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The Ospino-Kitoi and Kharanur ultrabasic massifs represent the northern and southern ophiolite branches
respectively of the Upper Onot ophiolitic nappe and they are located in the southeastern part of the Eastern
Sayan (SEPES ophiolites). Podiform chromitites with PGE mineralization occur as lensoid pods within du-
nites and rarely in harzburgites or serpentinized peridotites. The chromitites are classified into Type I and
Type II based on their Cr#. Type I (Cr# ¼ 59e85) occurs in both northern and southern branches, whereas
type II (Cr#¼ 76e90) occurs only in the northern branch. PGE contents range from

P
PGE88e1189ppb, Pt/Ir

0.04e0.42 to
P

PGE 250e1700 ppb, Pt/Ir 0.03e0.25 for type I chromitites of the northern and southern
branches respectively. The type II chromitites of the northern branch have

P
PGE contents higher than that

of type I (468e8617 ppb, Pt/Ir 0.1e0.33). Parental melt compositions, in equilibrium with podiform chro-
mitites, are in the rangeof boniniticmelts and vary in Al2O3, TiO2 and FeO/MgO contents from those of type I
and type II chromitites. Calculatedmelt compositions for type I chromitites are (Al2O3)melt¼ 10.6e13.5wt.%,
(TiO2)melt ¼ 0.01e0.44 wt.%, (Fe/Mg)melt ¼ 0.42e1.81; those for type II chromitites are: (Al2O3)melt ¼ 7.8
e10.5wt.%, (TiO2)melt¼ 0.01e0.25wt.%, (Fe/Mg)melt¼ 0.5e2.4. Chromitites are furtherdivided intoOs-Ir-Ru
(I) and Pt-Pd (II) based on their PGE patterns. The type I chromitites showonly theOs-Ir-Ru patternwhereas
type II shows both Os-Ir-Ru and Pt-Pd patterns. PGE mineralization in type I chromitites is represented by
theOs-Ir-Ru system,whereas in type II it is represented by theOs-Ir-Ru-Rh-Pt system. These results indicate
that chromitites and PGEmineralization in the northern branch formed in a suprasubduction setting from a
fluid-rich boninitic melt during active subduction. However, the chromitites and PGEmineralization of the
southern branch could have formed in a spreading zone environment. Mantle peridotites have been
exposed in the area with remnants of mantle-derived reduced fluids, as indicated by the occurrence of
widespread highly carbonaceous graphitized ultrabasic rocks and serpentinites with up to 9.75 wt.%. Fluid
inclusions in highly carbonaceous graphitized ultrabasic rocks contain CO, CO2, CH4, N2 and the d13C isotopic
composition (�7.4 to �14.5&) broadly corresponds to mantle carbon.

� 2016, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Chromitites and PGEmineralization in ophiolite complexes have
been studied by many researchers worldwide (Maurel and Maurel,
1982; Dick and Bullen, 1984; Barnes et al., 1985; Nakagawa and
Franco, 1997; Ballhaus, 1998; Barnes and Roeder, 2001;
Kamenetsky et al., 2001; Andrews and Brenan, 2002; Ahmed and
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Arai, 2003; Garrutti, 2004; Rollinson, 2008; Gonzáles-Jimenéz
et al., 2011; Ahmed 2013 and others). The PGE distribution and
abundance, as well as chromium spinel chemistry are useful in-
dicators of the degree of partial melting, melt-rock/melt interac-
tion, parental melt composition and sulfur saturation of the
primary melts (Dick and Bullen, 1984; Barnes et al., 1985;
Rehkämper et al., 1997; Ballhaus, 1998; Barnes and Roeder, 2001;
Kamenetsky et al., 2001; Naldrett, 2010; Derbyshire et al., 2013).
The Ir-subgroup is more dominant in podiform chromitites
(IPGE¼Os, Ir, Ru) than the Pd subgroup (PPGE¼ Rh, Pt, Pd) (Zhou
et al., 1998; Ahmed and Arai, 2003). However, chromitites with
both Pt- and Pd-rich mineralization have also been reported
(Prichard and Lord, 1993; Prichard et al., 1996). The paragenesis of
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Figure 1. Geological map of part of the Eastern Sayan region (after Geology and ore-bearing zones of Eastern Sayan, 1989).
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platinum group minerals (PGM) in chromitites is also useful to
determine the temperature and fS2 in magmatic systems (Barnes
et al., 1985; Liipo et al., 1995; Nakagawa and Franco, 1997; Ahmed
and Arai, 2002; Andrews and Brenan, 2002; Ahmed, 2007;
Rollinson, 2008; Uysal et al., 2009; Grieco et al., 2012). Primary
PGM changes to secondary PGM in the post-magmatic stage due to
alteration at relatively low temperatures (Garuti and Zaccarini,
1997; Tsoupas and Economou-Eliopoulos, 2008; Derbyshire et al.,
2013; Kiseleva et al., 2014).

The podiform chromitites and PGE mineralization of the ultra-
basic massifs and ophiolite complexes within the Central Asian fold
belt (Altai-Sayan region) have been investigated in some previous
studies, including the ultrabasic massifs in ophiolite complexes of
Tuva (Agafonov et al., 1993), the West SayaneKalninsky ultrabasic
massif (Podlipsky et al., 2004), and the eastern SayaneOspino-Kitoi
ultrabasic massif (Orsoev et al., 2001; Zhmodik et al., 2004, 2006;
Kiseleva et al., 2014).

This study investigates the chemical features of the PGE
mineralization and the parental melt compositions for chromitites
of southeastern part of eastern Sayan (SEPES) ophiolites. We
attempt to evaluate the physico-chemical conditions for different
segments of Proterozoic oceanic lithosphere of Paleoasian Ocean,
based on the chemical composition of podiform chromitites and
PGM. Further, we have used published (Kiseleva et al., 2014) and
Please cite this article in press as: Kiseleva, O., Zhmodik, S., PGE mineral
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new data on the chemical composition of Cr-spinel and PGM
including 77 samples from Ospino-Kitoi and Kharanur ultrabasic
massifs for discussion and interpretations.

2. Geological background

The eastern Sayan Mountain system is part of the Central Asian
Orogenic Belt of accretion-collision origin. In the southeastern part
of the eastern Sayan, Franciscan-type ophiolite complexes are
common. They are characterized by spatial association of tectonic
sheets, klippes and fragments of ancient oceans and marginal ba-
sins of different ages (Dilek, 2003).

The Proterozoic SEPES ophiolites are part of the Central Asian
Orogenic Belt and are segments of oceanic lithosphere of the
Paleoasian Ocean. The SEPES ophiolites are divided into southern
and northern branches, which extend for more than 100 km. These
branches form the Gargan block, which is part of the Archean
Tuva-Mongolian microcontinent (Fig. 1). Ophiolite series and
chemistry of rocks suggest three genetic types of different ages: (1)
oceanic e Southern belt, >1200e1100 Ma; (2) island-arc e North-
ern or Dunzhugur belt, 1035e850 Ma; (3) back-arc e Shigna-
Shishkhid belt, 850e800 Ma (Dobretsov and Ignatovich, 1989;
Zhmodik et al., 2006; Ku�zmichev and Larionov, 2013). The SEPES
ophiolites are of two types. In type-I ophiolites, the dikes and
ization and melt composition of chromitites in Proterozoic ophiolite
6), http://dx.doi.org/10.1016/j.gsf.2016.04.003



Figure 2. Classification diagram of chromium spinels from chromitites, based struc-
tural formula of spinels. Notes: composition fields: I e chromite; II e alumochromite;
III e chrompicotite; IV e subferrichromite; V e subferrialumochromite; VI e ferri-
chromite; VII e subferrialumoferrichromite; VIII e chrome-magnetite; IX e

subalumochrome-magnetite; X e magnetite (Pavlov et al., 1968). 1, 2 e chromitites
from northern belt: 1 e low-Al spinels from type II chromitites, 2 e medium-Al from
type I chromitites (Kiseleva et al., 2014); 3, 4, 5 e medium-Al spinels from type I
chromitites from southern belt: 3 e reference for Kiseleva et al. (2014), 4 e new data, 5
e from zone of carbonized ultramafic rocks (Kiseleva et al., 2014).
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volcanic rocks represent high-Ti oceanic tholeiites and MORB.
Sheet-dike complex and volcanic rocks in type-II ophiolites belong
to the marianite-boninite series (Dobretsov et al., 1985; Fedotova
and Khain, 2002; Zhmodik et al., 2006; Ku�zmichev and Larionov,
Table 1
Representative selective scanning electron microscope analyses of Cr-spinels (wt.%) from

CS65
2-6

CS67
5-6

CS67
5-5

CS67
5-8

CS67
2-9

Al2O3 13.93 14.91 15.51 12.58 14.47
Cr2O3 56.59 57.88 56.45 58.95 57.92
FeO 13.00 13.60 12.96 13.57 13.30
Fe2O3 1.70 0.68 1.56 1.36 1.22
MnO n.d n.d n.d n.d n.d
MgO 13.65 13.78 14.01 13.07 13.93
NiO n.d n.d 0.39 0.50 n.d
Total 98.86 100.85 100.88 100.02 100.84
Atomic concentration on the basis of four oxygens
Al 0.53 0.55 0.57 0.48 0.54
Cr 1.43 1.43 1.39 1.49 1.44
Fe2þ 0.35 0.36 0.34 0.36 0.35
Fe3þ 0.04 0.02 0.04 0.03 0.03
Mn 0.00 0.00 0.00 0.00 0.00
Mg 0.65 0.64 0.65 0.62 0.65
Ni 0.00 0.00 0.01 0.01 0.00

OK10sh
11-2

OK10sh
3-4

OK10sh
16-5

OK10an
1-1

OK10an
1-4

Al2O3 13.13 13.91 13.00 14.30 13.81
Cr2O3 59.55 59.37 56.99 58.57 59.28
FeO 13.53 12.17 20.61 11.57 12.38
Fe2O3 0.29 0.91 0.54 1.37 0.71
MnO n.d n.d n.d n.d n.d
MgO 13.47 14.64 8.82 15.04 14.41
NiO n.d n.d n.d n.d n.d
Total 99.96 101.00 99.96 100.85 100.59
Atomic concentration on the basis of four oxygens
Al 0.49 0.51 0.50 0.53 0.51
Cr 1.50 1.47 1.48 1.44 1.47
Fe2þ 0.36 0.32 0.57 0.30 0.33
Fe3þ 0.01 0.02 0.01 0.03 0.02
Mn 0.00 0.00 0.00 0.00 0.00
Mg 0.64 0.68 0.43 0.70 0.68
Ni 0.00 0.00 0.00 0.00 0.00

Notes: Cr-spinels from chromitites of new district (previously not examined) unpublish
contain inclusion of PGM.
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2013). The northern branch of the SEPES ophiolites consists of
restitic ultrabasic massifs, lattice-banded cumulate peridotites,
coarse-grained lower gabbro, medium-coarse-grained amphibole
upper gabbro, sheet-dike complex, and pillow-lavas of the
marianite-boninite and island-arc series. The southern branch
consists of restitic ultrabasic massifs, rhythmic-banded cumulate
peridotites, banded pyroxenite-anorthosite upper gabbro, small-
scale upper gabbro and dikes of diabase in gabbroic and ultraba-
sic units. Basalts of oceanic type are found in olistoliths (Dobretsov
et al., 1985).

The Ospino-Kitoi and Kharanur restitic ultrabasic massifs are
part of the Upper Onot ophiolitic nappe located in southeastern
part of Eastern Sayan (SEPES ophiolites). They are the largest ul-
tramafic restite massifs in Eastern Sayan. They comprise domi-
nantly of dunites together with harzburgites, which are often
serpentinized and carbonated. Metasomatic replacements are
common and rocks like listwänites and rodingites are widespread
with zones of talc-carbonate and altered dunites. The Ospino-Kitoi
and Kharanur ultrabasic massifs contain podiform chromitites
hosted mainly by tectonically deformed dunites, rarely harzbur-
gites. Podiform chromitites form lensoidal pods concordant with
the host ultramafic rocks and occur within ore zones of 0.1e0.5 m
thick and 400 m long.

3. Sample description

Seventy seven samples (weighing from 1 to 8 kg) were collected
from different chromite bodies in the SEPES ophiolites (northern
and southern branches). The chromite pods show both
massive chromitites (from 44 analyses).

CS67
5-4

CS18
1-3

CS18
1-6

CS18
3-8

CS18
6-1

OK10sh
1-4

14.17 13.87 14.83 14.38 14.40 13.70
57.26 56.74 56.31 54.52 56.80 58.36
12.70 13.57 15.09 11.79 14.06 13.59
2.15 1.66 1.07 3.98 1.38 1.11
n.d n.d n.d 1.76 n.d n.d
13.93 13.33 12.60 13.53 13.22 13.55
0.51 n.d n.d n.d n.d n.d
100.73 99.17 99.91 99.96 99.85 100.31

0.53 0.52 0.56 0.54 0.54 0.51
1.42 1.44 1.42 1.37 1.43 1.46
0.33 0.36 0.40 0.31 0.37 0.36
0.05 0.04 0.03 0.10 0.03 0.03
0.00 0.00 0.00 0.05 0.00 0.00
0.65 0.64 0.60 0.64 0.63 0.64
0.01 0.00 0.00 0.00 0.00 0.00

OK10an
6-3

OK10an
7-5

OK10an
2-5

OK10sh
1-5

OK10sh
3-3

16.12 13.98 12.55 12.68 12.41
58.17 59.24 60.17 59.52 59.68
14.57 13.39 12.79 14.04 14.44
0.23 0.81 1.15 0.00 0.74
n.d n.d n.d n.d n.d
13.66 13.93 14.05 12.85 12.82
n.d n.d n.d n.d n.d
102.76 101.34 100.71 99.08 100.09

0.58 0.52 0.47 0.48 0.47
1.41 1.47 1.51 1.52 1.51
0.37 0.35 0.34 0.38 0.39
0.01 0.02 0.03 0.00 0.02
0.00 0.00 0.00 0.00 0.00
0.63 0.65 0.66 0.62 0.61
0.00 0.00 0.00 0.00 0.00

ed data. Analyses: CS18_3-8, OK10sh_11-2, OK10an_7-5, OK10an_2-5 e Cr-spinels

ization and melt composition of chromitites in Proterozoic ophiolite
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disseminated and massive structures. There are veins of massive
chromitites, 0.01e0.5 m thick, and 1e10 m long, which are
discordant to the host ultramafic rocks. The chromitites are of
massive type (>80% modal chromite). They are composed of sub-
hedral to anhedral chromite grains up to 1e5 mm in size, mostly
relatively fresh, although altered sieve-textured rims and fractures
in grains are common. In the intensely brecciated chromian spinels,
the grains became very fine grained and with the fractures filled
with chlorite and serpentine. Fifteen grains of PGMwere separated
from the four samples of chromitites. Three polished grain mounts
Table 2
Electron microprobe analyses of platinum group minerals from new investigated massiv

Os Ir Ru Rh Pt Fe Ni Cu As S

1 CS-65_1-7 4.7 1.9 52.7 0 2.3 0.3 0.3 3.4 36.1
2 CS-65_1-9 14.2 3.1 42.7 0 2.4 2.3 32.9
3 350_4_8-4 2.7 3.3 53.3 0.9 0.7 36.5
4 334_4_1-4 59.1 0.7 1.5 37.7

5 OK10sh_13 66.2 31.4 2.3 e e 0.3 e e 0.3 e

6 CS18_3-4_1 44.3 17.3 31.6 e e e e e e

7 CS18_3-3_1 47.9 35.4 10.7 0.9 e e e e e

8 CS67_2-3_1 53.9 35.2 5.1 e e 0.2 e e e e

9 CS18_3-4_7 62.5 6.5 15.6 e e 0.7 e 2.2 5.8
10 PL10sh-2 47.2 39.9 10.6 0.6 e 0.5 0.2 e e e

11 OK10an2-1 50.9 42.4 6.5 e e 0.8 e e e e

12 OK10an2-3 43.1 36.9 1.9 e e 0.6 0.7 e 12.3 5.2
13 OK10an7-1 27.8 48.6 18.6 e e 0.6 e e e e

14 PL10sh11-1 31.9 53.9 7.9 e e 0.9 e e e e

15 PL10sh17 29.4 62.2 4.6 e e 0.6 e e 0 0.0
16 CS18_3-2_7 35.5 45.8 12.2 1.1 e 0.6 e e 2.7 1.1
17 CS18_3-2_2 23.9 55.7 13.3 e e 4.2 e e 0.9 0.4
18 CS18_3-2_5 26.7 48.5 5.7 e e 1.5 0.9 e 7.9 4.1

19 CS18_3-2 74.7 6.1 8.6 e e 2.5 0.8 1.7 e

20 CS18_3-3_3 70.1 9.5 7.7 e e e e 3.7 1.7
21 OK10an_3-4 81.5 4.8 8.3 e e 0.7 e e 2.4 4.5
22 OK10an7-6 100.6 3.5 2.1 e e 0.4 e e 2.1 0.7
23 OK10sh9-9 93.1 e e e e 3.9 e 3.1 1.8
24 OK10sh9-10 98.7 e e e e 0.6 e e 0.6 e

25 OK10sh9-1 99.2 e e e e 2.4 e 0.2 e

26 CS9_1-1_5 93.4 3.9 3.8 e e 0.9 e 0.5 e

27 OK10an3-1 e 1.8 59.7 e e e e e 37.3
28 BC18-3_3-6 9.4 11.0 43.8 e e e e 5.7 27.6
29 BC18-3_4-8 e 3.0 59.9 e e e e 1.7 37.2
30 BC18-3_4-6 8.6 12.1 40.3 e e e e 6.0 26.5
31 BC18-3_4-9 e 13.7 48.9 e e e e 5.2 32.8
32 OK10an2_7-4 14.8 49.3 0 e e e e 5.5 32.2
33 349-97_3-2 6.2 47.9 1.4 1.8 31.2
34 K-37_7-1 1.6 60.7 1.0 35.6
35 BC-17_7 4.2 4.1 59.8 0.4 29.5
36 OK-162_12-1 6.3 3.8 52.2 0.8 0.9 30.3
37 OK-162a_1-1 6.9 1.7 55.1 0.2 0.7 1.1 33.6
38 OK-162a_5-2 2.2 2.8 50.3 0.3 1.6 5.8 35.2

39 OK10an2_7-2 40.3 34.9 3.6 0 e e e e 12.2 5.8
40 BC18-3_4-3 11.8 41.2 6.8 0.9 3.3 e e e 20.3 10.9
41 BC18-3_4-5 e 48.7 3.3 e 6.2 e e e 25.7 11.2
42 OK10an2_2-2 e 51.4 8.9 e e e e e 23.3 14.7
43 OK10an2_3-2 e 56.2 3.1 e e 0.6 e e 24.9 12.1
44 OK10an2_7-3 e 54.4 3.6 0.8 e e e e 24.9 11.7
45 PL10sh9-2 e 58.4 2.4 0.9 e e 2.8 e 23.2 11.5
46 PL10sh9-4 e 58.8 1.7 2.5 e e 1.3 e 23.9 11.4
47 PL10sh9-6 e 59.1 1.8 1.3 e e 1.6 e 24.8 11.7
48 BC9_1_1-1 e 52.8 3.5 e 5.7 e e e 25.2 11.7
49 BC9_1_1-2 e 59.2 0.9 1.2 0 e 0.7 e 21.8 11.3
50 BC9_1_1-3 e 55.6 2.5 0.5 1.9 e 0.6 e 22.0 11.3
51 BC18-3_2-3 e 41.4 3.0 14.3 2.5 0.3 e e 27.9 13.4
52 BC18-3_3-4 7.7 35.8 8.9 0.9 8.7 e e e 21.6 11.7
53 BC18-3_3-5 e 50.2 4.2 1.9 e e 1.4 e 25.0 11.1
54 BC18-3_3-7 e 55.5 3.3 0.9 e 0.5 e e 26.1 11.1
55 BC18-3_2-6 e 39.0 10.3 5.6 4.7 0.8 e e 20.7 14.5
56 BC18-3_2-4 23.5 52.8 7.2 e e 1.6 0.7 e 5.6 2.9

Notes: e not detected; northern branch: 1e4 laurites; southern branch (new data): 5e18
solution irarsite-osarsite-ruarsite (IrAsS-RuAsS-OsAsS); Lr e laurite, Irs e irarsite.
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were prepared and microscopic study reveals that PGM occur as
single or composite inclusions in chromite.

4. Analytical techniques

The method of determination of PGE concentration is based on
pre-concentration of the platinum metals in the collector-nickel
matte, selective dissolution of the sulfides in hydrochloric acid,
co-precipitation of platinum metals on tellurium and transfer of
noble metals to solution with a mixture of hydrochloric and nitric
e chromite bodies of southern branch (wt.%).

Total Crystal-chemical formula Form of occurrence

100.7 Ru0.52Os0.02Ir0.01Pt0.01Ni0.01S1.95As0.05 Polyphase aggregate
97.6 Ru0.5Os0.09Ir0.02Pt0.01S1.96As0.04 Polyphase aggregate
97.4 Ru0.52Ir0.02Ni0.01S1.99As0.01 Polyphase aggregate
99 Ru0.98Cu0.02S1.97As0.03 Polyphase aggregate

100.5 Os0.65Ir0.3Ru0.04Fe0.01 Individual grain l
93.2 Os0.37Ru0.49Ir0.14 Individual grain
94.9 Os0.46Ir0.33Ru0.19Rh0.01 Individual grain
94.4 Os0.54Ir0.35Ru0.1Fe0.01 Individual grain
93.3 Os0.62Ru0.29Ir0.06Ni0.02 Rim of grain (an.No 6)
99 Os0.43Ir0.36Ru0.18Rh0.01Fe0.01Ni0.01 Individual grain
100.6 Os0.47Ir0.38Ru0.11Fe0.02 Inclusion in Cr-spinel
100.7 Os0.49Ir0.41Ru0.04Fe0.02Ni0.03 Emulsive nanoparticles in Irs
95.6 Ir0.51Os0.29Ru0.19Fe0.01 Individual grain
94.6 Ir0.57Os0.34Ru0.08Fe0.01 inclusion in Cr-spinel
96.8 Ir0.64Os0.31Ru0.05 Individual grain
99 Ir0.48Os0.37Ru0.13Rh0.01Fe0.01 Rim of grain (an.No 17)
98.4 Ir0.57Os0.25Ru0.14Fe0.04 Individual grain
95.3 Ir0.58Os0.32Ru0.07Fe0.02Ni0.01 Rim of grain (an.No 17)

94.44 Os0.81Ru0.09Ir0.07Ni0.02Cu0.01 Rim of grain (an.No 7)
92.7 Os0.8Ir0.1Ru0.1 Rim of grain (an.No 7)
102.2 Emulsive nanoparticles in Lr. Irs
109.4 Emulsive nanoparticles in Lr. Irs
101.9 Os0.96Ni0.04 Polyphase intergrowth
99.9 Os0.94Ni0.05Fe0.01 Polyphase intergrowth
101.8 Os0.98Ni0.02 Polyphase intergrowth
102.5 Emulsive nanoparticles in Irs

98.8 Ru1.01Ir0.02S2 Polyphase intergrowth
97.5 Ru0.92Ir0.12Os0.1S2 Relicts in Irs
101.8 Ru1Ir0.02S2 Rim of grain (an.No 6)
93.5 Ru0.88Ir0.13Os0.09S2 Rim of grain (an.No 6)
100.6 Ru0.88Ir0.13S2 Rim of grain (an.No 6)
101.8 Ru0.9Os0.14S2 Rim of grain (an.No 13)
88.5 Ru0.56Ir0.04Ni0.01S1.97As0.03 Individual
98.9 Ru0.8Ir0.03Os0.03S2 Polyphase aggregate
98 Ru0.56Ir0.04Ni0.01S1.97As0.03 Individual
94.3 Ru0.66Ir0.03Os0.04S1.98As0.02 Individual
99.3 Ru0.61Os0.04Ir0.01S1.99As0.01 Individual
98.2 Ru0.49Os0.01Ir0.01S1.92As0.08 Polyphase aggregate

96.8 Os0.62Ir0.53Ru0.1S0.53As0.47 Rim of grain (an.No 13)
95.2 Ir0.35Os0.1Ru0.11Pt0.03Rh0.01S0.56As0.44 Rim of grain (an.No 6)
95.1 Ir0.36Ru0.05Pt0.05S0.5As0.5 Rim of grain (an.No 6)
98.3 Ir0.35Ru0.11S0.6As0.4 Rim of grain (an.No 11)
96.9 Ir0.41Ru0.04Fe0.01S0.53As0.47 Intergrowth with Lr
95.4 Ir0.41Ru0.05Rh0.01S0.52As0.48 Rim of grain (an.No 13)
99.2 Ir0.45Ru0.04Rh0.01Ni0.07S0.54As0.46 Polyphase intergrowth
99.6 Ir0.45Ru0.02Rh0.04Ni0.03S0.53As0.47 Polyphase intergrowth
100.3 Ir0.44Ru0.03Rh0.02Ni0.04S0.52As0.48 Polyphase intergrowth
98.9 Ir0.39Ru0.05Pt0.04S0.52As0.48 Individual
95.1 Ir0.48Ru0.01Rh0.02Ni0.02S0.55As0.45 Individual
94.4 Ir0.45Ru0.04Rh0.01Pt0.02Ni0.02S0.55As0.45 Individual
102.8 Ir0.27Rh0.18Ru0.04Pt0.02Fe0.01S0.53As0.47 Rim of grain (an.No 17)
95.3 Ir0.29Ru0.14Pt0.07Rh0.01S0.56As0.44 Rim of grain (an.No 7)
93.8 Ir0.38Ru0.06Rh0.03Ni0.04S0.51As0.49 Rim of grain (an.No 7)
97.4 Ir0.41Ru0.05Rh0.01Fe0.01S0.5As0.5 Rim of grain (an.No 7)
95.6 Ir0.28Ru0.14Rh0.07Pt0.03Fe0.02S0.62As0.38 Rim of grain (an.No 17)
94.3 Ir1.65Os0.74Ru0.42Fe0.17Ni0.07S0.55As0.45 Rim of grain (an.No 17)

solid-solution (Os-Ir-Ru); 19e26 native osmium; 27e38 laurite(RuS2); 39e56 solid-

ization and melt composition of chromitites in Proterozoic ophiolite
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Figure 3. Chondrite-normalized PGE patterns for the massive chromite bodies
(Kiseleva et al., 2014; Zhmodik et al., 2014). (A) Northern branch, N-I e (Os-Ir-Ru)
fractionation type, N-IIe (Pt-Pd) type; (B) southern branch, S-Ie (Os-Ir-Ru) fractionation
type; (C) fromworld-wide ophiolites complexes 1e high IPGE, 2e high IPGE and PPGE:
IeWadiAlHwanet, northwestern Saudi Arabia (Ahmed et al., 2012); IIeOman (Prichard
et al.,1996); IIIeVeria, Greece (Tsoupas andEconomou-Eliopoulos, 2008); IVe Shetland
ophiolite complexe, Scotland (O’Driscoll et al., 2012).
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acids. Determination of elemental concentrations in the resulting
solution is carried out by ICP-MS (STE 35-12-241-2001) in the
Department of Analytical Researches, Federal State Unitary Enter-
prise “Central Research Institute of Geological Prospecting for Base
and Precious Metals”, Moscow. The concentration of PGE in chro-
mitites was determined by assay-mass spectrometry with induc-
tively coupled plasma and preliminary assay using a Ni matte as a
collector. The chemical composition of the chromite and PGE
minerals (polished chromite sections, polished blocks, and epoxy
mounts of the heavy mineral separates) were analyzed by quanti-
tative X-ray microanalysis using a Camebax-Micro microprobe. The
analytical conditions for Camebax-Micro microprobe were as fol-
lows: 20 kV accelerating voltage, beam current 100 nA and 10 s
counting time. Detection limits were generally about
0.03e0.01 wt.%. In addition fine grains of PGE minerals were
analyzed by Tescan-MIRA 3 LMU scanning electron microscope
with an INCA Energy 450þ micro-analyzer based on the Oxford
Instruments NanoAnalysis X-MAX 80 system (UK) (Cr-spinel and
platinum group minerals) with the following conditions: 20 kV
accelerating voltage, 1600 pA beam current, 20 s counting time.
Native minerals, synthetic crystalline phases, metals and metal
alloys were used as standards, with the maximum relative errors
for PGM: 0.48 wt.% for Ru, 0.36 wt.% for Os, 0.38 wt.% for Ir and Rh,
0.13 wt.% for Pt, 0.17 wt.% for Pd.

5. Results

5.1. Composition of chrome-spinel

Cr-spinel in the chromitites from the northern branch has
compositions ranging from alumochromite to chromite (Fig. 2).
Chromitites from the southern branch contain only alumochromite
(Table 1, Kiseleva et al., 2014). The chromitites with alumochromite
(Al/(Al þ Cr þ Fe3þ) ¼ 20e40, Cr# ¼ 59e85) are called type I
chromitites and are found in both northern and southern branches,
whereas those with (Al/(Al þ Cr þ Fe3þ) ¼ 9e21, Cr# ¼ 76e90) are
called type II chromitites (Kiseleva et al., 2014, neworiginal data). Cr-
spinels from chromitites in the southern branch have more ho-
mogeneous compositions (Tables 1 and 2).

5.2. Distribution of PGE in chromite bodies

The common PGE patterns (Fig. 3A, B) are Os-Ir-Ru (Type I) and
Pt-Pd (Type II). Type I chromitites (mid-Al Cr-spinels) show uniform
chondrite-normalized PGE patterns with a negative slope from Ru
to Pt (similar to the worldwide ophiolitic chromitite). The PGE
patterns in type II chromitites show a gentle negative slope, being
enriched in both IPGE (Os, Ir, Ru) and PPGE (Rh, Pt, Pd) (Kiseleva
et al., 2014). The patterns of PGE for type I chromitites are similar
to those from the IPGE in podiform chromitites found in ophiolites
of Wadi Al Hwanet (northwestern Saudi Arabia), Oman, Veria
(northern Greece), and Shetland. The PGE patterns in type II
chromitites from the northern branch are similar to those in high
IPGE and PPGE podiform chromitites from the same ophiolite
complexes (Prichard et al., 1996; Ahmed et al., 2012; O’Driscoll
et al., 2012) (Fig. 3C).

5.3. Morphology and mineral paragenesis of platinum group
minerals (PGM)

For the type I chromitites the PGM are represented by the Os-Ir-
Ru system. In type II chromitites PGM are represented by Os-Ir-Ru-
Rh-Pt system (Fig. 4A, B). PGE mineralization is well documented
and described by Kiseleva et al. (2014). Here we present new data
on PGM. Chemical compositions and crystallochemical formulas of
Please cite this article in press as: Kiseleva, O., Zhmodik, S., PGE mineral
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PGM are listed in Table 2 and Fig. 5A, B. The chromitites are
dominated by Os-Ir-Ru minerals.

The solid-solutions (Os-Ir-Ru) (Fig. 5A) correspond to osmium,
iridium and ruthenium alloys or inter-metallides (Harris and Cabri,
1991). They occur as inclusions (from 5 to 80 mm) in Cr-spinels
(Fig. 6A, B, E, G), and as individual grains (from 10 to 65 mm) in
heavy mineral fraction which are rounded, irregular or cubic crys-
tals. Impurities in Os-Ir-Ru solid solutions are Rh, Fe, and Ni. The
solid solutions of Os-Ir-Ru are often replaced by irarsite-osarsite-
ruarsite and irarsite-hollingworthite. In one grain, native osmium
(Fig. 6D) is overgrown by awaruite (Ni3Fe). Zonal substitutions are
noticed in two grains, where iridiumwith high Ru content (18 wt.%)
is replaced by laurite in the rim, whereas near the center it is
substituted by irarsite (Fig. 6B).

Native osmium (Os > 70 wt.%) occurs as dispersed nanoparticles
in irarsite, laurite and as intergrowths (from 5 to 15 mm) and
nanoparticles in polyphase aggregates (Fig. 6) with irarsite, hea-
zlewoodite (Ni3S2), horomanite (Fe6Ni3S8) and orselite (Ni5-xAs2).
ization and melt composition of chromitites in Proterozoic ophiolite
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Figure 4. PGM association in chromite bodies (Kiseleva et al., 2014; Zhmodik et al.,
2014): (A) northern branch; (B) southern branch.

Figure 5. Diagram for compositions of PGE minerals (A) in the Os-Ir-Ru system e

northern branch: (1) high-temperature (Os-Ir-Ru) solid solution, (2) lamellae (Os-Ir-Ru)
in Pt3Fe, (3) native osmium in (Os-Ir-Ru) zoned phases (Kiseleva et al., 2014), in (Os-Ir-
Ru) sulfides, sulfoarsenides, polyphase aggregates, (4) (Ir-Ru) inclusions in RhNiAs,
polyphase aggregates, (5) native ruthenium in (Os-Ir-Ru) zoned phases (Kiseleva et al.,
2014), polyphase aggregates; southern branch: (6) high-temperature (Os-Ir-Ru) solid
solution, (7) inclusion in Cr-spinels, (8) native osmium in (Os-Ir-Ru) sulfides, sulfoar-
senides, polyphase aggregates; (B) laurite-erlihmanite: (1) northern branches, (2)
southern branch (Kiseleva et al., 2014; new data).
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Laurite (RuS2) occurs in the serpentinized matrix in intergran-
ular space of Cr-spinel forming particulates of irregular shape
(5 mm � 12 mm). Composition of the laurite is shown in Table 2,
Fig. 5B. Laurite is replaced by irarsite (Fig. 6G, H). Similar to irarsite,
laurite contains dispersed particulates of native osmium.

Sulfoarsenides of Ir, Ru, Ru, Rh form phases of variable compo-
sition with irarsite as the dominant phase (Table 2). In addition,
solid solutions such as irarsite-hollingworthite IrAsS-RhAsS and
irarsite-osarsite-ruarsite IrAsS-OsAsS-RuAsS also occur. In the sul-
foarsenides impurities of Pt, Rh, Ni, and Sb were detected. Sul-
foarsenides occur as individual irregular shaped grains up to 50 mm
(Fig. 6). They also form replacement rims w20 mm in width on Os-
Ir-Ru solid solution grains (Fig. 6). Sulfoarsenides form polyphase
aggregates with native osmium, heazlewoodite (Ni3S2), orselite
(Ni5-xAs2) and horomonite (Fe6Ni3S8) (Fig. 6AeL).

6. Discussion

6.1. Parental melt of chromitites

The compositions of chromium spinels from podiform chromi-
tites and their FeO, MgO, Al2O3, TiO2 contents, are considered as the
function of the parental melt composition. Chemical features allow
Please cite this article in press as: Kiseleva, O., Zhmodik, S., PGE mineral
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characterization of spinels, which form from magmas of different
composition (Maurel and Maurel, 1982; Dick and Bullen, 1984;
Melcher et al., 1997; Zhou et al., 1998; Kamenetsky et al., 2001;
Rollinson, 2008; González-Jiménez et al., 2011 and others). The
chromitites of this study show chemical characteristics typical of
podiform chromite deposits (Kiseleva et al., 2014).

Cr-spinels from the chromitite bodies of the northern and south-
ern branches have discrete bimodal chemical compositions. Two
Cr-spinels groups are recognized (Kiseleva et al., 2014 and new data).
Cr-spinels fromtype I chromititeshave similarchemical characteristic
to Cr-spinels from ophiolitic complexes worldwide (Fig. 7). Chemical
composition of high-Cr chromium spinels (type II chromitites) and
the Al2O3 content of their parental melts are similar to those of
Cr-spinels from Wadi Al Hwanet ophiolites (Saudi Arabia) (Ahmed
et al., 2012). According to their Cr#eMg# ratios, the majority of
Cr-spinels fallwithin theboniniticfield (Fig. 7A). TheMg#values show
dispersion and some Cr-spinels correspond to the Alaskan-type of
intrusions. On the Al2O3eFe2þ/Fe3þ discrimination diagram, the
Cr-spinels from type I chromitites of the northern and southern
branches partly fall within the MORB peridotites field, whereas the
ization and melt composition of chromitites in Proterozoic ophiolite
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type II chromitites, plot within the SSZ peridotites field (Fig. 7B).
Cr-spinels in chromitites from the northern branch show wide
variations in TiO2 values that could be the result of interaction with
Ti-richmelts. The bimodal geochemical characteristics of chromitites
in terms of their Cr#, and variation of composition TiO2 and FeO, of
Figure 6. Photomicrographs of platinum group minerals from chromitites in BSE (new studi
spinels (an.No. 14); (B) inclusion solid solution (Os-Ir-Ru) in Cr-spinels with zonal replacem
laurite (an.Nos. 13, 22, 32, 39, 44); (C) euhedral grain solid solution (Os-Ir-Ru) with rim of irar
owergrowth (an.No. 8); (E) inclusion Os-Ir-Ru in Cr-spinels surrounded by irarsite with nanop
(G) individual grain (Os-Ir-Ru) surrounded by irarsite (an.Nos. 7, 19, 20, 28, 52); (H) intergrow
(I) irregular grain of irarsite with emulsive nanoparticles of native osmium (an.Nos. 22, 38, 3
intergrowth irarsite, orselite, heazlewoodite. Notes: Chr-sp e chromium spinel, Oso e nativ
(Fe6Ni3S8), Ors e orselite (Ni5-xAs2). Comments: ‘an.No.’ means number of analysis in Table

Please cite this article in press as: Kiseleva, O., Zhmodik, S., PGE mineral
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Cr-spinels may be attributed to different degrees of partial melting,
variations of magma composition, and secondary stages of melting.
We estimated the Al2O3, TiO2 contents and FeO/MgO of the parental
melt composition in equilibrium with the podiform chromitites
(Table 3, Fig. 7C). The contents of Al2O3, TiO2, FeO, and MgO in
ed chromite bodies from southern branch) (A) inclusion solid solution (Os-Ir-Ru) in Cr-
ent by irarsite and laurite and emulsive nanoparticles of native osmium in irarsite and
site (an.Nos. 16, 17, 18, 51, 56); (D) rounded grain solid solution (Os-Ir-Ru) with awaruite
articles of native osmium (an.Nos. 11, 12, 42); (F) individual grain (Os-Ir-Ru) (an.No. 15);
th porous grains of laurite and irarsite in crack with chlorite matrix (an.Nos. 21, 27, 43);
9, 40); (J) polyphase aggregate (an.Nos. 24, 25, 45, 46, 47); (K) polyphase aggregate; (L)
e osmium, Lr e laurite, Irs e irarsite, Hz e heazlewoodite (Ni3S2), Hrm e horomanite
2.

ization and melt composition of chromitites in Proterozoic ophiolite
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Figure 7. Compositional variation, showing chemical composition chromium spinels
of chromite bodies from SEPES ophiolites, northern branch: 1echromitite
I, 2echromitite II; southern branch: 3echromitite I, 4ecpx harzburgite, 5eharzburgite,
6edunite, 7e12 chromitites fromworld-wide ophiolite complexes (squares e high-Cr;
circles e high-Al) are shown for comparison: 7eTroodos, 8eOman, 9eNew Caledonia,
10eElekdag ophiolite, 11eWadi Al Hwanet, north-western Saudi Arabia, 12esouth-
eastern Turkey; data sources from: Prichard and Lord., 1990; Proenza et al., 1999;
Garutti, 2004 (database); Ahmed et al., 2012; Gonzales-Jiménez et al., 2012;
Rollinson and Adetunji, 2013; Akmaz et al., 2014; (A) Cr# versus Mg#, fields are from
Barnes and Roeder (2001); (B) Fe2þ/Fe3þ versus Al2O3, fields are from Kamenetsky et al.
(2001); (C) (Al2O3)melt vs. (TiO2)melt of the melt calculated as in equilibrium with
chromite from podiform chromitites of SEPES ophiolites. Fields for boninites (Jenner,
1981; Walker and Cameron, 1983; Kamenetsky et al., 2002), Troodos boninites
(Cameron, 1985), Thetford boninites (Page and Barnes, 2009) and MORB (Shibata et al.,
1979; Le Roex et al., 1987; Presnall and Hoover, 1987).
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melts for the Cr-spinels with medium Al2O3 in northern and
southern branches are: (Al2O3)melt ¼ 10.5e14.5 and 11e13.5 wt.%;
(TiO2)melt ¼ 0.01e0.44 and 0.01e0.15 wt.%; (Fe/Mg)melt ¼ 0.45e1.81
and 0.34e1.09, respectively. For Cr-spinelswith low Al2O3 in northern
Please cite this article in press as: Kiseleva, O., Zhmodik, S., PGE mineral
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branch, the (Al2O3)melt ¼ 8e10.5 wt.%, (TiO2)melt ¼ 0.01e0.25 wt.%,
(Fe/Mg)melt ¼ 0.47e2.39. For the accessory Cr-spinels, (Al2O3)melt
¼ 7e14 wt.%, (TiO2)melt ¼ 0e0.35 wt.%, and these values overlap for
different rocks (cpx-bearing harzburgites, harzburgites, dunites).
These values correspond to boninite melts and only some of them
have an affinity to MORB-like melts. On the (Al2O3)melt e (TiO2)melt
discrimination diagram these chromitites fall in the boninite field
near to Thetford and Troodos boninites.

Accordingly, we assume that high-Cr chromitites of northern
branch could have crystallized from boninitic melts in a supra-
subduction environment. Chromitites from the southern branch
might have formed within a mid-ocean spreading zone with a
subsequent change to a subduction environment forming low-Al
Cr-spinels, as is typical of high-Al chromitites from other ophio-
lite complexes.

6.2. Different types of PGE distribution in chromitites

Different types of chromitites and PGE mineralization in single
ophiolitic massifs have been investigated by many workers
(Prichard and Lord, 1993; Rollinson, 2008; Uysal et al., 2009;
Ahmed et al., 2012; Donmez et al., 2014). Several compositionally
different types of chromitites and PGE mineralization have been
recognized in the SEPES ophiolites.

Chromitites from the northern and southern branches of the
SEPES ophiolites show differences in PGE distribution and miner-
alization. A fluid-saturated supra-subduction environment (Dick
and Bullen, 1984) can explain the extreme fractionation of the
PGE. Release of the PGE from their mantle source to the melt de-
pends on the style of melting and the stage of dissociation of PGE in
carrier phases (Mungall et al., 2006). The high concentration of PGE
in high-Cr chromitites might be a result of a critical melting degree
of 20e25% of the mantle (Prichard et al., 2008). Enrichment in
PPGE, together with high IPGE contents in the same chromite de-
posits, may be attributed to a second stage of melting and forma-
tion of the enriched PGE-saturated melt (Hamlyn and Keays, 1986;
Prichard et al., 1996), which is accompanied by the formation of Pt-
Os-Ir-Ru solid solutions and other Pt-bearing phases (Kiseleva et al.,
2014).

The PGE abundances and the Cr-spinel chemistry are useful
indicators of the degree of partial melting and sulfur saturation in
the primary melt (Nakagawa and Franco, 1997).

6.3. PGM formation in chromitites

Solid solutions of Os-Ir-Ru and laurite (RuS2) form in the upper
mantle together with Cr-spinel. Combined crystallization of the
solid solutions Os-Ir-Ru and laurite occurs at T w 1200e1250 �S
and log fS2 ¼ �0.39 to 0.07 (Andrews and Brenan, 2002). Primary
laurite was more Os-rich than the observed values, as shown by the
presence of an emulsion of micro-particles of native osmium in
laurite, formed during desulfurization. In sites with high concen-
tration of Os (up to 14 wt.%), sulfur content is decreased. Originally,
there was a solid solution laurite-erlichmanite (RuS2 - OsS2).
Osmium was released from solid solution during the desulfuriza-
tion process whereas ruthenium, having a maximum affinity to
sulfur, was retained.

Zonation is observed in the Os-Ir-Ru solid solutions. Near the
center, they are replaced by irarsite, whereas in the outer rim zone
they are replaced by laurite. This may be due to the enrichment of
ruthenium towards rim of the grain. Besides iridium and ruthe-
nium have various degrees of affinity with S and As, some of the
laurite could be formed together with the irarsite. The (Os-Ir-Ru-
Rh)AsS minerals formed in the post magmatic stage under the in-
fluence of S, As-bearing fluids.
ization and melt composition of chromitites in Proterozoic ophiolite
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Table 3
Calculated parental melt composition for chromian spinels from chromitite I and chromitite II types in northern and southern branches of SEPES ophiolites.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

CS236/1 CS-159 OK-14/49 CS-237 CS-127 CS50-04 CS-63 CS-334 CS-52 K-61/5 PK-37 D10-2 CS-19 OK-38 CS-161

Al2O3 22.61 16.5 12.73 18.44 17.5 14.35 5.7 4.46 6.95 10.2 9.17 6.6 10.76 7.25 8.54
TiO2 0.03 0.29 0.04 0.03 0.03 0.002 0.04 0 0 0.32 0.04 0 0.07 0 0.04
Mg# 0.64 0.63 0.43 0.62 0.6 0.46 0.42 0.5 0.46 0.48 0.55 0.23 0.38 0.38 0.58
Al# 0.41 0.31 0.25 0.34 0.32 0.28 0.11 0.09 0.14 0.2 0.18 0.14 0.21 0.14 0.17
Cr# 0.59 0.67 0.73 0.65 0.67 0.69 0.88 0.9 0.82 0.8 0.81 0.85 0.77 0.84 0.82
Fe3þ# 0 0.02 0.03 0.01 0.01 0.03 0.01 0.01 0.04 0 0.01 0.01 0.02 0.01 0.02
(Al2O3)melt 14.5 12.68 11.43 13.32 13.07 12.01 8.2 7.41 8.9 10.43 9.99 8.71 10.67 9.06 9.69
(TiO2)melt 0.07 0.44 0.08 0.07 0.07 0.01 0.08 0.01 0.01 0.48 0.09 0.01 0.13 <0.01 0.09
(Fe/Mg)melt 0.55 0.5 1.08 0.56 0.57 0.97 0.95 0.67 0.83 0.84 0.61 2.39 1.23 1.18 0.54

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

CS-21/1 CS-349 CS-8 CS-17 K-34 K-35 K-40 K-43 K-96 BC-68 K-93 BC6526 CS6755 CS6756 CS6758

Al2O3 7.35 14.83 12.82 13.08 13.62 14.08 16.03 14.75 18.51 14.11 17.79 14.08 15.38 14.78 12.58
TiO2 0.17 0.07 0.08 0.05 0.07 0.05 0.05 0.07 0.01 0.03 0.03
Mg# 0.59 0.62 0.63 0.64 0.65 0.64 0.67 0.63 0.56 0.65 0.46 0.65 0.66 0.64 0.63
Al# 0.14 0.28 0.24 0.25 0.26 0.26 0.3 0.28 0.34 0.26 0.34 0.26 0.29 0.28 0.24
Cr# 0.85 0.72 0.74 0.73 0.72 0.71 0.68 0.71 0.64 0.73 0.64 0.72 0.7 0.72 0.75
Fe3þ# 0 0 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.02 0.02 0.02 0.01 0.02
(Al2O3)melt 9.11 12.18 11.47 11.32 11.76 11.92 12.58 12.15 13.35 11.93 13.13 11.92 12.36 12.16 11.38
(TiO2)melt 0.29 0.14 0.15 0.11 0.13 0.11 0.1 0.14 0.03 0.07 0.06 0.01 0.01 0.01 0.01
(Fe/Mg)melt 0.5 0.52 0.47 0.45 0.43 0.46 0.42 0.48 0.72 0.45 1 0.44 0.44 0.46 0.47

31 32 33 34 35 36 37 38 39 40 41 42 43 44 45

CS1813 CS1816 OK1014 O10a1-1 O10an25 O10an63 OK-25/6 OK-8/2 OK-12/2 OK-21/3 OK-21/9 OK-44/1 OK-12/1 OK-13/2 OK-45/2

Al2O3 13.98 14.84 13.65 14.18 12.46 15.68 16.92 21.84 22.32 7.95 6.07 15.59 4.98 6.04 15.96
TiO2 0.08 0.13 0.22 0.07 0.13 0.1 0.12 0.2 0.06
Mg# 0.64 0.6 0.64 0.7 0.66 0.63 0.45 0.62 0.63 0.47 0.56 0.33 0.49 0.52 0.25
Al# 0.26 0.28 0.26 0.26 0.23 0.29 0.32 0.4 0.41 0.16 0.12 0.31 0.1 0.12 0.31
Cr# 0.72 0.71 0.73 0.72 0.75 0.71 0.65 0.57 0.57 0.83 0.86 0.67 0.88 0.87 0.66
Fe3þ# 0.02 0.01 0.01 0.02 0.01 0 0.02 0.03 0.03 0.02 0.02 0.02 0.02 0.01 0.03
(Al2O3)melt 11.89 12.18 11.77 11.96 11.33 12.46 12.86 14.29 14.42 9.41 8.42 12.43 7.76 8.4 12.55
(TiO2)melt 0.01 0.01 0.01 0.01 0.01 0.01 0.15 0.23 0.35 0.14 0.23 0.18 0.21 0.32 0.12
(Fe/Mg)melt 0.47 0.56 0.46 0.35 0.41 0.51 1.07 0.57 0.56 0.83 0.55 1.74 0.7 0.65 2.56

46 47 48 49 50 51 52 53 54 55 56 57 58 59

Tr-1 Tr-2 Om-1 Om-2 N Cal-1 N Cal-2 El-I El-II Wadi-I Wadi-II S T-I S T-II

Al2O3 14.87 23.55 15.33 25.11 25.80 15.20 9e14.3 25.3e34.8 9.9e10.8 15.7e19.4 9.4e14.9 22.3e31.7
TiO2 0.15 0.19 0.17 0.35 0.14 0.07 0.2e0.3 0.2e0.3 0.01e0.05 0.13e0.4 0.09e0.2 0.07e0.3
Mg# 0.66 0.69 0.67 0.65 0.73 0.69 0.4e0.7 0.6e0.8 0.6e0.7 0.6e0.7 0.4e0.7 0.6e0.7
Al# 0.28 0.42 0.29 0.45 0.45 0.28 0.2e0.3 0.5e0.6 0.19e0.2 0.3e0.4 0.2e0.3 0.3e0.6
Cr# 0.1e0.5 0.68 0.53 0.68 0.51 0.52 0.68 0.7e0.8 0.4e0.5 0.79e0.8 0.6e0.7 0.7e0.8 0.4e0.6
Fe3þ# 0.04 0.05 0.04 0.04 0.03 0.03 0e0.03 0.02e0.03 0.01e0.03 0.01 0.02e0.08 0.01e0.07
(Al2O3)melt 10.6e14.4 w15 12.19 14.74 12.35 15.14 15.31 12.30 10.4e12.7 15.6e16.9 10.2e10.7 12.2e13.9 10e12.2 14.5e16.5
(TiO2)melt 0.1e0.5 0.3e2.2 0.26 0.31 0.28 0.51 0.24 0.14 0.24e0.37 0.52e0.79 0.23e0.55 0.25e0.55 0.18e0.3 0.06e0.48
(Fe/Mg)melt 0.7e1.4 1.2e1.6 0.42 0.43 0.41 0.53 0.38 0.38 0.61e1.81 0.43e0.81 0.76e1.17 0.72e1.12 0.42e0.55 0.4e0.62

Comments: (authors data) from northern branch: 1e6 ore chromian spinels medium-Al#, 7e16 low-Al#; from southern branch: 17e36 ore chromian spinels medium-Al#;
(data from Antsiferova, 2006): 37e45 accessory chromian spinels in: 37 Cpx-bearing harzburgites, 38e42 harzburgites, 43e45 dunites; 46 boninite (SSZ) (Wilson, 1989); 47
MORB (Wilson, 1989; Kamenetsky et al., 2001); SSZ e supra-subduction zone, MORB emid-ocean ridge basalt; 48e59 chromitites from world-wide ophiolitic complex (data
source Garutti, 2004. database; Prichard and Lord, 1990; Proenza et al., 1999; Gonzales-Jiménez et al., 2012; Rollinson and Adetunji, 2013): 48, 49 chromitites Troodos high-Cr,
high-Al; 50, 51 chromitites Oman high-Cr, high-Al; 52, 53 chromitites New Caledonia high Cr, high Al; 54, 55 chromitites Elekdag ophiolite; 56, 57 chromititeWadi Al Hwanet,
northwestern Saudi Arabia (Ahmed et al., 2012); 58, 59 chromitites from the southeastern Turkey (Akmaz et al., 2014).
Mg# ¼ Mg/(Mg þ Fe2þ); (Al2O3)sp (wt.%) ¼ 0.035 (Al2O3)2.42melt; (TiO2)melt (wt.%) ¼ (TiO2)0.82524sp *e0.20203; ln (FeO/MgO)sp ¼ 0.47e1.07*Al#spþ0.64*Fe3þ# þ ln (FeO/
MgO)melt (Maurel and Maurel, 1982); F (degree of partial melt) ¼ 10 ln(Cr#) þ 24 (Hellebrand et al., 2001).
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Mantle peridotites have been exposed with mantle-derived
reduced fluids, as indicated by the widespread occurrences of
highly carbonaceous graphitized ultrabasic rocks and serpentinites.
Fluid inclusions in the carbonaceous graphitized ultrabasic rocks
contain CO, CO2, CH4, N2. The d13C isotopic composition is �7.4
to �14.5&, broadly corresponding to mantle carbon (Savelyeva
et al., 1998; Zhmodik et al., 2004).

The microstructure features of PGM reflect processes of remo-
bilization. Remobilization of the PGE with the participation of
reduced mantle fluids takes place during desulfurization and
dearsenization followed by formation of “primary” IPGE. In turn
the influence of metasomatic asthenospheric fluids leads to
dissolution of mantle sulfides and sulfoarsenides (Os-Ir-Ru) and
Please cite this article in press as: Kiseleva, O., Zhmodik, S., PGE mineral
complexes of Eastern Sayan, Southern Siberia, Geoscience Frontiers (201
formation of the “secondary” minerals of native osmium, ruthe-
nium, RhNiAs, (Ir, Ni, Fe) (Kiseleva et al., 2014). Based on the
chemical compositions and microstructures of the Os-Ir-Ru solid
solutions and sulfoarsenides of Os-Ir-Ru, it was observed that Os
had the lowest chemical affinity with S and As, thus Os releases
initially from S, As and finally forms dispersed aggregates of native
osmium (Os > 80 wt.%).

Changes of the redox state from reducing to oxidizing conditions
were followed by formation of the PGE together with the As, Sb, Sn
and Ni arsenides, ferrichromite, Cr-magnetite. The latter associa-
tion indicates the redistribution of chromite and PGM along with
the formation of new minerals within the ultramafic substrate
under crustal conditions.
ization and melt composition of chromitites in Proterozoic ophiolite
6), http://dx.doi.org/10.1016/j.gsf.2016.04.003
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7. Conclusions

(1) Chemical compositions of the Cr-spinels, the mineralogical and
geochemical features of the PGE, and published geochrono-
logical and petrochemical data of the intrusive and extrusive
rocks indicate the differences in the environments of formation
of the Proterozoic SEPES ophiolites in northern and southern
ophiolite branches.

(2) Peridotites of these ophiolite complexes experienced a long
process of evolution in the lithospheric mantle, which includes
repeated partial melting processes. This was followed by the
formation of high Cr# chromite in podiform chromitites.

(3) High-Cr chromitites, with high-PGE (IPGE þ PPGE) concentra-
tions, formed due to high degrees of partial melting (20% or
more) from boninite melt in fluid-rich supra-subduction en-
vironments. The chromitites with the mean-Al content of
chromite might have formed with the interaction of MORB-
type melts followed by subsequent modifications and
repeated stages of melting in subduction environments.

(4) Enrichment in PPGE, together with high content of IPGE in the
same chromite deposits, may be attributed to a second stage of
melting and formation of PGE-enriched and saturated melts.
Enrichment in PPGE leads to the formation of Pt-Os-Ir-Ru solid
solutions and other Pt-bearing phases.

(5) Different stages of the PGE mineralization include (i) the
magmatic stage, where the chromite formed together with the
alloys Os-Ir-Ru, laurite; (ii) the post-magmatic stage, where the
PGE sulfoarsenides formed. Under the influence of reduced
mantle fluids, desulfurization and dearsenization, the primary
PGMs were replaced by the secondary PGMs.
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