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Reconstruction of geodynamic environments of
formation of mantle section rocks of ophiolite com�
plexes is an important problem in geology. Solution of
this problem cannot be a simple consequence of
reconstruction of environment of formation of crustal
parts of ophiolite sequences because of their possible
tectonic combination with the mantle basement.
Analysis of concentrations of incompatible trace ele�
ments in clinopyroxene and/or amphibole from man�
tle section rocks is a direct method to establish their
origin. Such an approach allows us to estimate the
geochemical peculiarities of mantle melts migrating
through peridotites and determine the geodynamic
environments of their formation. The first data on the
composition of clinopyroxene and amphibole from
pyroxenite veins from the mantle section of Voykar
ophiolite, Polar Urals, proving their suprasubduction
origin are reported in this paper.

Voykar ophiolite forms a part of the largest belt of
mafic–ultramafic rocks in the world with a length of
~400 km [1]. The ophiolite has been well studied: its
internal structure is deciphered and characteristics of
composing rocks were published. Ophiolitic sequences
rocks of the Polar Urals are considered as giant frag�
ments of mantle and oceanic crust formed in backarc
marginal basins under suprasubduction environments
[1–3]. Attribution to suprasubduction environment
was proved for plagiogranites [1, 4], as well as for the
rocks of layered and dyke complexes of Voykar ophio�
lite [6]. However, Nd–Sm isotopic data obtained for
harzburgite, dunite, and pyroxenite veins from mantle
section of Voykar Ophiolite suggested their formation
from the mantle with the composition of a mid�ocean

ridge basalt (MORB) source [7]. Our new data allows
us to make another conclusion.

We studied mantle rocks in the northern part of the
ophiolite where the thickness of peridotite sections
reaches 6 km. Harzburgite depleted to a variable
degree in basaltic material predominates among the
rocks. Dunite makes up about 20% of periodtites and
represents pathways, along which mantle melts
migrated during the ascent of host harzburgite under
the influence of stress [3]. Pyroxenite veins associate
with dunite in space. Dunite and pyroxenite were
formed within the harzburgite section on the final
stage of magmatic evolution of mantle section [3].
Pyroxenites were studied in detail and sampled in the
area between two rivers Khoila–Left Paiera and
Lagorta.

Morphology and thickness of pyroxenite veins are
rather diverse. The earliest pyroxenite generations cut�
ting dunite are presented by veins of diopside–ensta�
tite composition with a thickness from 1–2 to 50 cm.
Thin diopsidite veins are abundant in dunite, and
sometimes they replace dunite veins along the strike.
Zoned veins of dark green websterite are the latest.
Veins of giant�granular pyroxenite with a thickness of
0.5–2.5 m form swarms traced for a distance of up to
3 km from a large dunite body. Most of the rocks are
characterized by coarse�granular and giant�granular
textures and have reaction contacts with host
harzburgite. The modal composition of the rocks var�
ies significantly. Magmatic high�aluminum amphib�
ole (Amf) occurs in many pyroxenites in addition to
clino� and orthopyroxenes (Cpx, Opx).

Compositions of Cpx and Amf were analyzed at the
Max�Plank�Institut für Chemie. Concentrations of
major elements were measured with the electron
microanalyzer Jeol Jxa�8200. Concentrations of trace
elements were measured by the LA ICP�MS method
on the Thermo Finnigan Element 2 apparatus with
New Wave UP213 laser adaptor. The diameter of the
laser beam was 80 µm. Helium was used as a transport�
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Representative analysis of amphibole and clinopyroxene from pyroxenite of the mantle section of the Voykar ophiolite

Compo�
nent

pu07 4/3 pu07 10/2 pu07 30 pu07 31/3 pu07 55/10 pu07 33/1 pu07 10/2 pu07 55/10 Kd Amf/l Kd Cpx/l

Cpxt Web Web Web Web Web Web Web

Amf Amf Amf Amf Amf Amf Cpx Cpx

SiO2 48.53 46.31 46.23 47.42 49.74 49.57 52.18 53.05

Na2O 1.46 1.90 1.52 1.69 0.94 1.55 0.26 0.08

CaO 12.60 12.43 12.01 11.91 13.22 12.02 23.60 23.97

K2O 0.06 0.07 0.18 0.19 0.04 0.15 BDL BDL

FeO 5.64 4.90 4.57 4.57 3.72 4.09 3.00 2.64

MgO 18.51 17.83 18.18 18.93 18.91 19.69 16.36 16.91

Al2O3 9.88 11.67 13.93 12.14 10.22 9.02 2.99 3.01

TiO2 0.33 0.54 0.23 0.11 0.18 0.10 0.18 0.07

Cr2O3 0.37 1.89 0.42 0.21 0.87 0.37 0.98 0.36

MnO 0.07 0.07 0.07 0.08 0.04 0.08 0.09 0.08

NiO 0.10 0.07 0.13 0.10 0.11 0.09 0.03 0.05

Total 97.54 97.66 97.46 97.36 97.99 96.64 99.67 100.22

Mg# 85.40 86.64 87.64 88.08 90.06 89.57 90.67 91.95

Rb 1.42 2.15 0.74 0.80 0.59 0.78 0.016 BDL 0.14

Ba 12.65 20.47 2.80 2.23 0.59 3.77 0.94 “ 0.23

Nb 0.034 0.048 0.018 0.025 0.020 0.031 0.007 “ 0.3

La 0.45 0.56 0.005 0.005 BDL 0.018 0.102 “ 0.2 0.032

Pb 0.15 0.42 0.41 0.38 0.12 0.57 0.087 0.027 0.15 0.01

Ce 1.97 2.63 0.024 0.027 0.014 0.072 0.54 0.006 0.4 0.057

Sr 48.56 44.28 5.14 3.20 2.68 6.32 12.38 0.74 0.3 0.082

Pr 0.42 0.62 0.006 0.008 0.005 0.015 0.126 BDL 0.277 0.1

Nd 2.74 4.02 0.073 0.068 0.067 0.099 0.817 0.021 0.8 0.129

Zr 7.79 8.38 0.24 0.28 0.25 0.60 2.45 0.08 0.4 0.046

Hf 0.33 0.30 0.019 0.020 0.028 0.030 0.106 BDL 0.7

Sm 1.23 1.89 0.065 0.048 0.115 0.067 0.403 0.032 1.7 0.211

Eu 0.41 0.79 0.033 0.022 0.043 0.027 0.172 0.018 1.3 0.35

Gd 1.62 2.82 0.23 0.14 0.37 0.17 0.63 0.14 1.7 0.3

Ti 1824 3283 1326 670 1099 615 989 336 2.94 0.229

Tb 0.27 0.49 0.069 0.040 0.117 0.046 0.117 0.040 2 0.3

Dy 1.77 3.47 0.75 0.41 1.11 0.45 0.82 0.36 2 0.256

Ho 0.35 0.73 0.23 0.12 0.32 0.13 0.18 0.09 2 0.25

Y 10.04 20.73 6.07 3.47 8.59 3.46 4.47 2.26 2.3 0.245

Er 1.10 2.27 0.85 0.47 1.15 0.48 0.50 0.30 2.12 0.259

Tm 0.15 0.30 0.15 0.09 0.18 0.08 0.07 0.05 2 0.25

Yb 1.08 1.97 1.14 0.73 1.43 0.65 0.42 0.35 1.63 0.214

Lu 0.17 0.30 0.19 0.12 0.23 0.11 0.06 0.06 1.5 0.2

Note: Cpxt is clinopyroxenite; web is websterite; Amf is amphibole; Cpx is clinopyroxene; Kd Amf/l are partitioning coefficients between
amphibole and the melt; Kd Cpx/l are partitioning coefficients between clinopyroxene and the melt. The concentrations of major com�
ponents are given in wt %; the concentrations of trace elements are in ppm. BDL is below detection limits.
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ing gas from the laser adaptor to the mass spectrometer.
Background analysis proceeded for 20 s, and sample
analysis for 80–100 s. KL2�G and NIST 612 glasses
were used as standards [8].

The clinopyroxene composition corresponds to
diopside (wt %): CaO 22–24.5; Al2O3 1.0–4.5; Cr2O3

0.1–1.3; Mg# (100*Mg/(Mg + Fe2+) 86–95) (Table 1).
Contents of trace elements demonstrate a wide range
of Cpx compositions from different veins (Table 1,
Fig. 1a). Pattern of the distribution of incompatible
elements are subparallel and characterized by high
concentrations of light rare�earth elements (LREE)

Fig. 1. Distribution pattern of trace elements normalized to the composition of primitive mantle (PM) [5] for clinopyroxenes (a)
and amphiboles (b) from pyroxenite veins of the mantle section of the Voykar ophiolite and comparison of compositions of cli�
nopyroxene and amphibole from one sample (c). For comparison, (a) the compositions of clinopyroxenes from boninite and
pyroxenite of the mantle section of Troodos ophiolites and fields of clinopyroxene composition from the layered complex of the
Voykar ophiolite [6]; (b) field of amphibole compositions from xenoliths of Avacha volcano [10] and the field of all published
compositions of amphiboles from mantle rocks from island arcs (http://georoc.mpch�mainz.gwdg.de/georoc/).
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and Sr at relatively low concentrations of heavy REE.
Similar pattern of the distribution of incompatible ele�
ments are typical for Cpx phenocrysts from boninite of
upper pillow lavas and from pyroxenite veins of the
Troodos ophiolite (Cyprus), which represents a typical
example of ophiolite formed above the subduction
zone [9]. The range of Cpx composition from pyrox�
enite completely overlaps that for Cpx from the lay�
ered complex rocks [6] (Fig. 1a).

Compositions of amphiboles correspond to high�
temperature pargasite (~10–12 wt % Al2O3) (Table 1).
The presence of magmatic Amf provides evidence for
an increased water content in the melt (fluid). The
concentration of incompatible trace elements allows
us to distinguish two groups of Amf (Fig. 1b). Amf of
the first group demonstrates compositions typical for
amphiboles from subduction zones [10]. Amf of the

second group are strongly depleted in middle and light
REE relatively to the first group. Amf of both groups
are strongly enriched in large�ion lithophile elements
(LILE), namely Rb, Ba, and Sr, in comparison with
high field strength elements (HFSE), namely Nb
and Zr. In addition, Amf of the second group is char�
acterized by pronounced Pb anomaly relatively to La
and Ce. As illustrated in Fig. 1c, pattern of the distri�
bution of incompatible trace elements for Amf and
Cpx from the same sample are parallel to each other
for all elements (first group) or for the elements to the
right from Ce (second group); their concentrations in
Amf are 3–5 times higher than those in Cpx. The par�
allel character of distribution pattern for incompatible
elements in coexisting Cpx and Amf provides evidence
for the fact that these minerals are in equilibrium and
their final formation from the melt was simultaneous.

Fig. 2. Calculated concentrations of trace elements normalized to the composition of the primitive mantle [5] in melts in equi�
librium with clinopyroxenes (a) and amphiboles (b) from pyroxenite veins of the mantle section of Voykar ophiolite. Average
compositions of MORB, island arc basalt, and boninite [14], as well as the composition of ultradepleted melt inclusion [15], and
the field of the most depleted primitive melts of high�calcium boninite from Troodos [9] are plotted for comparison.
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We calculated the compositions of melts in equilib�
rium with Amf and Cpx on the basis of partitioning
coefficients (Kd) between the mineral and the melt. Kd

obtained for Troodos boninite were applied for Cpx
(Table 1) [11]. Reactive relations between harzburgite
and pyroxenite veins provide evidence for increased
SiO2 concentration in the melt [12]. Because of this,
we used the Kd Amf/melt for the following conditions:
SiO2 content in the melt 55–65 wt %; P = 1.5 GPa;
T = 1000°C [13].

Fields of estimated melt compositions are demon�
strated in Fig. 2. Melts calculated on the basis of Cpx
(Fig. 2a) form a wide field of parallel pattern; the
uppermost of them are characterized by a high Sr con�
centration and low contents of middle REE and
HFSE in comparison with MORB [14]. The varieties
located in the lowermost part of the field are more
depleted in middle and heavy REE than ultradepleted
melts formed at 17% of mantle MORB melting [15].
At the same time, they demonstrate enrichment in
light REE and Sr relatively to the latter. The entire
spectrum of melt compositions could be formed by
progressive melting of the depleted mantle source
caused by the influx of the fluid component enriched
in LILE and, to a smaller degree, light REE.

Melts calculated on the basis of Amf compositions
form two groups (Fig. 2). Distribution pattern of both
groups of trace elements normalized to the composi�
tion of the primitive mantle have a clear Nb minimum
and Pb maximum (Fig. 2b). The first group of compo�
sitions corresponds to melts of boninite composition
[14]. The second group is ultradepleted in light and
middle REEs, but is characterized by significant
enrichment in Rb, Ba, Sr, and Pb. According to char�
acter of the distribution pattern, these melts are close
to the group of the most depleted from primitive melts
of high�calcium boninite from Troodos [9].

It is remarkable that two groups of melt composi�
tions in equilibrium with Cpx from rocks of the layered
complex of the Voykar ophiolite [6] fit into the field of
the studied melts, which has cast doubt on the conclu�
sions of the authors about the formation of these
groups in different geodynamic settings.

Thus, melts participated in pyroxenite formation
have concentrations of incompatible elements indi�
cating their formation during progressive melting of
the mantle wedge above the subduction zone. Conse�

quently, the mantle section of the Voykar ophiolite
may represent the upper parts of the mantle above the
subduction zone.
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