocks
and gabbroids of the Berezovka, Shel’ting, Komsomol’sk, and South Schmidt massifs
(Table 8.1). Attention was focused not only on the research into the regularities of con-
centration of chemical components in minerals but also on their distribution between
coexisting phases. Most of mineral analyses were carried out in transparent rock plates
by the X-ray spectral method, and the other were made in monomineral fractions, using
a wet chemical technique. More than 300 chemical analyses of olivines, orthopy-
roxenes, clinopyroxenes, plagioclases, amphiboles, zircons, Cr-spinels, magnetites,
ilmenites, and sulfides from 52 samples of mafic rocks were performed.

8. ROCK-FORMING MINERALS

8.1.1 Olivines

The composition of olivines from harzburgites, lherzolites, plagiolherzolites, wehrlites,
plagiowehrlites, olivine websterites, olivine orthopyroxenites, olivine gabbronorites,
and olivine gabbro was studied (Table 8.2). The contents of FeO and MgO in all
olivines vary over a wide range of values, showing a clear inverse relationship due to
isomorphous mutual substitution of these components (Fig. 8.1). The maximum MgO
and, correspondingly, minimum FeO contents were found in olivines from lherzolites
of the South Schmidt massif. Slightly lower contents of MgO are observed in the
mineral from harzburgites, plagiowehrlites, and olivine websterites of the Berezovka
massif and from olivine orthopyroxenites of the Shel’ting massif. The minimum MgO
and maximum FeO contents were detected in olivines from olivine gabbronorites and
olivine gabbro.

The analyzed olivine samples are characterized by Mg* = Mg/(Mg+Fe) varying
from 0.91 (ferroan forsterite from lherzolites) to 0.73 (chrysolite from olivine gabbro
and olivine-containing orthopyroxenites). Chemical analysis of small series of olivine
grains from several rock samples showed their constant or negligibly varying Mg*
value. For example, different olivine grains from harzburgite and plagiolherzolite show
a constant Mg* value, 0.86 and 0.91, respectively. In different olivine grains from
olivine websterite, olivine orthopyroxenite, and olivine gabbro its values differ by
hundredths of unit: 0.83-0.84, 0.73-0.74, and 0.73-0.74, respectively.
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Figure 8.1 Variations in FeO and MgO contents in olivines from ultramafites and mafites of the
Berezovka and other massifs (data from Table 8.2).

Study of rocks of the Berezovka massif showed that olivines from restite ultra-
mafites and hybrid gabbroids have the same Mg* values: 0.81-0.83 in the mineral
from harzburgites and lherzolites and 0.82-0.83 in that from olivine gabbronorites.
This suggests that olivines of olivine gabbronorites are xenogenous, i.e., trapped by
the parental melt of these rocks during its percolation through restite ultramafites and
its contamination with their substance.

Some olivine grains from different rocks were analyzed for CaO, MnO, and NiO
impurities. The CaO content in the mineral varies from 0.007 wt. % (plagiowehrlite) to
0.043 wt.% (olivine gabbronorite) (Fig. 8.2). It shows no dependence on the olivine-
hosting rock and on FeO and MgO contents. At the same time, the MgO content in
olivines depends on the mineral-hosting rock. For example, it successively increases
from 0.118 wt.% in olivine from harzburgites and lherzolites to 0.416 wt.% in the
mineral from olivine orthopyroxenites, olivine gabbronorites, and olivine gabbro.
The MnO content in olivines is directly related to the FeO content and is inversely
related to the MgO content. The NiO content decreases from 0.25-0.31 wt.% in
olivine from harzburgites and olivine websterites to 0.19-0.20 wt.% in the mineral
from plagiowehrlites and olivine gabbro.

In most of the studied rocks, olivine is partly or, seldom, totally replaced by ser-
pentine. Parallel analyses of two olivine grains and two grains of partly replacing
serpentine showed that the serpentine is much poorer in FeO (10.22 and 14.31 wt.%)
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Figure 8.2 Variations in FeO, MgO, CaO, and MnO contents in olivines from ultramafic and gabbroid
rocks of the Berezovka and other massifs (data from Table 8.2).

and MgO (36.14 and 34.57 wt.%) than the olivine (FeO =17.46 and 18.02 wt.%;
MgO =42.25 and 43.06 wt.%). Nevertheless, Mg” = 0.81 in both minerals.

In general, olivines from rocks of the studied Sakhalin massifs are similar in chem-
ical composition to olivines from analogous rocks of mafic-ultramafic massifs of other
ophiolite associations [Lesnov et al., 2005].

8.1.2 Orthopyroxenes

The chemical composition of orthopyroxenes was studied on their grains from
harzburgites, lherzolites, plagiolherzolites, olivine websterites, websterites, olivine
orthopyroxenites (enstatitites), and olivine and olivine-free gabbronorites of the
Berezovka, Shel’ting, South Schmidt, and Komsomol’sk massifs (Table 8.3). The con-
tent of FeO in the mineral samples is within 5.5-16 wt.%, and that of MgQO is within
26-35 wt.%. The contents of these components are in inverse relationship due to their
mutual isomorphous substitution (Fig. 8.3). Orthopyroxenes from restite ultramafites
of the South Schmidt massif contain ~6 wt.% FeO, and the MgO content is within 32—
35 wt.%. The Mg* value varies from 0.75 in bronzite from olivine orthopyroxenites of
the Shel’ting massif to 0.91 in ferroan enstatite from websterites of the South Schmidt
massif. In bronzites from gabbronorites of the Berezovka massif, Mg* is 0.77-0.82.
The chemical compositions of orthopyroxenes converted to the wollastonite (Wo),
enstatite (En), and ferrosilite (Fs) end-members are shown as ternary diagrams. One can
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18 1 Orthpyroxenes (total set) 144 Harzburgites, Iherzolites 207 Plagiolherzolites, websterites,
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Figure 8.3 Variations in FeO and MgO contents in orthopyroxenes from ultramafites and gabbroids of
the Berezovka, Shel'ting, Komsomol’sk, and South Schmidt massifs (data from Table 8.3).

Table 8.4 Limiting contents of wollastonite (VWo), enstatite (En), and ferrosilite (Fs) end-members in
orthopyroxenes from ultramafic rocks and gabbroids of the Berezovka and other massifs.

Number of
Rock analyses Wo, % En, % Fs, %
Harzburgites, lherzolites 10 0.4-3.5 81.3-90.4 8.5-17.7
Plagiolherzolites, olivine and olivine-free 32 0.5-24 72.9-90.9 8.5-25.1
websterites, enstatitites, olivine gabbro
Gabbronorites, gabbro 15 0.8-2.6 60.3-81.2 17.5-38.2

Note: The contents of end-members were calculated from the data in Table 8.3.

see a slight difference in composition between orthopyroxenes from restite harzburgites
and lherzolites and from hybrid ultramafites and gabbroids (Table 8.4, Fig. 8.4). The
contents of the ferrosilite and enstatite end-members in these orthopyroxenes differ
more noticeably than the contents of the wollastonite end-member.

The difference in the composition of orthopyroxenes from different types of
rocks is also depicted on covariation diagrams of CaO, Al,O3;, Cr; 03, TiO,, and
MnO contents (Fig. 8.5). The CaO contents in the studied orthopyroxene samples
vary from 0.22 to 2.06 wt.%. Nonuniform distribution of this component is also
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Figure 8.4 En—Wo—Fs composition (%) diagrams for orthopyroxenes from ultramafites and gabbroids
of the Berezovka, Shel'ting, Komsomol’sk, and South Schmidt massifs (data from Tables 8.3

and 8.4).
a — from harzburgites and lherzolites; b — from olivine and olivine-free websterites; c — from
gabbronorites.
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Figure 8.5 Variations in CaO, Al,Oj3, TiO,, MnO, Cr,03, MgO, and FeO contents in orthopyrox-
enes from ultramafites and gabbroids of the Berezovka, Shel'ting, Komsomol’sk, and South

Schmidt massifs (data from Table 8.3).

observed in different orthopyroxene grains from the same rock sample. For exam-
ple, four orthopyroxene grains from harzburgite show CaO = 0.337-2.060 wt.%; five
grains from lherzolite, CaO = 0.200-0.881 wt.%; and four grains from gabbronorite,
Ca0=0.02-1.02wt.%. In general, orthopyroxenes from harzburgites, lherzolites,
websterites, and orthopyroxenites are characterized by higher contents of CaO as
compared with those from olivine and olivine-free gabbronorites. The nonuniform dis-
tribution of CaO in the orthopyroxenes might be explained as follows. As mentioned
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Table 8.5 Chemical composition of orthopyroxene crystal from olivine websterite (sample 140,
Berezovka massif), clinopyroxene lamellae in it, and clinopyroxene-substituting amphibole,
wt.%.

Analyses No.  SiO,  TiO, Al,O; FeO MnO MgO CaO K,O H,0 Total mg*

Orthopyroxene

I 5561 002 193 [II.14 030 3098 0.5I N.f.  N.d. 10083 832
2 5536 0.03 1.89 1098 028 3079 053 Nf Nd 10017 832
3 5495 003 1.8 II.13 028 3082 053 Nf Nd 9987 832

Clinopyroxene

5278 008 247 401 0.14 1667 2379 00l N.d. 10054 88.
5286 007 253 403 013 16.62 2387 Nf N.d. 100.71 88.0
5273 009 257 408 015 1659 2382 Nf N.d. 10068 879
5272 007 245 405 0.14 16.62 2382 00l N.d. 10044 879

5429 007 396 423 009 21.07 1292 00l 200 99.00 899

5
6
7
Amphibole
8
9 5277 007 563 504 009 2034 13.02 Nf 200 9954 878

Note: Microphotograph of orthopyroxene crystal with clinopyroxene lamellae is presented in Fig. 4.5. Analyses were
carried out by X-ray spectrometry on a JXA-8100 Camebax-Micro probe at the Analytical Center of the Institute of
Geology and Mineralogy, Novosibirsk (analyst V.N. Korolyuk). Mg* = 100Mg/(Mg + Fe) (formula coefficients). The
content of H,O in amphiboles (analyses 8 and 9) was calculated from stoichiometric formulas.

in Chapter 4, orthopyroxenes often contain nonuniformly distributed clinopyroxene
lamellae of different widths produced during exsolution (Fig. 4.5). The content of Ca
in the lamellae is higher than the content of Ca present as an isomorphous substituent
in the orthopyroxene crystal structure (Table 8.5). Therefore, during a probe micro-
analysis of orthopyroxenes, an electron beam can excite not only the Ca-depleted
mineral matrix but also a particular quantity of Ca-enriched clinopyroxene lamellae
in it, which results in more significant fluctuations in estimated CaO contents.

The Al,O; impurity in the analyzed orthopyroxenes is also nonuniformly dis-
tributed. The highest content of this component (2.39-3.36 wt.%) was found in
the mineral grains from lherzolites of the South Schmidt massif. Most likely,
these orthopyroxenes crystallized at ultrahigh pressure. Lower Al,O; contents
were detected in orthopyroxenes from harzburgites (0.86-3.03 wt.%), gabbronorites
(0.96-2.98 wt.%), and websterites (0.72-2.13 wt.%) of the Berezovka massif and from
orthopyroxenites of the Shel’ting massif (0.44-2.58 wt.%), which probably crystallized
at lower pressures than the above-mentioned orthopyroxenes from the South Schmidt
massif lherzolites.

Analysis of few orthopyroxene grains from rocks of the Berezovka, Shel’ting, and
South Schmidt massifs showed variations in Cr, O3 content from 0.05 to 1.17 wt.%.
Orthopyroxenes from harzburgites of the Berezovka massif are somewhat richer in this
component (0.35-0.63 wt.%) than those from olivine websterites (0.19-0.43 wt.%)
and gabbronorites (0.07-0.24 wt.%). The arrangement of figurative points on the com-
position diagram (Fig. 8.5,4) suggests an inverse relationship between Cr, O3 and FeO
contents. The TiO, contents in most of the orthopyroxene grains vary from 0.002 to
0.15 wt. %, reaching 0.4 wt.% in occasional grains. Orthopyroxenes from harzburgites
and lherzolites are often poorer in TiO; than those from websterites, orthopyroxenites,
and gabbroids. The MnO contents in orthopyroxenes from different rocks vary from
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0.13 to 0.50 wt.%, being maximum in the mineral grains from websterites and gab-
bronorites. Note that orthopyroxenes from harzburgites of the Berezovka massif are
richer in MnO than those from lherzolites of the South Schmidt massif and that
orthopyroxenes from two-pyroxene rocks contain nearly twice more MnO than the
coexisting clinopyroxenes.

8.1.3 Clinopyroxenes

The chemical composition of clinopyroxenes was studied on a more representative
sample of grains as compared with other minerals from the Sakhalin mafic-ultramafic
massifs (Table 8.6). Clinopyroxene grains from restite ultramafites (harzburgites and
lherzolites) amount to ~19% of the analyzed grains; those from hybrid ultramafites
and hybrid gabbroids (plagiolherzolites, olivine and olivine-free websterites, clinopy-
roxenites, and olivine gabbroids), ~50%; and grains from orthomagmatic gabbroids
(gabbronorites and gabbro) amounted to ~30%.

In the total sample of clinopyroxenes the MgO contents vary from 14.7 to
17.2 wt.%, and the FeO contents, from 0.9 to 8.6 wt.% (Fig. 8.6). The lowest FeO
contents were detected in clinopyroxenes from lherzolites and websterites of the
South Schmidt massif, and the highest ones, in certain mineral grains from gab-
broids of the Berezovka and other massifs. The location of figurative points on the
composition diagrams for the total set of clinopyroxenes indicates a weak inverse
relationship between MgO and FeO contents. The Al, O3 contents in the total set of
clinopyroxenes are within 0.59-3.59 wt.% (Fig. 8.7); the grains from clinopyroxene-
containing harzburgites and lherzolites of the Berezovka massif are characterized by
Al,O3=0.91-3.46 wt.%, and those from lherzolites of the South Schmidt massif,
by Al,O3 =1.75-3.59 wt.%. For comparison, the Al,O3 contents in clinopyroxenes
from harzburgites and lherzolites of the Troodos massif, Cyprus, are nearly the same
or somewhat higher (1.44-5.22 wt.%); most of the mineral grains contain <3 wt.%
Al, O3 [Sobolev and Batanova, 1995]. The clinopyroxenes from rocks of the Sakhalin
massifs, like the Troodos ones, show a direct relationship between Al O3 and TiO,
contents (Fig. 8.7, 1) but no relationship of Al;O3 contents with MgO, FeO, CaO,
and Na, O ones (Fig. 8.7, 2-5).

The Mg* value in clinopyroxenes from the studied rocks of the Sakhalin massifs
varies from 0.81 to 0.96. High values are specific for the mineral grains from lherzolites
and websterites of the South Schmidt massif, and low ones, for the grains from olivine
and olivine-free websterites, olivine gabbro, olivine-free gabbronorites, and gabbro of
the same massif.

The calculated contents of the Wo, En, and Fs end-members in the total set of
clinopyroxenes vary over a relatively narrow range (Table 8.7, Fig. 8.8). Clinopyrox-
enes from the Sakhalin restite ultramafites, like those from most of restite ultramafites
of other ophiolite associations, correspond in composition to diopsides (Fig. 8.8, a),
and clinopyroxenes from hybrid ultramafites and gabbroids (Fig. 8.8, b) and from
orthomagmatic gabbroids (Fig. 8.8, c) correspond to diopsides and augites.

Clinopyroxenes from some rock varieties differ in contents of Cr, O3, TiO,, Na, O,
and MnO impurities. For example, clinopyroxenes from ultramafites and gabbroids
of the Berezovka massif contain 0.080-0.966 wt.% Cr;Oj3; some mineral grains from
lherzolites, plagiolherzolites, plagiowehrlites, and olivine and olivine-free websterites
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Figure 8.6 Variations in MgO and FeO contents in clinopyroxenes from ultramafites and gabbroids of
the Berezovka, Shel'ting, Komsomol’sk, and South Schmidt massifs (data from Table 8.6).
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Figure 8.7 Variations in MgO, FeO, Al,O3, CaO, TiO,, and Na,O contents in clinopyroxenes from
ultramafites and gabbroids of the Berezovka, Shel'ting, Komsomol’sk, and South Schmidt
massifs (data fromTable 8.6) and of the Troodos massif, Cyprus (after [Sobolev and Batanova,
1995]).
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Table 8.7 Limited contents of wollastonite (Wo), enstatite (En), and ferrosilite (Fs) end-members in
clinopyroxenes from ultramafic rocks and gabbroids of the Berezovka and other massifs, %.

Number of
Rock analyses Wo En Fs
Harzburgite, Iherzolites 17 50.69—46.00  48.49-45.64 6.93-3.22
Wehrlites, pyroxenites, olivine gabbro 45 50.23-39.48 53.34-43.78 13.69-2.08
Gabbronorites, gabbro 28 51.0741.21 51.18-42.64 10.25-3.96

Note:The contents of end-members were calculated from the data in Table 8.6.

Figure 8.8 En—Wo—Fs composition (%) diagrams for clinopyroxenes from ultramafic rocks and gab-
broids of the Berezovka, Shel'ting, Komsomol’sk, and South Schmidt massifs (data from
Tables 8.6 and 8.7).
a — from harzburgites and lherzolites; b — from plagiolherzolites, wehrlites, olivine
and olivine-free websterites, clinopyroxenites, olivine gabbronorites, and olivine gabbro;
¢ — from gabbronorites and gabbro.

have elevated contents of this impurity. The Cr;O3 contents in clinopyroxenes from
two-pyroxene rocks are nearly twice as high as those in the coexisting orthopyroxenes.
The TiO; contents in the total set of clinopyroxenes vary from 0.001 to 0.350 wt.%
(Fig. 8.9) but do not exceed 0.10 wt.% in most of the grains. The Na, O contents in
clinopyroxenes are within 0.027-0.430 wt. %, not exceeding 0.25 wt.% in most of the
grains (Fig. 8.9). High contents of this impurity were detected in some mineral grains
from gabbroids.

The location of figurative points on the composition diagrams suggests a direct
relationship between TiO, and Na,O contents in clinopyroxenes from gabbroids,
wehrlites, and websterites (Fig. 8.9, 3,4). The contents of MnO impurity vary from
the lowest in the mineral grains from lherzolites of the South Schmidt massif (0.057-
0.092wt.%) to high in the grains from olivine and olivine-free gabbroids of the
Berezovka massif (0.14-0.63 wt.%).

8.1.4 Plagioclases

The chemical composition of plagioclases was studied on a sample of grains from
gabbronorites, gabbro, olivine gabbro, olivine gabbronorites, and gabbro-pegmatites
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Figure 8.9 Variations in Na, O and TiO, contents in clinopyroxenes from ultramafites and gabbroids of
the Berezovka, Shel'ting, Komsomol’sk, and South Schmidt massifs (data from Table 8.7).
| — total set of clinopyroxenes; 2 — clinopyroxenes from harzburgites and lherzolites;
3 — clinopyroxenes from wehrlites and websterites; 4 — clinopyroxenes from gabbronorites
and gabbro.

of the Berezovka, Shel’ting, and Komsomol’sk massifs (Table 8.8). The CaO con-
tents in the total sample of plagioclases are within 14.67-20.13 wt.%, and the Al,O;
contents are within 32.87-36.27 wt.%. Plagioclases from gabbroids of the Berezovka
and Komsomol’sk massifs are richer in these components than plagioclases from gab-
bronorites of the Shel’ting massif (Fig. 8.10). The position of figurative points on the
Ca0-Al, 03 composition diagram suggests a direct relationship between the contents
of these components. The contents of the anorthite end-member (An) in plagioclases
from rocks of the Berezovka massif vary from 75.7% (bytownite from gabbronorites)
t0 95.8-97.1% (anorthite from gabbro and leucocratic gabbro).

Plagioclases from the studied collection of rocks differ slightly in the contents of
structural FeO impurity. For example, plagioclase from gabbronorites of the Berezovka
massif contains 0.007-0.550 wt.% FeO, and that from similar rocks of the Shel’ting
massif, 0.293-0.495 wt.%. Earlier it was established that the contents of this isomor-
phous structural impurity in the high-Ca plagioclases decrease from ~1wt.% in the
mineral microlites from bulk rapidly crystallized basalts to 0.20-0.40 wt.%. in the
grains from more slowly crystallized mesoabyssal gabbroids and to few hundredths
of wt.% in plagioclases from gabbroids crystallized during the very slow cooling of
melt at great depths [Lesnov and Korolyuk, 1977; Lesnov, 1991]. The above obser-
vations and the obtained data on FeO contents in plagioclases from gabbroids of the
Sakhalin massifs suggest that a considerable portion of these gabbroids crystallized
during the moderate cooling of basaltoid melt, i.e., in mesoabyssal conditions. In par-
ticular, plagioclases from gabbronorite (sample 1607), containing 0.007-0.160 wt.%
FeO, probably crystallized more slowly than those from gabbroids, richer in this
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Figure 8.10 Variations in CaO,Al,O3,Na;O,and FeO contents and anorthite end-member (An) content
in plagioclases from gabbroids of the Berezovka, Shel'ting, and Komsomol’sk massifs. g, c,
d — total set of plagioclases; b — plagioclases from gabbroids of different massifs (data
fromTable 8.8).

impurity (wt.%): sample 182 (0.29-0.31), sample 183 (0.33-0.50), and samples 128,
131, and 146 (0.55). The location of figurative points on the composition diagram
(Fig. 8.10) shows a tendency for a direct relationship between FeO and Na, O contents
and an inverse relationship between FeO and An contents.

Let us consider specific variations in the chemical composition of plagioclases in
parallel-banded rocks usually present in contact reaction zones of polygenic mafic-
ultramafic massifs. As mentioned above, the massifs of the East Sakhalin ophiolite
association (particularly, the Berezovka massif) are formed by hybrid gabbroids and
plagioclase-containing ultramafites of different quantitative mineral compositions and
of taxitic, including parallel-banded, texture. The genesis of such banded rocks was
treated by many petrologists based on the model of gravitative crystallization differenti-
ation of mafic melts. According to this model, such rocks are regarded as “cumulates”
[Wager and Brown, 1970]. The model rests upon the concept that the cooling and
crystallization of mafic melts at different levels of magma chamber is accompanied by
a rhythmic change in the quantitative mineral composition of rocks and the chemi-
cal composition of the hosted minerals, in particular, plagioclases, in the series from
early high-temperature to late low-temperature ones. These specific variations in the
composition of minerals in mafic-ultramafic rocks are the major evidence for their
“latent foliation”.
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Figure 8.11 Cross section of ultramafic-mafic rock with a parallel-banded structure (sample 115-3,
Berezovka massif).
The quantitative mineral composition of alternating rock “bands” varies from plagiowehrlite
(dark gray sites) to leucocratic gabbro and anorthosite (light sites). I, 1l,and Il — fragments
where CaO, Na,; O, and Al,O3 contents in plagioclase grains were determined by X-ray
spectral analysis (see Fig. 8.12).

Since the above problem is important for studying the genesis of complex
mafic-ultramafic massifs and the “cumulative” mechanism of crystallization and
differentiation of mafic melts should be verified, a mineralogical/geochemical exper-
iment was carried out. Chemical analyses of plagioclase grains from a lump of
parallel-banded ultramafic-mafic rock (Fig. 8.11, Table 8.9) showed nearly constant
CaO and Na,O contents independently of the quantitative mineral composition of
the alternating rock “bands” (Fig. 8.12). This indicates that the parallel-banded rock
lacks “latent foliation” caused by gravitative crystallization differentiation of mafic
melt. The nearly constant composition of plagioclase grains in the alternating rock
“bands” differing in quantitative mineral compositions can be explained based on
the mechanism of percolation of mafic melt into ultramafic rock along a system of
subparallel fractures in platy jointing [Lesnov, 1981a]. The process was, most likely,
accompanied by the more or less active magmatic and metasomatic melt—ultramafite
interaction and contamination of the melt with the rock substance. This mechanism
of formation of parallel-banded rocks in contact reaction zones of mafic-ultramafic
massifs agrees with the concept of the polygenic formation of the Berezovka and similar
massifs [Lesnov, 1984, 1986a,b, 1988].

8.1.5 Amphiboles

The chemical composition of amphiboles was studied on a small collection of their
grains from olivine gabbro, gabbronorites, gabbro, leucocratic gabbro, gabbro-
pegmatites, and schriesheimites (cortlandites) of the Berezovka and Komsomol’sk
massifs (Table 8.10). Microscopic examination showed that amphiboles in these
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Table 8.9 Incomplete chemical analyses of plagioclase grains from parallel-banded wehrlite—gabbroid
(sample 155-3, Berezovka massif), wt.%.

Grain SIOZ Alzo3 CaO FeO NazO
| N.d. 35.31 18.41 N.d. 0.74
2 43.38 36.74 19.23 0.33 0.64
3 N.d. 36.04 18.47 N.d. 0.73
4 N.d. 35.17 18.98 N.d. 0.63
5 N.d. 34.86 19.37 N.d. 0.6l
6 N.d. 36.05 19.04 N.d. 0.63
7 N.d. 35.76 19.24 N.d. 0.6l
8 N.d. 35.36 19.32 N.d. 0.63
9 N.d. 35.74 19.45 N.d. 0.58
10 N.d. 35.07 19.49 N.d. 0.69
I 43.13 35.35 18.80 0.50 0.6l
12 N.d. 34.87 18.62 N.d. 0.56
13 N.d. 35.53 18.54 N.d. 0.49
14 N.d. 35.21 18.48 N.d. 0.59
15 N.d. 35.36 18.64 N.d. 0.56
16 N.d. 36.21 18.51 N.d. 0.54
17 N.d. 35.69 18.79 N.d. 0.38
18 N.d. 35.13 18.52 N.d. 0.55
19 N.d. 35.54 18.70 N.d. 0.45
20 N.d. 35.33 18.70 N.d. 0.53
21 N.d. 35.05 18.44 N.d. 0.58
2la N.d. 35.05 18.46 N.d. 0.53
22 N.d. 35.42 18.96 N.d. 0.45
23 N.d. 34.96 18.53 N.d. 0.68
24 N.d. 35.08 18.65 N.d. 0.57
25 N.d. 3541 18.84 N.d. 0.49
26 N.d. 35.44 18.84 N.d. 0.59
27 N.d. 35.58 18.86 N.d. 0.43
Average - 35.44+0.43 18.82+0.33 - 0.57 £0.09

Note: Analyses were carried out by X-ray spectrometry on a Cameca microprobe (along the profile shown in
Figs. 8.11 and 8.12) at the Institute of Geology and Geophysics, Novosibirsk (analyst V.N. Korolyuk).

rocks (except for gabbro-pegmatites) resulted from the pseudomorphous replacement
of clinopyroxenes at the late magmatic or postmagmatic stages of rock crystalliza-
tion. Amphiboles from gabbro-pegmatites, whose veins occur in gabbroids of the
Komsomol’sk massif, are, on the contrary, a phase crystallized from fluid-enriched
residual mafic melt.

The FeO contents in the studied amphibole grains vary from 4.07 wt.% (gabbro,
Berezovka massif) to 11.93 wt.% (gabbro-pegmatite, Komsomol’sk massif). The latter
grains have the lowest MgO content (15.11 wt.%), and the highest one (22.70 wt.%)
was found in the amphibole grain from gabbro of the Berezovka massif. As seen
from the location of figurative points on the composition diagram, the FeO and MgO
contents are in inverse relationship due to the mutual isomorphous substitution of
these oxides (Fig. 8.13). The Mg" values in the analyzed amphiboles vary from 0.75
to 0.91. The lowest Al;O3 content (1.29 wt.%) was detected in the amphibole grain
from gabbro, and the highest ones, in the grains from schriesheimite (12.72 wt.%) and
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Figure 8.12 Scheme of study of the composition of plagioclase grains in parallel-banded ultramafic-

mafic rock (sample | 15-3, Berezovka massif) (data from Table 8.9).

I-12 — Points of determination of CaO, Na,; O, and Al,O3 contents along the profile in
plagioclase grains (fragments I, Il, and Ill). Oblique hatching marks the rock sites composed
of plagiowehrlite, and white field marks the rock sites composed of leucocratic gabbro
and anorthosite. The curves of CaO and Na,O distribution in plagioclase grains are con-
structed from data in Table 8.9. The lower part of the figure shows the points of analyses
in plagioclase grains (point 2, fragment |,and point | I, fragment lll) and the curves of CaO
and Na,O distribution in them.
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Figure 8.13 Variations in MgO, FeO, MnO, and TiO; contents and Mg* = Mg/(Mg + Fe) (f.u.) values in
amphiboles from rocks of the Berezovka and Komsomol’sk massifs (data from Table 8.10).
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Figure 8.14 Compositions of amphiboles from rocks of the Berezovka and Komsomol’sk massifs (data
from Table 8.10) on the classification diagram of Ca-amphiboles (after [Hawthorne et al.,
2012]).

olivine gabbronorite (13.04 wt.%). The CaO contents in the studied amphiboles vary
from 9.99 wt.% (gabbro-pegmatite) to 12.94 wt.% (gabbro).

The analyzed amphiboles differ in contents of TiO, and MnO impurities. The
TiO, contents increase in the series from one amphibole grain from gabbro (0.01 wt. %)
to grains from schriesheimite (0.52 wt.%) and then to grains from gabbro-pegmatites
(0.66-0.72 wt.%), being in inverse relationship with Mg*. The MnO contents increase
in the series from amphibole grains from gabbronorite (0.084 wt.%) to grains from
gabbro-pegmatite (0.153-0.159 wt.%) and schriesheimite (0.16 wt.%). The location
of figurative points on the composition diagram for the studied amphiboles shows a
direct relationship between MnO contents and Mg" (Fig. 8.13).



Chemical composition of rock-forming and accessory minerals from rocks 129

All studied amphiboles have high contents of CaO (9.99-12.94 wt.%), which per-
mits them to be assigned to the subgroup of Ca-amphiboles. The location of figurative
points on the (Na + K +2Ca) — (Al + Fe + 2Ti) discrimination diagram indicates that
some of the analyzed amphiboles are pargasite and the other are edenite (Fig. 8.14).

8.2 DISTRIBUTION COEFFICIENTS OF CHEMICAL
COMPONENTS BETWEEN COEXISTING
ROCK-FORMING MINERALS

One of the crucial tasks in geochemical studies of igneous rocks is elucidation of
the regularities of distribution of chemical elements between the rock-forming min-
erals. As reported above, during the X-ray spectral analyses of minerals from rocks of
the Sakhalin massifs, special attention was focused on the composition of coexisting
phases in the rock samples [Lesnov, 2010a]. For this purpose, two or more grains of
each mineral were analyzed, and the average contents of components were estimated
in olivines, orthopyroxenes, clinopyroxenes, plagioclases, and amphiboles from rep-
resentative samples of clinopyroxene-containing harzburgites, lherzolites, wehrlites,
olivine and olivine-free websterites, and gabbronorites (Table 8.11). The estimates
show that the average contents of FeO in olivines decrease and the average contents
of MgO increase in the series from clinopyroxene-containing harzburgites to lherzo-
lites and wehrlites. Orthopyroxenes from clinopyroxene-containing harzburgites are
richer in FeO than orthopyroxenes from lherzolites, whereas the MgO contents in
these minerals are nearly the same. Clinopyroxenes from clinopyroxene-containing
harzburgites, lherzolites, wehrlites, and olivine websterites are characterized by slightly
different average contents of MgO but close contents of FeO. The average contents
of Al O3 increase in the series from orthopyroxenes to clinopyroxenes and amphi-
boles. Clinopyroxenes from gabbronorites and gabbro are slightly richer in Na, O than
those from websterites, wehrlites, lherzolites, and clinopyroxene-containing harzbur-
gites. The average Mg" values increase from olivines (0.81-0.90) to orthopyroxenes
(0.75-0.91) and clinopyroxenes (0.79-0.94), and in amphiboles they are much lower
(0.10-0.20).

Using the average compositions of coexisting minerals (Table 8.11), we calculated
the average distribution coefficients of chemical components (K4) between olivines
and orthopyroxenes, olivines and clinopyroxenes, orthopyroxenes and clinopyrox-
enes, and clinopyroxenes and plagioclases (Table 8.12). The calculation results were
published earlier [Lesnov et al., 2010c]. Let us consider them in more detail.

Ky(olivine-orthopyroxene). The values of this coefficient were calculated for
clinopyroxene-containing harzburgites, lherzolites, plagiolherzolites, and olivine web-
sterites. In this series of rocks, the K4 values of components are in the following ranges:
Si0; (0.7-0.8), FeO (0.6-1.7), MnO (0.3-1.2), MgO (1.2-1.7), and CaO (0.01-0.09).
As evidenced from these values, MgO is present mainly in olivines, and SiO; and
CaO are localized in orthopyroxenes. The distribution of FeO and MnO between
olivine and orthopyroxene shows no preference. For example, in lherzolites FeO, like
MnO, is concentrated mostly in olivines, whereas in plagiolherzolite both components
are present predominantly in orthopyroxenes. The position of figurative points on
the K4 covariation diagrams for MgQO, FeO, CaO, and MnO testifies to an inverse
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Table 8.11 Average chemical compositions of coexisting olivines, orthopyroxenes, clinopyroxenes,
plagioclases, and amphiboles from rocks of the Berezovka, Shel'ting, Komsomol’sk, and
South Schmidt massifs, wt.%.

Sample 133 Sample 138 Sample 139

Clinopyroxene harzburgite Lherzolite Webhrlite
Component ol Opx Cpx ol Opx Cpx ol Cpx
SiO, 39.30 55.65 54.00 39.88 55.74 52.64 40.02 5441
TiO, N.d. 0.02 0.02 N.d. 0.05 0.19 N.d. 0.03
AlLO; N.d. 0.86 0.96 N.d. 1.91 2.53 N.d. 1.68
Cr, 03 N.d. 0.16 0.18 N.d. 0.19 0.29 N.d. 0.30
FeO 17.74 11.84 3.99 16.52 9.66 4.22 13.15 2.92
MnO 0.25 0.30 0.10 0.25 0.25 0.15 0.27 0.10
MgO 42.69 30.68 16.95 43.96 31.65 16.40 46.34 17.92
CaO 0.02 0.41 23.68 0.02 0.59 23.46 0.03 2251
Na, O N.d. N.f. 0.11 N.d. 0.02 0.07 N.d. 0.04
K,O N.d. N.f. N.f. N.d. 0.0l 0.0l N.d. N.f.
NiO 0.27 N.d. N.d. 0.004 N.d. N.d. 0.13 N.d.
H,O N.d. N.d. N.d. N.d. N.d. N.d. N.f. N.d.
Total 100.27 99.92 99.98 100.53 100.21 99.95 99.93 99.90
Mg* 0.8l 0.82 0.88 0.83 0.85 0.87 0.86 0.92
n 4 3 3 2 2 2 2 4

Sample 140 Sample 155 Sample 164 Sample 176

Olivine websterites

Component Ol Opx Cpx Ol Opx Cpx Ol Opx Ol Opx
SiO, 39.74 5471 5228 3984 4947 5340 4098 56.83 3844 54.54
TiO, N.d. 0.02 0.08 N.d. 0.03 0.08 N.d. 0.0l  N.d. 0.04
AlLO; N.d. 2.09 241 Nd 0.68 1.50  N.d. 0.89 N.d. 1.29
Cr, 03 N.d. 0.33 049 N.d. 0.12 045 N.d. 051  N.d 0.16
FeO 1717 11.57 430 1568 1238 367 9.50 6.07 2406 16.23
MnO 0.29 0.28 0.14 0.19 0.24 0.12 0.13 0.14 033 0.35
MgO 4320 3082 1641 4437 3689 1630 4923 34.19 3749 27.00
CaO 0.02 0.49 23.58 0.0l 0.30 2333 0.02 0.87 0.02 1.09
Na,O N.d. 0.03 0.1 Nd 0.01 0.13  Nd. 0.03 Nd. 0.02
K,O N.d. 0.0l N.f  Nd. 0.01 Nf  Nd 0.0 N.d. N.Af.
NiO 0.17 N.d. N.d. 027 N.f. N.d. 034 Nd. 0.19 N.Af.
H,O N.d. N.d. N.d. N.d. N.f. N.d. N.d. N.d. Nd. N.d.
Total 100.49 100.32 99.79 100.37 100.13 9898 100.20 99.55 100.53 100.71
Mg* 0.82 0.83 087 084 0.84 0.89 0.90 091 074 0.75

n 2 2 2 2 5 | | 3 3 6
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Table 8.11 Continued.

Sample 176 Sample 152 Sample 130 Sample 183 Sample 189
Amphibole-containing
Olivine websterite Websterite Gabbronorites gabbronorite
Component Cpx  CrMt Opx Cpx Opx Cpx Amph Pl Opx Cpbx
SiO, 52.52 0.02 56.58 53.98 55.07 53.14 50.53 45.66 53.09 52.21
TiO, 0.09 I1.15 0.0l 0.02 003 003 0.18 0.02 0.04 0.16
AL O, 1.98 5.84 1.09 141 1.35 1.56 745 33.86 2.30 2.74
Cr,0; 030 12.66 033 0.76 0.07 0.08 0.14 0.0l 0.07 0.23
FeO 7.65 77.68 6.63 2.12 1424 519 7.67 048 15.71 6.04
MnO 0.18 0.25 0.17 0.08 033 0.14 0.1l Nf. 0.35 0.18
MgO 16.13 2.09 34.19 1748 2742 1599 17.18 Nf. 28.53 15.33
CaO 20.73 Nf. 022 24.13 0.84 2299 12.07 18.04 0.66 2227
Na, O 0.16 0.13 0.03 0.14 001 0.13 094 126 N.f. 0.23
K,O Nf. 0.0l 0.0l 0.0l 0.0l N.f 0.08 0.0l N.f. N.f.
NiO Nf  N.d. N.d. N.d. Nd. Nd. Nd Nd N.d. N.d.
H,O Nf  N.d. N.d. N.d. Nd. Nd. 200 N.d. N.d. N.d.
Total 99.74 99.8I 99.22 100.10 99.34 99.25 98.34 99.34 100.75  99.39
Mg# 079 Cr*(59.3) 090 094 077 085 020 An(887) 0.76 0.82
n 2 I | 2 4 I 2 3 | 5
Sample 189 Sample 129 Sample 155-1
Amphibole-containing
gabbronorite Gabbro Anorthosite with Ol, Opx, and Cpx impurities
Component Pl Amph Cpx Amph ol Opx Cpx Pl
SiO, 44.72 44.28 53.33 5533 3966 53.85 5230 46.38
TiO, 0.0l 0.37 0.07 0.02 N.d. 0.14 0.47 0.02
AlLO4 34.88 12.61 2.33 3.00 N.d. 2.58 3.07 33.87
Cr, 03 N.f. 0.31 0.18 0.09 N.d. 0.34 0.33 N.f.
FeO 0.34 9.44 4.57 4.44 16.53 13.45 4.93 0.09
MnO N.f. 0.09 0.14 0.16 0.24 0.32 0.14 0.02
MgO N.f. 15.43 16.03  21.6l 43.76 28.83 1626  Nf.
CaO 18.48 12.08 22.89 1270 0.0l 0.69 21.89 17.42
Na, O 0.80 2.04 0.14 0.39 N.d. N.f. 0.24 1.38
K,O 0.01 0.07 0.01 0.02 N.d. 0.001 0.007 Nf.
NiO N.d. N.d. N.d. N.d. 0.24 N.d. N.d. N.f.
H,O N.d. 2.00 N.d. 2.00 N.d. N.d. N.d. N.f.
Total 99.25 98.72 99.65  99.76 100.45 10020 99.64  99.18
Mg* An (92.7) 074 0.86 0.10 0.82 0.79 0.85 An (87.5)
n 3 3 2 3 6 I I 2

Note: Compiled after the data in Table 8.1. Massifs: Berezovka (samples 133, 138, 139, 140, 152, 130, 129, 155-1,and
155); Shel'ting (samples 176 and 183); Komsomol'sk (sample 189); South Schmidt (sample 164); n — the number of
analyses of the same mineral grain performed to calculate the average contents of components.
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Figure 8.15 Variations in distribution coefficients of FeO, MgO, MnO, and CaO between coexisting
olivines and orthopyroxenes in ultramafites and gabbroids (data from Table 8.12).
138 — lherzolite; 133, 1610-2 — harzburgite with Cpx; 142 — plagiolherzolite; 140, 155, 164,
176 — olivine websterites.

relationship between Kyg(MgO) and Ky(FeO) and a direct relationship between
K4(MnO) and Ky4(CaO) (Fig. 8.15).

Ky (olivine—clinopyroxene). The values of this coefficient for the mineral pairs
from clinopyroxene-containing harzburgites, lherzolites, plagiolherzolites, olivine
websterites, and olivine gabbro are in the following ranges: SiO; (0.73-0.77), FeO
(2.68-4.45), MnO (1.15-2.65), MgO (2.16-2.94), and CaO (0.001). As evidenced
from these values, Kg4(olivine—clinopyroxene) for SiO, is nearly the same in all rocks:
Clinopyroxene contains 3—4 times more of this component than olivine. The contents
of FeO and MnO in olivine are 3—4 and 2-3 times higher, respectively, than those
in clinopyroxene. In addition, clinopyroxene has three orders of magnitude higher
contents of CaO than coexisting olivine.

Ky (orthopyroxene—clinopyroxene). The values of this coefficient for the min-
eral pairs from clinopyroxene-containing harzburgites, lherzolites, plagiolherzolites,
olivine websterites, and gabbronorites are in the following ranges: SiO, (0.9-1.1),
Al,O3 (0.3-1.2), FeO (2.0-5.8), MnO (1.7-4.3), MgO (1.7-2.3), and CaO (0.01-
0.08). As evidenced from these values, the contents of FeO, MgO, and MnO in
orthopyroxene are much higher than those in coexisting clinopyroxenes, SiO; is dis-
tributed almost equally between them, and the contents of Al;O3 in orthopyroxene
from plagiolherzolites and some of the other two-pyroxene rocks are lower than those
in coexisting clinopyroxene. In restite harzburgites and lherzolites, Kq(MgO) and
K4(FeO) for the orthopyroxene—clinopyroxene and olivine-orthopyroxene pairs are
in inverse relationship (Fig. 8.16, 1). At the same time, K4(MgO) and K4(FeO) for the
orthopyroxene—clinopyroxene pair from websterites and gabbronorites show a direct
relationship (Fig. 8.16, 2, 3). The values of K4(Al;O3) and K4(CaO) are assumed to
be in direct relationship in all studied two-pyroxene rocks (Fig. 8.17).
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Figure 8.16 Variations in distribution coefficients of MgO and FeO between coexisting orthopyrox-
enes and clinopyroxenes in harzburgites, Iherzolites, websterites, olivine websterites, and
gabbronorites (data from Table 8.12).
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Figure 8.17 Variations in distribution coefficients of Al,O3; and CaO between coexisting orthopyrox-
enes and clinopyroxenes in websterites, olivine websterites, and gabbronorites (data from
Table 8.12).

Ky (clinopyroxene—plagioclase). The values of this coefficient for the mineral pairs
from gabronorites vary in the following ranges: SiO; (1.2-1.3), Al,O3 (0.05-0.09),
CaO (1.0-1.5), and Na,O (0.1-0.4). Hence, SiO; and CaO are present mainly in
clinopyroxenes, whereas Al,O3; and Na;O are concentrated mainly in plagioclases.
No clear relationship was revealed between K4(SiO;) and Ky4(Al,O3) and between
K4(CaO) and K4(Na,O) (Fig. 8.18).

The summarized data on the covariations in distribution coefficients of compo-
nents between coexisting olivines, orthopyroxenes, clinopyroxenes, and plagioclases in
ultramafites and gabbroids of the Berezovka and other massifs are listed in Table 8.13.
They can be used as additional criteria for the mineral classification.
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Figure 8.18 Variations in distribution coefficients of Al,O; and SiO, and of CaO and Na,O between
coexisting clinopyroxenes and plagioclases in gabbronorites of the Berezovka massif (data
from Table 8.12).

Table 8.13 Limited distribution coefficients of components (K4) between coexisting olivines, orthopy-
roxenes, and clinopyroxenes from ultramafites and gabbroids of the Berezovka and other

massifs.
K4(Si0;) K4(Al,03) K4(FeO) K4(MgO) K4(MnO) K4(CaO) K4(Na,0)
Olivine—orthopyroxene
0.70-0.81 - 0.63-1.71 1.20-1.73 0.34-1.20 0.009-0.04 -
Orthopyroxene—clinopyroxene
0.93-1.11 0.34-1.17 2.01-5.79 1.66-2.28 1.65—4.28 0.01-0.08 -
Clinopyroxene—plagioclase
I.16-1.27 0.052-0.09 - - - 0.98-1.51 0.14-0.41

Note: Compiled after the data in Table 8.12.

8.3 ONTHE TEMPERATURES OF CHEMICAL EQUILIBRIUM
OF COEXISTING OLIVINES, ORTHOPYROXENES, AND
CLINOPYROXENES IN ULTRAMAFIC RESTITES
OF THE BEREZOVKA MASSIF

Data on the chemical composition of coexisting olivines, orthopyroxenes, and clinopy-
roxenes from lherzolite and clinopyroxene-containing harzburgite of the Berezovka
massif were used to evaluate approximately the temperatures of the latest chemical
equilibrium of the minerals during the cooling of these mantle restites (Table 8.14).
The calculations were carried out using the Thermocalc-321 software including an
internally consistent thermodynamic dataset [Powell and Holland, 1988; Holland
and Powell, 1998]. This program permits calculation of the temperatures of chem-
ical equilibrium of coexisting minerals if the corresponding pressures determined from
geophysical data are specified. The boundary between the Earth’s crust and upper
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Table 8.14 Chemical composition (wt.%) of coexisting olivines, orthopyroxenes, and clinopyroxenes
from clinopyroxene harzburgite and lherzolite of the Berezovka massif, based on which
chemical equilibrium temperatures were calculated.

Mineral Si0, TiO; AlbO3 Cr03 FeO  MnO MgO Ca0O Na;O K0 NiO H;0 Total
Clinopyroxene harzburgite, sample 133

Olivine 3955 N.d. Nd. Nd. 1746 025 4225 002 Nd. Nd. 031 Nd. 9984
Orthopyroxene 55.65 0.02 0.86 0.16 11.84 030 3068 041 N.d. N.d. Nd. N.d 9992

Clinopyroxene 5429 0.0l 091 025 352 0.07 1750 2404 007 N.d. N.d. N.d. 100.66

Lherzolite, sample 138

Olivine 39.88 N.d. Nd. Nd. 1652 025 4396 002 Nd. Nd Nd. Nd. 10053
Orthopyroxene 50.00 0.08 3.03 038 1223 0.14 3088 143 Nd. N.d. 006 N.d. 9823
Clinopyroxene 52.64 0.19 253 029 422 0.5 1640 2343 0.07 N.d. Nd. Nd. 9995

Note: Compiled after the data in Table 8.1.
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Figure 8.19 PT-diagram for chemical equilibrium of coexisting olivines, orthopyroxenes, and clinopy-
roxenes in clinopyroxene-containing harzburgite and lherzolite of the Berezovka massif.
Calculations were made by A. Yu. Selyatitskii using the Thermocalc-321 software and
invoking data from Table 8.14.

mantle beneath Sakhalin Island is located at depths of ~50 km [Filonenko, 2002].
Hence, the restite ultramafites of the Berezovka massif formed at depths no shallower
than 50 km. On assumption of their formation in the depth range 55-65 km, this pro-
cess should have occurred at ~18-22 kbar. These pressure values were set into the
software for calculation of the temperatures of equilibrium of coexisting minerals in
the Berezovka massif restites. The calculation results are presented on the diagram
as two positively inclined lines (Fig. 8.19). If the results are valid, the latest chemical
equilibrium of the coexisting minerals in lherzolite sample 138 and harzburgite sam-
ple 133 was established at ~1300°C and ~860°C, respectively. For comparison, the
probable temperature of the sources of MORB is ~1380°C [Herzberg and O’Hara,
2002]. Moreover, the temperatures of equilibrium of minerals in spinel lherzolites of
the Dinaridic ophiolite belt are 834-1070°C [Bazylev et al., 2009].
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8.4 ACCESSORY MINERALS

In studying the chemical composition of accessory minerals in the rocks of the con-
sidered mafic-ultramafic massifs, the main attention was focused on zircons and, less,
Cr-spinels, whereas magnetites, ilmenites, sulfides, awaruites, and PGE minerals were
examined on occasional grains (data on the PGE minerals are given below in a special
chapter).

8.4.1 Zircons

Zircon is a highly informative accessory mineral of igneous and metamorphic rocks.
It is often used for U-Pb isotope dating, which is finding increasing application for
studying mafic-ultramafic complexes. In this section we present results of chemical
analyses of the same zircon grains from rocks of the Berezovka massif as were used
for U-Pb isotope dating and study of the morphologic and optical properties and
trace-element composition of this mineral (see Chapter 10).

The general chemical composition of zircons was examined by X-ray spectroscopy.
A total of 58 grains from eight rock varieties (gabbro-pyroxenites, olivine gab-
bronorites, other gabroids, and metavolcanics of the strata enclosing the Berezovka
massif) were studied. In addition to major components (SiO,, ZrO,, and HfO,),
the contents of impurities UO;, ThO;, Ce;O3, Yb,O3, and Y,0O3; were determined
(Table 8.15). In general, all the grains were rather homogeneous in the contents
of major components but inhomogeneous in the contents of impurity elements
(Fig. 8.20).

The contents of SiO, in the zircons are 32.2-33.1wt.%, with the grains from
gabbroids being somewhat poorer in this component than the grains from gabbro-
pyroxenites (Fig. 8.20, 1). The contents of ZrO; also vary over a narrow range of
values (64.0-66.2 wt.%) (Fig. 8.20, 1-6). These estimates are close to those obtained
earlier for a more representative collection of zircons: The average SiO; content is
~33 wt.%, and the average ZrO, content is 67 wt.% [Lesnov, 2009a]. The ZrO, con-
tents seem to be in inverse relationship with the Yb, O3 and Y, O3 contents (Fig. 8.20, 6,
7). The contents of HfO; in the studied zircons vary from 0.01 to 2.15 wt.%. Elevated
contents of this component are observed mostly in zircons from gabbroids (Fig. 8.20,
2). The ZrO,/Si0; ratio varies over a wide range of values (29.9-78.9); moreover, it
shows significant variations in different zircon grains from the same sample.

The contents of trace elements in the zircons, measured by X-ray spectroscopy,
are in the following ranges (wt.%): UO, (0.002-0.287), ThO; (0.004-0.288), Ce, O3
(0.004-0.132), Yb,O3 (0.007-0.307), and Y, O3 (0.009-0.868). As follows from the
diagram (Fig. 8.20, 10), there is a direct relationship between UO, and ThO, contents
and between ZrO; and ThO; contents (Fig. 8.20, 12). Note that zircons from gabbro-
pyroxenite (sample 1610-2) are richer in ThO; than those from gabbroids (samples
1596-1A, 1596-6, and 1595) (Fig. 8.21). The UO,/ThO, ratio in all studied zircons
varies from 0.02 to 5.71; moreover, it shows wide variations in the mineral grains
even within some rock samples. Thus, zircons from ultramafic and gabbroid rocks of
the Berezovka massif show a rather homogeneous chemical composition but differ in
contents of some impurity elements and in ZrO,/SiO; and UO,/ThO; ratios.



110 6'9€ ¥¥'66 ¥N YN 6600 LTOO0 €000 91 8099 L¥TE I'8
‘P'N 61€ 9/'66 YN 6£00 ¥N YN CTEI'0  €0T  68%9  L9TE 1",
680 I'I€ 00001 #6000 6900 YN TS00 9¥00 60T €099  S9TE )
86l 6'SE 06'66  €0T0 ¥N YN 901'0 0I1T0 781 LI'S9 6E£TE I'S
P'N €hy 6666 ¥N YN YN £100 N 84’59  10€€ W aly
P'N 68y TH00lI 8£0°0 YN 1600 TTOO N 1799 0L7T€ ey
P'N 8.y 0866 6£10 SHOO  +H00 YN 7900 €999 19°TE €
00| Ty  6£66 T6TO 0800 LTI'0O 88T0 /8TO SH9  EFTE 4
170 8'7s S6'66 8500 YN YN S01'0  TTOO 899  69°CE _
‘P'N 0'9S 9766 LEOO YN 8000 YN TII0 9l ¥1's9  08'CE [
P'N 1'9¢€ 6966 $£0°0 YN N YN 8500 08 91'S9  $9°CE _
P'N 'ty vb66  L¥OO  £00O ¥N YN 8100  6€ 9€'99  T9CE 6
X 1'SS €966 TS0 991'0 8900 O0£1'0 €410 8l 6059  0€CE 9
660 WA €066 OVTO 9010 O0OKOO TYI'O OKIO €I [8V9  95°CE S
P'N 90§ 8V'66 6£€0 #01'0 900 YN 700 8¢ S6¥9  L9TE ¥
L10 99§ €1'66 0S50 €920 800 9900 1100 ¥l SH9  0S°CE €
(4} 0'€S ob'66 €0V0  LEI'0O 9100 €00 1110 T 18Y9  LSTE 4
44\ oy 8166 1T10 YN 9500 9600 THO0 09 9€H9  06'CE |
P'N a4 8£'66 ¥N YN ¥N YN YN /8 bSH9  L6'TE _
1S S'SE L1001 ¥N ¥N YN #1000 800 S8 0459 €S I'6
P'N TW  YTO0l  6TTO  LLI'0 8000 STO0 YN SS 9799  66'CE I'8
‘P'N 1'8¢€ £8'66 ¥N ¥N ¥N YN 9T0 U 1#'99  L¥'TE 1L
P'N 343 V66 €900 YN 9£00 YN $200 /8 TS99 9€TE 19
£€P 91y 6166 8900 6100 $000 1200 1600 95 LLY9  99°CE I'S
ZA) 999 666 6£1'0 8¥I'0 YN €00 $S00 9l 1599  0L°CE @1juaxou4d-oiqqen 'y 1091
4l £l 4| Il 0l 6 8 L 9 4 ¥ £ 4 /
oyL/ton  todHItoI1Z [plo]  f0%A  f0%A  f0%<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>