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ARTICLE INFO ABSTRACT

Keywords: The upper mantle rocks of the metamorphosed ophiolite of Chernichevo, Rhodope Metamorphic Complex in
Chromite southern Bulgaria, host small chromite ores with unusual mineralization of base-metal sulphides rich in pla-
Sulphide tinum-group elements. Mineralogical and chemical data indicate that after their formation in the mantle the
'é]r;;c[;e-elements Chernichevo’s chromite ores were modified by the intrusion of an alkaline mafic melt, which resulted in the

precipitation of a suite of metasomatic minerals (sulphides, calcite, apatite and ilmenite), accompanied by an
increase in FeO, TiO,, Ga, Zn, Vn, Mn, and especially Ti and Fe,O3 contents in the chromite. The degree of
chemical modification and abundance of metasomatic minerals are positively correlated and mark the extent of
reaction of the chromitite with the intruding melt. Sulphide segregation promoted the concentration of high
amounts of PGEs (up to 3661 ppb), particularly Pt and Pd, yielding chromite ores with a typical flat to positive-
sloped chondrite-normalized pattern. Subsequently, the chromite ores were deformed and metamorphosed to-
gether with their host rocks at ultra-high pressure (UHP) (> 2.5 GPa, > 1200 °C) to be later retrograded under
eclogite and finally hydrous amphibolite-facies conditions, giving rise to three microstructural types.
Metamorphism of the most metasomatized (i.e., sulphide-rich) chromitites at temperatures > 700 °C within the
conditions of UHP and eclogite-facies resulted in the formation of (1) non-porous recrystallized chromite, con-
sisting of a granoblastic microstructure made-up of coarse-grained blasts and finer-grained chromite neoblasts.
In contrast, hydrous metamorphism on the less metasomatized (i.e., sulphide-poor) chromitite under the con-
ditions of amphibolite-facies (ca. 482-483°C) resulted in the formation of (2) partly altered chromite, char-
acterized by unaltered cores surrounded by Fe®*-rich and Al-depleted porous chromite containing abundant
clinochlore, and (3) porous chromite corresponding to a chromite that was entirely transformed by the meta-
morphic alteration to Fe?*-rich and Al-depleted porous chromite. During metamorphism magmatic Ni-Fe-Cu
sulphides originally formed during the metasomatic event in the mantle were altered, resulting in a major
leaching of Cu-rich sulphides, leading to significant remobilization of Pt and Pd.

Rhodope Metamorphic Complex
PGE remobilization

1. Introduction Gonzalez-Jiménez 2016). Thus, magmatic Fe-Ni-Cu sulphides have only

been described as disseminated (1-3 vol%) in some chromite-rich rocks

Chromitites hosted in the shallow portions of the oceanic upper
mantle usually crystallize from arc-type melts that are typically S-un-
dersaturated (e.g., Prichard et al., 2008; Gonzélez-Jiménez et al., 2012).
This hampers the segregation of immiscible sulphide melts at the high
temperatures of chromite crystallization and subsequently the forma-
tion of sulphide mineralization, a key process for the concentration of
noble metals in mineable concentrations (Naldrett, 2010; O’Driscoll and
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(including dunites and chromitites) in the mantle section of a few
ophiolites, including Unst (Shetland; Prichard and Lord, 1993;
Derbyshire et al., 2013), Acoje (Philippines, Bacuta et al., 1990) and
northern Oman (Neigishi et al., 2013). In these ophiolites, Fe-Ni-Cu
sulphides were found a inter-cumulus to chromite grains indicating that
sulphide saturation was achieved after chromite formation, very likely
after long-term cooling and/or fractionation of the parental (ultra)-
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mafic melt. Proenza et al. (2001) reported a peculiar type of chromite
ore with up to 5vol% of Fe-Ni-Cu sulphides, located at the contact
between typical podiform chromitite and pegmatitic olivine-norite
dikes in the Pososi Mine (Moa-Baracoa Ophiolite, eastern Cuba). In this
unique case, the immiscible segregation of sulphide liquid was pro-
duced by the interaction between already formed chromitite and the
intruding volatile-rich silicate melt parental of the olivine-norite dikes.
Moreover, masses of Fe-Ni-Cu sulphides have been found associated
with chromitites from Eretria in Greece, although these have been in-
terpreted as precipitated from hydrothermal fluids related to serpenti-
nization of the host ultramafic rocks (Economou and Naldrett, 1984).

In this paper we performed a detailed study of the mineralogy,
microstructure and geochemistry of sulphide-rich chromite ores hosted
in the mantle section of the Chernichevo ophiolite in the Rhodope
Metamorphic Complex, southern Bulgaria (Coléds et al., 2014). This
“meta-ophiolite” that experienced a complex metamorphic history
gives us an unprecedented opportunity to evaluate the impact of me-
tamorphism on magmatic Fe-Ni-Cu sulphides associated with mantle-
hosted chromitites. We present and discuss whole-rock PGE data of the
chromitite as well as novel EPMA and LA-ICPMS in situ analysis on
individual grains of oxides (chromite, magnetite and ilmenite), phos-
phates, silicates and sulphides to fingerprint the igneous, metasomatic
and metamorphic signals. In addition, crystallographic orientation
maps of single chromite grains, obtained using the Electron-Back-
scattered Secondary Diffraction (EBSD) technique, were collected to
constrain the micro-structural relations between deformation and al-
teration at the scale of small chromite grains. Finally, these results are
used to construct an integrate model for the evolutionary history of the
sulphide-rich chromitite ores. Our results provide clues on the interplay
between deformation and fluid/melt infiltration in the remobilization
of precious metals during regional metamorphism of ultramafic rocks.

2. Geological setting
2.1. The Eastern Rhodope complex

The Chernichevo ultramafic massif is located near the village of
Chernichevo in southern Bulgaria, approximately 5km north of the
Bulgaria-Greece border (Fig. 1a—c; Kolcheva et al., 2000). Geologically
it belongs to the Byala Reka unit, occupying the rim of the Byala Reka
dome (Ivanov, 2000), one of two late-Alpine extensional metamorphic
domes that form the larger-scale domal structure of the Eastern Rho-
dope Metamorphic Core Complex: the Kesebir-Kardamos to the west
and Byala Reka-Kechros to the east respectively (Fig. 1b; Kolcheva
et al., 2000; Bonev, 2006).

The Eastern Rhodope, together with the West and Central Rhodope
form a 300 x 300 km open NW-SE trending antiform formed during the
Alpine Orogeny between the Balkan Belt to the north and the Dinarides-
Hellenides to the south-southwest (Fig. 1a; Collings, 2014 and refer-
ences therein). The Rhodope Metamorphic Core Complex comprises
high-grade metamorphic rocks of Paleozoic age that were intruded by
unmetamorphosed Late Cretaceous and Miocene granitoids (Liati and
Gebauer, 1999; Peytcheva et al., 2004; Bonev, 2006; Turpaud and
Reischmann, 2010; Janék et al., 2011; Jahn-Awe et al., 2010; Collings,
2014) and covered by widespread Tertiary sedimentary, volcano-sedi-
mentary and volcanic rocks (Bonev et al., 2010 and references therein).
Nowadays, this metamorphic core complex is regarded as a south di-
rected nappe complex formed as a result of a north dipping Cretaceous
subduction zone associated with the closure of the Vardan Ocean
(Ricou et al., 1998). The nappe had experienced post orogeny extension
during the Late Eocene-Miocene leading to the emplacement of a series
of large-scale metamorphic domes (core complexes) that dominate the
regional geology (Burg et al., 1996; Bonev et al., 2010; Nagel et al.,
2011).

For the sake of clarity, the high-grade metamorphic rocks that
constitute the Rhodope Metamorphic Core Complex have been
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Fig. 1. (a) Geographical location of the Rhodope Metamorphic Core Complex in
the tectonic frame of south-eastern Europe (after Marchev et al., 2005). (b) and
(c) geological map of the eastern part of Rhodope in south Bulgaria showing the
localization of the Chernichevo ultramafic body. These maps are compilations
after Bonev (2006), Haydoutov et al. (2004) and 1:50,000 map of Bulgaria
[sheets K35-88 V and K35-88-G, Sarov et al. (2004)]. Legends are in all cases
inset in the figures.

collectively grouped into two main units (upper and lower). These two
units crop out in different parts of the large-scale domal structure along
the West, Central and Eastern Rhodope (Bonev, 2006). In the Eastern
Rhodope where the Chernichevo ultramafic body crops out, the lower
unit is restricted to the core of the dome structures, forming the foot-
wall of a detachment fault system that is easily identified at outcrop
scale. This hanging wall that corresponds to the autochthonous core is
known in the literature as the Gneiss-Migmatite Complex
(Kozhoukharov et al., 1988; Haydoutov et al., 2001), the Lower High-
Grade Unit (Bonev, 2006) or the Lower Allochthon (Janék et al., 2011).
The rocks of this lower unit are orthogneisses (intercalated with mig-
matites and migmatitic gneisses, psammitic paragneisses, metapelites
and scarce amphibolites) and metagranites. Pressure-temperature con-
ditions estimated for the metamorphism of the Paleozoic paragneisses
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and metapelites indicated eclogite facies (1.3-2.2 GPa 500-600 °C)
followed by variable retrogressive P-T trajectories (depending on au-
thors: Mposkos and Liati, 1993; Mposkos, 1998; Mposkos et al., 2012)
down to greenschist-facies conditions. The upper unit or allochthonous
rim of the domal structure is known as the Variegated Complex
(Kozhoukharov et al., 1988; Haydoutov et al., 2001, 2004), the upper
High-Grade Unit (Bonev, 2006) or the Upper Allochthon (Jandk et al.,
2011). This upper unit is more heterogeneous than the lower one and
comprises intercalated meta-igneous (metagabbros and ortho-amphi-
bolites) and metasedimentary rocks (para-amphibolites, marbles, me-
tapelitic schist, paragneisses) of mixed continental and oceanic affinity
(Haydoutov et al., 2004). This unit also includes widespread bodies of
ultramafic rocks (upper mantle harzburgite-dunite, cumulate dunite-
orthopyroxenite and cumulated dunite-wehrlite-clinopyroxenite),
which were deformed and metamorphosed together with the sur-
rounding metamorphic rocks (Kozhoukharova, 1985; Haydoutov et al.,
2004). These ultramafic rocks that may preserve garnet-bearing as-
semblages (Mposkos, 2002) are regarded, together with metavolcanic
and metasedimentary rocks, as fragments of an ophiolite (i.e., the
Rhodopean Ophiolite Association; Kozhoukharova, 1985, 1996;
Haydoutov et al., 2004, Kozhoukharova, 2010).

2.2. The Chernichevo ultramafic massif

The Chernichevo ultramafic massif is a lens-like small ultramafic
body 2 x 0.5km (total exposed area ~1km?) trending NE-SW
(Fig. 1c). This ultramafic body that is included within staurolite-bearing
micaschists consists of metaharzburgite and metadunite hosting chro-
mitite bodies and topped by a sequence of metagabbros at the base of
the crust near the mantle-crust transition (Colas et al., 2014). Although
the metamorphic conditions of the Chernichevo ultramafic massif have
not yet been calculated, in the neighboring immediately to the west
Avren synform there are eclogites retrograded to amphibolite that re-
cord a wide range of P-T conditions: 1.7-1.2GPa and 811-750 °C
(Kozhoukharova, 1998), 1.2-0.8 GPa and 700-650 °C (Mogessie et al.,
2008) and 1.2-1 GPa and 520-440 °C (Mukasa et al., 2003). Haydoutov
et al. (2004) have reported similar P-T conditions (1.1-0.5 GPa and
780-680 °C) in metagabbros associated with the Bubino ultramafic
body (north of Chernichevo) but lower pressures in ortho-amphibolites
from the eastern side of the Avren synform (0.2-0.5 GPa ad 630-520 °C)
(Fig. 1b). Moreover, metaperidotites from the Kimi Complex (the Greek
equivalent of the Avren synform in Bulgaria) record evidence of ultra-
high pressure (UHP)/high temperature (HT) metamorphism (> 2.5 GPa
and > 1200 °C), with a later overprinting in eclogite- or granulite-facies
(1.6-1.4 GPa and 775-750°C) (Mposkos, 2002; Mposkos and Krohe
2000, 2006; Liati and Gebauer, 2001). A final retrogression in the PT
conditions of amphibolites (~1 GPa and 650-600 °C) is also recorded in
metasediments spatially associated with these mantle rocks (Mposkos
and Krohe, 2000, 2006; Mposkos, 2002). Mposkos et al. (2012) have
estimated a somewhat similar retrograde metamorphic pathway in the
rocks of the Gneiss—-Migmatite Complex: from ultra-high pressures
(2.3-2.1 GPa) but lower temperatures (617-553 °C), to eclogite facies
(1.8-1.5GPa and 672-566°C), with amphibolite-facies overprint
(0.8-0.6 GPa and 570-498 °C).

3. Analytical methods

Analytical procedures are described in detail in the electronic
Digital Appendix 1, and the results are presented in electronic Digital
Appendices from 2 to 10.
4. Chromite ore description

4.1. Chromitite outcrops and textures

Three small podiform-like chromitite bodies (with lengths of a few
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meters and thicknesses between 0.5 m and 2 m; Colas et al., 2014) are
exposed in the Chernichevo ultramafic massif. They are hosted within a
variable thick horizon of metadunite, which is concordant with the
foliation of the host metaharzburgites. The chromitite bodies consist of
semi-massive (60-85vol% chromite), and to a lesser extent massive
(> 85% chromite) textures. These chromitites were significantly al-
tered by metamorphism (Fig. 2a—d), which has produced two of the
four types of metamorphic microstructures in chromite as defined by
Gervilla et al. (2012) for metamorphosed chromite ores in the nearby
Golyamo Kamenyane serpentinite body: (1) partly altered chromite and
(2) porous chromite. Both types of microstructures were found in
samples of semi-massive chromitites, although the latter ones pre-
dominate in those samples with the lowest modal volume of chromite.
Partly altered chromite is characterized by unaltered cores surrounded by
porous chromite with abundant inclusions of clinochlore (Fig. 2a).
Clinochlore also fills the pores of porous chromite corresponding to a
chromite that was entirely transformed by metamorphic alteration
(Fig. 2b). These two types of microstructures are made up of subhedral
to anhedral chromite crystals (up to of 0.1-0.5 cm across) with clino-
chlore forming the interstitial matrix between chromite grains. These
chromitite samples contain traces (<1 vol%) of small (< 30 um) of Ni-
Fe-Cu sulphides.

A third microstructural type of chromite, here defined as non-porous
recrystallized chromite forms the semi-massive and massive chromitite
samples of Chernichevo (Fig. 2c—d). This type of chromitite consists of
large chromite crystals (grain size ranges between 0.5 and 1 cm) free of
pores, displaying triple junctions at 120°. Remarkably, non-porous re-
crystallized chromite contains higher amounts of sulphides than partly

Porous
Chromite

Clinochlore

400 um

Former sulphide blebs

Fig. 2. (a) Back-scattered electron-microscopy microphotographs of re-
presentative microstructural types of chromite from Chernichevo chromitites.
(a) partly altered chromite of sample CH1-6, (b) porous chromite of sample
CH1-9, (c) and (d) non-porous recrystallized chromite from sulphide-rich non-
porous chromite (samples CH3-2 and CH2-3 respectively).



J.M. Gonzdlez-Jiménez et al.

% 0.9.@ & 0.9<®
= +
s 08 & 084
< I
& o7 & 07 o
S fs Suiphide-ri¢h
(I.I) 0.6 (I.l) 0.6
& > 3
O 05 7 |sulphide-rich O 05 ; / ;
04 {Fogs Fogq g0 b {Fogs Fogo fFogg
1.0 08 06 04 02 00 10 08 06 04 02 0.0
Mg#=Mg>"/Mg?*+ Fe?* Mg#=Mg?"Mg?*+ Fe?*
CH2
2.59 2.5,
Partly Altered Non-Porous
ACH1-4 @CH1-1
2.04 ACH1-6 CH1-2 2.0/
Porous K CH2-1
o HCH2-2
1.54 CH1-9 151
N FrCH2-3 &
2 |suphideich YeCH2-4 2
1.0/ @CH3-1 1.0
(OCH3-2
0.5 ﬁ 0.5
Partly olls
0.0-Altered———""" 0.0
00 01 02 03 04 05 00 01 02 03 04 05
Fe IR +CrisAP Fe IR +Cri+alt

Ore Geology Reviews 101 (2018) 330-348

1.0+ 1.0+
&, 0.9.@ & OAQ-@
:
£ 08 ,: F & 0.8
I i ¢ H <
4+ ! { ++
07 i ;o 3 0.7 ;
Q ; ; b L i
& ; Rim A Sulphide-poor
O 0.64 Y /A O 0.6 i
o i 5 %
3 /(B Buphideri
5 05 Cé,e f ulphide-rich S 051 ‘ 4 :
. {Fogg Fogp }:‘i:oso o #Fogs Fogg /Fogo
1.0 08 06 04 02 0.0 1.0 08 06 04 02 00
Mg#=Mg>*/Mg?*+ Fe?* Mg#=Mg>/Mg?*+ Fe?*
CH3 POTOSI (CUBA)
@ 7
2.0 4.04
15 o 301
o) g Q
= 1.0 g . 2.0
U4 §) U4
&
05 ¢ 1.0
0.0 : - - : . 0.0
00 01 02 03 04 05 0.0 0.1 0.2 0.3
FETFSHCrtealt Fe IS+ Créeal”

Fig. 3. Plots of the chemistry of chromite (major and minor elements) in terms of Cr# [Cr/Cr + Al + Fe>* atomic ratio] vs Mg# [Mg/Mg + Fe** atomic ratios (a—c)
and TiO, vs Fe* " # [Fe® " /Fe® " + Cr®* + Al®* atomic ratio] (e-g). Plots (d) and (h) are shown for comparison and correspond to metasomatized unmetamorphosed
chromitites from Potosi in the eastern Cuban ophiolites (Proenza et al., 2001). Purple fields correspond to the compositions of chromite with equivalent micro-
structural types from the nearby metamorphosed high-Al chromitites of the Golyamo Kamenyane Massif (Gervilla et al., 2012; Colas et al., 2014). Legend is inset in
the figure. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

altered and porous chromites (up to 5vol%), which are found as both
solid inclusions within and interganular to chromite grains (Fig. 2c-d;
Appendix 2). The latter chromites also contain solid inclusions of sec-
ondary silicates (i.e. antigorite and minor clinochlore), magnetite, cal-
cite and to lesser extent, apatite and ilmenite, which are found both
within and intergranular to chromite grains (Appendix 2). Small masses
of Fe-Ni-rich silicates are included in the sulphide inclusions (Appendix
2). No primary olivine was observed in this type of chromitite whereas
antigorite is the main constituent of the interstitial matrix.

4.2. Chromite chemistry

Partly altered chromite in semi-massive chromitite have Al-rich
cores with Cr# [Cr/(Cr + Al + Fe®*") atomic ratio] = 0.52-0.56, Mg#
[Mg/(Mg + Fe?*)  atomic  ratio] = 0.64-0.58 and  Fe®**'/
(Fe** + AP + Cr**) = 0.06-0.1, surrounded by porous chromite with
values of Cr#, Mg# and Fe®* /(Fe** + AI** + Cr®**) varying from core
to rim from 0.58 to 0.65, 0.62 to 0.53 and 0.07 to 0.11, respectively
(Fig. 3a; Appendix 3). The composition of porous chromite mostly
overlaps with the compositional field of porous rims of partly altered
chromite: Cr# = 0.55-0.71, Mg# = 0.59-0.51 and Fe®* /(Fe** + AI®*
+ Cr**) = 0.08-0.10 (Fig. 3a; Appendix 3). In contrast, non-porous
recrystallized chromite grains are significantly richer in iron in both
semi-massive and massive samples (Fig. 3a—c; Appendix 3). Analysis of
several chromite grains from different samples produced a chemical
trend characterized by an increase in Cr# (from 0.51 to 0.76) and
Fe** /(Fe** + A** +Cr®™) (from 0.20 to 0.38), but a decrease in Mg#
(from 0.46 to 0.28) (Fig. 3a—c; Appendix 3).

Overall the TiO, contents of the Chernichevo chromites are higher
(0.31-1.71 wt%) than the reported in other metamorphosed chromite ores
from the Eastern Rhodope (Fig. 3e-g; Appendix 3). Interestingly, partly
altered and porous chromite fall in a very restricted compositional field
[TiO, = 0.31-0.6 and Fe>*/(Fe>* + AI** +Cr®*) = 0.06-0.12] whereas
non-porous recrystallized chromites show much higher values of TiO,
(0.67-1.71) and iron (Fe** /(Fe** + AI>* +Cr’*) = 0.2-0.36), which are
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positively correlated with the amount of sulphides (Fig. 3e—g; Appendix 3).
This compositional trend is distinctively different to that exhibited by
other metamorphosed chromites from the nearby Golyamo Kamenyane
serpentinite massif, which partly altered and porous chromite overlap with
the compositional field of homogeneous (Fe®*-rich) chromite (Fig. 3e).
This singularity of the composition in the non-porous recrystallized chro-
mite of Chernichevo ultramafic massif is also observed in the triangular
diagram as shown in Fig. 4.

In-situ laser ablation ICP-MS analyses are consistent with the dif-
ferences noted above (Fig. 5a-h). Thus, partly altered and porous
chromites exhibit significantly lower contents of Ti (1691-2966 ppm;
average = 2212 ppm; n = 32) compared to non-porous recrystallized
chromite (3905-9388 ppm; average = 6838 ppm; n = 65). Higher Ti
contents are positively correlated with higher values of Ga, Zn, Mn, and
V (Fig. 5a-d; Appendix 4), thus defining two clearly distinct composi-
tional groups that include: (1) partly altered and porous chromite with
overall lower Ti, Ga (39-63ppm; average =50ppm), Zn
(808-1156 ppm; average = 968ppm) and V (880-1294 ppm;
average = 1102 ppm), and (2) non-porous recrystallized chromite with
overall higher contents of Ti and higher Ga (83-199 ppm;
average = 138 ppm), Zn (9670-59120 ppm; average = 7598 ppm) and
V (1027-1735 ppm; average = 1342 ppm) (Fig. 5a-d; Appendix 4). The
positive correlation between Ti and other trace elements is particularly
evident in the case of Mn, which defines a clearer positive correlation
from the subset of partly altered and porous chromite (1730-2818 ppm;
average = 2135 ppm) towards those of non-porous recrystallized
chromites with progressively higher amounts of iron and sulphides
(2219-4256 ppm, average = 3202 ppm; Fig. 3f and 5c). This contrast
with the roughly negative correlation exhibited by Co (39-300 ppm;
Fig. 5e; Appendix 4), and the practically constant Ni contents relative to
strong variations in Ti exhibited by partly altered and porous chromite
(1064-1743 ppm; average = 1315 ppm) and non-porous recrystallized
chromite (870-2714 ppm; average = 1393 ppm) (Fig. 5f; Appendix 4).
Sc is overall low in all cases (< 9.40 ppm; Appendix 4). The strong
differences in the trace element contents of the different
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microstructural types of chromitite is also evidenced by the presence of
two different compositional groups in binary plots of Ga vs. Zn and
Ga + Zn vs. V + Mn (Fig. 5g-h).

4.3. Microstructures of the chromitite types

Electron Back-Scattered Diffraction (EBSD) maps were performed
on a single grain of partly altered chromite (sample CH1-6; Fig. 6) and
selected areas of non-porous recrystallized chromite with progressively
higher amounts of Fe;Os3, TiO, and metasomatic sulphides, calcite,
apatite and ilmenite (samples CH1-2 — CH2-1 — CH2-3; Figs. 7, 8 and
9.

The partly altered chromite grain of sample CH1-6 displays a band
contrast map with no significant changes in the crystallographic or-
ientation between the core and its porous rims (Fig. 6a). The inverse
pole figure (IPF) orientation map shows a relatively homogeneous in-
ternal distribution of poles in the grain (Fig. 6b), confirming the rela-
tively consistent core-to-rim crystallographic orientation. Small differ-
ences in the IPF orientation map are only observed close to silicate and/
or late fractures, suggesting that they are due to edge effects and pol-
ishing artifacts. Crystallographic continuity between core and rim is
also suggested by the distribution of misorientation angles within the
grain, indicating that the rim is not randomly oriented with respect to
the core (Fig. 6¢). Despite the fact that this partly altered grain does not
show significant changes in the crystallographic orientation there is a
certain degree of distortion accommodated by discrete deformation
lamellae as observed in the contrast map (white square in Fig. 6a).
Consistently, the misorientation data across this grain reveal maximum
misorientation deviation (< 1°) in the zones where these lamellae occur
(white square in Fig. 6¢). Interestingly, the deformation lamellae dis-
play certain curvatures very likely caused by bending and are somehow
related with the zones where chromite dominates according to the
EBSD phase map (white square in Fig. 6d). Nevertheless, it is worth to
note that those domains identified as magnetite in the EBDS map cor-
respond to Fe?* -rich (and Fe>*) chromite as determined by single-spot
analyses using EPMA (Fig. 3a and 4); an intermediate phase between
chromite and magnetite that is not available in the EBSD database.

The band contrast and IPF orientation maps of three non-porous
recrystallized chromite samples reveal the presence of grains with dis-
tinct features. The most striking feature is that in those samples with
lower amounts of TiO,, Fe,O3 and sulphides (samples CH1-2 and CH2-
1) several small faceted grains that form lamellar twins (rectangle A in
Fig. 7a and 8b) coexist with larger chromite grains having significant
internal crystal bending (rectangles B1 and B2 in Fig. 7b and 8b). The
faceted grains typically form high-angle (120°) curved junctions
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indicative of recrystallization whereas the larger grains with subgrain
boundaries exhibit irregular contacts between them and with the
smaller faceted grains (Figs. 7 and 8b). The inverse pole figure or-
ientation map indicates no consistent orientation between these two
types of grains (Figs. 7 and 8b), which is also observed in the inverse
pole figures with different crystal orientation with respect to the spe-
cimen XYZ coordinate framework (Figs. 7 and 8c) and the patterns of
bulk-crystallographic orientation (CPO) exhibiting various orientation
maxima (Figs. 7 and 8d). The distribution of the misorientation angles
in a profile across different grains of sample CH1-2 (profile A-A’ in
Fig. 7e) is also consistent with different crystallographic orientation of
the chromite grains. Small peaks at > 3° misorientation angle in the
profile B-B’ correspond to deformation lamellae orientated roughly
parallel to the largest length of the crystals (white arrows in Fig. 7e),
similar to those described above for the core of the partly altered
chromite grain shown in Fig. 6.

On the other hand, the sample with the highest amounts of TiO,,
Fe,05 and sulphides (CH2-3) consists only of small faceted grains with
triple joints (Fig. 9a-b). In this sample characterized by a polygonal
microstructure, the orientation data obtained from all chromite grains
analyzed display near-random to very weak patterns of bulk crystal-
lographic preferred orientation (CPO) with numerous orientation
maxima at <100>, <110), and <111) (Fig. 9b—d). Here the variation of
the misorientation angles in two profiles across different grains (profiles
A-A’ and B-B’ in Fig. 9b) is on average significantly much higher
(> 15°) than in the other two samples of non-porous recrystallized
chromite described above. This is also consistent with our previous
observation that chromite grains in this sample exhibit different crys-
tallographic orientation.

4.4. Whole-rock PGE and base-metal contents

The total PGE abundances in the studied chromite ores are mostly
between 886 and 3661 ppb (average: 1568 ppb; Appendix 5). The dis-
tribution of the PGEs is heterogeneous among the different chromite
ores, and even between the different microstructural types. Thus, the
sample made up of porous chromite has higher total PGE contents (up
to 3661 ppb) than those consisting of partly altered (1770-1942 ppb)
and non-porous recrystallized chromites (886-1257 ppb) respectively
(Appendix 5). The chromitite samples with porous chromite and those
consisting of partly altered chromite have almost identical total IPGE
(Os, Ir, Ru) and PPGE (Pt, Pd, Rh) contents, which is reflected in nearly
flat patterns in PGE-normalized plots (Fig. 10a). In contrast, non-porous
recrystallized chromites exhibit PPGE concentrations that are higher
than those of IPGE, producing a positive-slope in the chondrite-
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Fig. 6. EBSD and EDS maps of an individual partly
altered chromite grain representative of Chernichevo
chromitite sample CH1-6. (a) Orientation contrast
map showing different gray scale changes in crys-
tallographic orientations with dark areas corre-
sponding to grain boundaries, holes and fractures or
undeformed chlorite grains. (b) Inverse pole (IPF)
map where colors show different orientations relative
to the Y, direction. (c) Color coded EBSD map de-
picting the mean orientation per grain. (d) EDS map
of phases. Note that in all maps only chromite and
magnetite were indexed and the step size of all maps
was 2 pm and a dotted white line rectangle encloses
an area with deformation lamellae.

i e e s s el A

normalized PGE patterns (Fig. 10a). The higher amounts of PPGE in
those samples are related to the proportion of sulphides, and particu-
larly those that are Cu-rich. Thus, non-porous recrystallized chromites
with the highest proportion of sulphides have overall the highest bulk-
rock concentrations of Pt + Pd + Rh and Cu (Appendix 5). Porous
chromite also contains the highest amount of gold (up to 50 ppb), which
is highly variable within different samples with partly altered
(6-16 ppb) or non-porous recrystallized chromite microstructures
(4-47 ppb) (Appendix 5).

5. Mineralogy of inclusions in chromitite
5.1. Silicates

Chlorite and antigorite are identified as inclusions or interstitial to
chromite in partly altered, porous and non-porous recrystallized chro-
mites, however their composition varies strongly depending on their mi-
crostructural position (Appendix 6). Chlorite associated with partly altered
and porous chromite in semi-massive chromites (n = 49) varies within the
following ranges: Si = 29.47-36.55wt%, Al = 11.38-20.18 wt%,
Mg = 31.34-34.11 wt%, and Fe = 1.48-2.19 wt%; whereas that related to
non-porous recrystallized chromite from massive chromitites (n = 24) is
enriched in FeO (2.49-3.28wt%) but lightly depleted in SiO,
(30.14-34.17 wt%), Al,05 (13.11-19.67 wt%), and MgO (30.94-33.57 wt
%) (Appendix 6). The Fe/(Fe + Mg) ratio is < 0.06, overlapping the
compositional field of clinochlore as defined by Hey (1954). All analyzed
crystals contain significant amounts of Cr,O3 (up to 2.69 wt%) and, to
lesser extent, NiO (up to 1.93 wt%) (Appendix 6).

Antigorite (n = 39) associated with non-porous recrystallized
chromite has variable contents of SiO, (37.70-44.07 wt%), MgO
(26.17-40.44 wt%) and FeO (1.61-11.98 wt%), and exhibits relatively
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high amounts of Al,03 (0.11-1.45 wt%), NiO (0.79-1.8 wt%) and Cr,O3
(< 0.86 wt%) (Appendix 6).

5.2. Sulphides

Partly altered and porous chromites from semi-massive chromitites
contain traces («1 vol%) of small-sized (< 30 um) sulphides of Ni-Fe
(pentlandite, millerite, heazlewoodite = godlevskite) and Fe-Cu
(chalcopyrite and bornite). The cores of partly altered chromite host
single isolated grains of pentlandite or more frequently composite in-
clusions of pentlandite-chalcopyrite-bornite + (millerite), which may
contain submicron-sized inclusions of Pd-Bi compounds (Fig. 11a—c). In
contrast, the porous rims or the altered silicate matrix contain Ni-rich
pentlandite replaced by heazlewoodite and/or magnetite. In the porous
chromite, the sulphides are always associated with chlorite filling pores
and consist of single or composite grains of all the above listed Ni-Fe-Cu
sulphides (Fig. 11d-f). Frequent grains of pentlandite are partly re-
placed by heazlewoodite and magnetite in both porous chromite and
silicate matrix (Fig. 11e-f).

Non-porous recrystallized chromite from massive chromitites con-
tains up to 5vol% of sulphides as both solid inclusions within, and
interganular to, chromite grains (Fig. 11g-1). Their sulphide assemblage
is essentially the same as described above for the semi-massive samples,
except that they contain pyrrhotite. Sulphide grains included in chro-
mite, far from the edges or crosscutting fractures, are blebs (< 50 pm)
consisting of pyrrhotite and pentlandite, with occasionally associated
chalcopyrite or bornite (Fig. 11g-h) and a Pt-Pd-Sb compound; few
isolated grains of pentlandite were also identified in this micro-
structural position. Grains connected with late fractures or the inter-
stitial silicate matrix are much larger (up to 1 mm) and characterized by
bubble-like or holly-leaf morphology. They consist of pentlandite with
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Fig. 7. EBSD maps of the sulphide-poorer non-porous recrystallized chromite of Chernichevo sample CH1-2. (a) Orientation contrast map showing different gray
scale changes in crystallographic orientation; the dark areas are grain boundaries, holes and fractures. (b) Inverse pole figure (IPF) maps showing different or-
ientations in colors relative to the Y, direction; rectangles B1 and B2 enclose areas with intracrystalline plastic deformation in larger blast, whereas rectangle C
enclose an area with smaller strain-free faceted neoblast grains. Distribution of crystallographic preferred orientation (CPO) data of chromite in this area is presented
relative to (c) sample coordinates (X, Y, Z) and (d) chromite <100, <110)> and <111) pole. Note that data are one point per grain data, smoothed with a Gaussian fit
half-width and presented on lower-hemisphere equal-area pole figure. Colors in (c) and (d) are the same as in (b). (e) Misorientation map scaled from 0 to 2° and
representative misorientation profiles across the selected area. A dotted white line and arrows indicate areas with maximum misorientation degrees corresponding to
deformation lamellae in chromite.

calcite (Fig. 11i-j), ilmenite (Fig. 11k) and/or apatite. Frequently Pyrrhotite (n = 12) associated with pentlandite in non-porous re-
pentlandite is almost completely transformed to magnetite = (mill- crystallized chromite has low Ni (< 2.71 wt%) and Co (< 0.12 wt%)
erite = heazlewoodite) (e.g., Fig. 111). Occasionally chalcopyrite is contents and exhibits relatively high metal/sulphur ratio (0.84-0.95 wt
partly transformed to bornite-magnetite and is also found in the inter- %; Appendix 7). Pentlandite (n = 77) shows a broad compositional
stitial matrix. variability of Ni (19.74-47.36 wt%) and Fe (14.47-42.71 wt%), and Co
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Fig. 8. EBSD maps of the sulphide-richer non-porous recrystallized chromite of Chernichevo sample CH2-1. (a) Orientation contrast map showing different gray scale
changes in crystallographic orientation; the dark areas are grain boundaries, holes and fractures. (b) Inverse pole figure (IPF) maps showing different orientations in
colors relative to the Yodirection; rectangle A encloses a larger chromite grain with a deformation twins, whereas rectangles B1 and B2 enclose areas with in-
tracrystalline plastic deformation in larger blast. Distribution of crystallographic preferred orientation (CPO) data of chromite in this area is presented relative to (c)
sample coordinates (X, Y, Z) and (d) chromite <1 00>, <110> and <111) pole. Note that data are one point per grain data, smoothed with a Gaussian fit half-width
and presented on lower-hemisphere equal-area pole figure. Colors in (c) and (d) are the same as in (b). White arrows in (a) and (b) indicate areas with maximum

misorientation degrees corresponding to deformation lamellae in chromite.

(< 3.88wt%) (Appendix 7). The composition of pentlandite forming
single isolated grains or composite aggregates with pyrrhotite +
chalcopyrite = bornite in non-porous recrystallized chromites varies
within the following ranges: Ni = 22.22-37.93 wt%,
Fe = 25.34-37.68 wt%, Co = 0.49-2.8 wt%. In this type of chromite,
pentlandite intergrowths with secondary millerite +
heazlewoodite = magnetite in fractures or in the silicate matrix ex-
hibit similar Ni (28.16-38.95wt%), Fe (24.47-36.42wt%), Co
(< 2.73wt%) (Appendix 7). In contrast, pentlandite in partly altered
chromites and porous chromite shows overall higher contents of Ni
(31.54-47.36 wt%) but lower Fe (14.47-26.63 wt%) and more variable
Co (0.29-3.88 wt%) (Appendix 7). The other Ni sulphides (millerite and
heazlewoodite) show nearly stoichiometric compositions but contain
variable, small amounts of Fe (< 4 wt%) and Co (< 0.31 wt%) (Fig. 12
and Appendix 7). Chalcopyrite and bornite also have very low Ni
(< 1.5wt%) and similar Co (< 0.31 wt%) compared to Ni-rich sul-
phides (Appendix 7).

5.3. Magnetite
Magnetite grains up to 0.6 mm in diameter were identified asso-

ciated with Fe-Ni sulphides and included in, and intergranular to,
chromite from non-porous recrystallized chromite (Appendix 8).
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Magnetite (n = 82) forming single isolated grains or composite ag-
gregates with Fe-Ni sulphides having variable but high contents of
Cr,03 (up to 4.14 wt%), MgO (up to 2.94 wt%), NiO (up to 1.73 wt%),
and TiO5 (up to 1.26 wt%), low contents of CoO (< 0.40 wt%), MnO
(< 0.33wt%), Al,O3 (< 0.20 wt%), and ZnO (< 0.10 wt%), and neg-
ligible V5,05 (up to 0.06 wt%) (Appendix 8).

5.4. Ilmenite

Ilmenite grains up to 0.5 mm in diameter were identified included
in, and intergranular to, chromite from non-porous recrystallized
chromite (Fig. 11k; Appendix 2). EPMA analyses of 29 large grains
indicate that this type of inclusion contains up to 54.26 wt% of TiO,
and 9.46 wt% of MgO, as well as variable MnO (0.51-5.91 wt%), V,03
(< 0.6 wt%) and NiO (< 0.10 wt%), corresponding to high contents of
the geikielite (MgTiO3) and pyrophanite (MnTiO3) end-members
(Appendix 8).

5.5. Carbonates
Carbonates (n = 9) up to 0.5 mm in diameter found as inclusions

in non-porous recrystallized chromite show a very constrained
composition with high CaO (53.93-56.85wt%) and traces of FeO
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Fig. 9. EBSD maps of the sulphide-richer non-porous recrystallized chromite of Chernichevo sample CH3-2. (a) Orientation contrast map showing different gray scale
changes in crystallographic orientation; the w dark areas are grain boundaries, holes and fractures as well as antigorite grains. (b) Inverse pole figure (IPF) map
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among chromite grains of this sample. These different orientation can also be seen in the distribution of crystallographic preferred orientation (CPO) data of chromite
relative to (c) sample coordinates (X, Y, Z) and (d) chromite <100, <110)> and <111) pole. Note that data are one point per grain data, smoothed with a Gaussian fit
half-width and presented on lower-hemisphere equal-area pole figure. Colors in (c¢) and (d) are the same as in (b).

(0.03-0.36 wt%), Cr,03 (< 0.24 wt%) and MnO (< 0.05 wt%), cor- 5.6. Apatite

responding to the calcite end-member [Ca/(Ca + Mg + Fe)

ratio = 1] (Appendix 9). Apatite grains (up to 350 um in diameter) were found as inclusions
in non-porous recrystallized chromite grains from a semi-massive
chromitite (i.e., CH2-1; Appendix 10). Energy dispersive X-ray spectra
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Fig. 10. Bulk-rock PGE compositions of
chromitites normalized to C1 chondrite
(Naldrett and Duke, 1980). (a) and (b)
Chromitites from Chernichevo and other
metamorphosed  chromitites from the
Eastern (Golyamo Kamenyane and Jakovitsa
massifs; our unpublished data) and Central
Rhodope Metamorphic Complex in Bulgaria
(Dobromirtsi and Pletene; Tarkian et al.,
1991; Gonzalez-Jiménez et al., 2015). (c)
Examples of sulphide-poor (Proenza et al.,
2007 and references herein) and sulphide-
rich chromitites (Potosi in eastern Cuba,
Acoje in Philippines and Cliff in Scotland;
Bacuta et al.,, 1990; Prichard and Lord,
1993; Proenza et al., 2001) hosted in the
mantle section of ophiolites are shown to-
gether with those from UG-2 of Bushveld
(Naldrett et al., 2012).

Chilorite

Fig. 11. Backscattered electron images of base-metal sulphides, and associated platinum-group minerals found in chromitites from the Chernichevo ultramafic
massif. (a—c) grains included in unaltered chromite cores of partly altered chromite. (d—f) grains included in porous chromite forming rims in partly altered chromite
or porous chromite grains. Grains included within (g-h), or interstitial to (i-1) chromites in non-porous recrystallized chromites.
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Fig. 11. (continued)

(EDS) obtained using an environmental scanning electron microscope
(ESEM) indicate that all these grains are Cl-apatite (Appendix 10).

6. Discussion

6.1. Fingerprinting igneous, metasomatic and metamorphic signatures in
chromitite

Fig. 3a shows that cores of partly altered chromite should have
formed (or equilibrated) in equilibrium with highly magnesian olivine
containing ~ Fog,. These grains of partly altered chromite also display
core-to-rim variation in Cr# and Mg# running between and parallel to
the Fogp and Fogg contours. Similar variations in major element com-
position have been reported in chromitites from the nearby Golyamo
Kamenyane serpentinite massif (Fig. 3a; Gervilla et al., 2012; Coléas
et al.,, 2014) and metamorphosed ophiolites elsewhere (Barra et al.,
2014; Gonzélez-Jiménez et al., 2016; Colas et al., 2017). These che-
mical variations are typically produced during the retrograde hydrous
metamorphism, when infiltrating fluids derived from the host ultra-
mafic rock promote the reaction of magmatic chromite with the olivine
matrix, producing partial to complete replacement of original grains of
chromite by secondary Fe?* -rich porous chromite in equilibrium with
chlorite (Gervilla et al., 2012). This is a dissolution-precipitation

reaction that involves continuous chromite mass loss resulting in the
development of porous chromite rims, leaving behind cores that may
still preserve the igneous chemical signature (Colas et al., 2017). This is
consistent with previous observations (Colas et al., 2014) that cores of
partly altered chromite from Chernichevo have a similar distribution of
minor and trace elements to those from high-Al chromites from un-
altered ophiolites, indicative of crystallization of these chromitites in a
spreading center located in the rear of an island arc (i.e., back-arc basin;
Zhelyaskova-Panayotova et al., 2000).

In contrast, non-porous recrystallized chromites are significantly
richer in FeO than party altered chromites, thus plotting parallel or
close to the Fog, contour (Fig. 3a—c). If equilibrium is assumed between
chromite and olivine, the progressive increasing of FeO in non-porous
recrystallized chromite might reflect the crystallization of their proto-
lith from a melt that had experienced higher rates of fractional crys-
tallization. However, fractional crystallization of silicate melt(s) is re-
latively rare within single chromitite pods or even between nearby
chromitites in the upper mantle section of ophiolite complexes. Rather,
it is commonly restricted to layered intrusions (Lord et al., 2006;
Mukherjee et al., 2010) or Ural-Alaskan complexes (Garuti et al., 2003;
Augé et al., 2005). Moreover, ophiolitic chromitites tend to co-crys-
tallize in equilibrium with ultramagnesian olivine (Fo > 91) and not
with an olivine low in magnesium (Fo ~ 80) as that supposedly must be
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in equilibrium with the non-porous recrystallized chromite of Cherni-
chevo (Arai, 1994; Gonzélez-Jiménez et al., 2014). Therefore, the
crystallization of the protolith of non-porous recrystallized chromite
from an evolving melt(s) that already precipitated the partly altered
chromites must be ruled out.

Compositional variations along the Mg# [Mg/(Mg + Fe?1)] axis
similar to those observed in Fig. 3a—c have also been attributed to
Fe?* —>Mg?* exchange between chromite and olivine in chromitites
elsewhere. This chemical evolution of chromite is usually associated
with diffusion, which affects in greater extent the accessory phase, i.e.,
accessory chromite in an olivine gangue will become very iron-rich,
whereas accessory olivine in a chromitite body will become hyper-
magnesian (Leblanc and Nicolas, 1992). Thus, lower Mg# should be
expected in semi-massive and disseminated chromitites respectively.
However, this hypothesis must be also excluded because partly altered
and non-porous recrystallized chromite microstructures have been
identified in both semi-massive and massive chromitites.. Subsolidus re-
equilibration between chromite and olivine during hydrous meta-
morphism may also produce similar variations of Mg# in chromite
(e.g., Barnes and Roeder, 2001; Mukherjee et al., 2010). However, non-
porous recrystallized chromite from Chernichevo exhibits distribution
of minor and trace elements distinctively different to those described in
metamorphosed chromitites from the nearby ultramafic massifs in the
Rhodope Metamorphic Complex (Fig. 5a-g; Colas et al, 2014;
Gonzalez-Jiménez et al., 2015) or metamorphosed ophiolites elsewhere
(Gonzalez-Jiménez et al., 2016; McGowan et al., 2015; Colas et al.,
2014). Therefore, these geochemical signatures should precede regional
metamorphism.

A possible way to explain differences in composition between cores
of partly altered and non-porous recrystallized chromites is that they
derive from chromitite protoliths that originated in different mantle
environments. However, this is not consistent with the fact that these
two types of chromite microstructures coexist within a single chromitite
body (e.g., CH1; Fig. 3a). It is worth to note that in the non-porous
recrystallized chromites the progressive increase in total FeO, Ga, Zn, V,
and Mn, and especially, Ti and Fe,O3 contents (Figs. 3 and 5) are po-
sitively correlated with the amount of sulphides, carbonate, apatite and
ilmenite. Mineral assemblages characterized by the coexistence of sul-
phides, ilmenite, carbonates and phosphates are distinctive feature of
metasomatism by volatile-rich alkaline melts that frequently affect
peridotites of the subcontinental lithospheric mantle (SCLM) (Gorring
and Kay, 2000; Morishita et al., 2008; Hughes et al., 2017), and to a
lesser extent from the oceanic mantle (Kogarko et al. 2001; Morishita
et al., 2004). Chromitites that have experienced metasomatism by al-
kaline melts are only known from the SCLM of the Finero massif in Italy
(Zaccarini et al., 2004) and the oceanic peridotites of the Potosi Mine in
eastern Cuban ophiolites (Proenza et al., 2001). In the latter chromi-
tites, higher iron contents (Fe,O3 and FeO) in chromite are also posi-
tively correlated with TiO,, V,03 and MnO, which in turn are also re-
lated with the progressively higher abundance of Fe-Ni-Cu sulphides.
Proenza et al. (2001) interpreted that higher degrees of interaction with
the intruding metasomatic melt had produced chromite ores with
higher volumes of sulphides and other metasomatic minerals as well as
chromites with progressively higher Fe;O3 and TiO,. Thus, the fact that
a given chromite body (i.e., CH1) preserves both partly altered and non-
porous recrystallized chromites with variable sulphide contents and
rates of chemical modification of chromite has led us to suggest inter-
action with a single metasomatic melt but at distinctively different
melt/rock ratios. This chromitite-melt interaction may have also pro-
duced significant recrystallization and coarsening of chromite, ex-
plaining why non-porous recrystallized chromites were only found in
samples of massive chromitites. These observations allow us to con-
clude that the increasing of Cr# coupled to decreasing of Mg# was very
likely related with metasomatic alteration prior to metamorphism, al-
though a certain degree of modification by metamorphism could not be
completely ruled out.
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6.2. Sulphide segregation during chromitite-metasomatic melt interaction

As noted above, metasomatism prior to regional metamorphism not
only resulted in the modification of the chromite composition but also
in the formation of magmatic Ni-Fe-Cu sulphides. Bubble-like contacts
of the sulphides with metasomatic apatite, calcite and/or ilmenite
suggest mutual immiscibility between sulphide, carbonate and phos-
phate (Fig. 11i-k; Kogarko et al., 1995 Akizawa et al., 2017; Hughes
et al., 2017). The positive correlation between the iron content in the
chromite and the higher proportion of sulphides suggests that during
the reaction of the chromitite with intruding volatile-rich alkaline melt,
chromite must have been strongly enriched in FeO, contributing to a
depletion in FeO of the silicate portion of the alkaline melt. This re-
moval of FeO from the alkaline silicate melt may have promoted the
achievement of sulphur saturation according to the following reaction
proposed by Buchannan and Nolan (1979): FeOgn + %2 San) <
FeSimy + %2 Oavy), where m = basaltic melt and v = vapor. Additionally,
progressive melt-rock reaction at decreasing melt mass could also
promote volatile oversaturation in the upward migrating melt, thus
contributing not only to the achievement of sulphur saturation but also
in CO, and PO,®~ (Pannina and Motorina, 2008; Kamenetsky and
Kamenetsky, 2010; Frezzotti and Touret, 2014). This may explain why
many sulphides in chromitite bodies from Chernichevo coexist with
metasomatic apatite, calcite or ilmenite (Fig. 11i-k).

In the proposed scenario, tiny rounded to droplet-like inclusions of
Ni-Fe-Cu sulphides now found inside chromite crystals could represent
small volumes of this magmatic sulphide melt(s) that were likely
trapped earlier by recrystallizing chromite (Fig. 11g-h). In contrast,
larger sulphides with irregular and holly-leaf morphology now found in
the interstices between chromite crystals could correspond to re-
maining volumes of sulphide liquid oversaturated in the carbonate and
phosphate component, which was preferentially accumulated in the
interstices between larger chromite crystals and silicates (e.g., Fig. 11i).
Migration at variable melt/rock ratios and subsequent accumulation of
sulphide melts resulted in the formation of the irregular “percolation”
front observed in some samples of non-porous recrystallized chromite
beyond which only disseminations of small-sized sulphides occur
(Appendix 2). The assemblage of pentlandite and chalcopyrite with a
few grains of bornite and millerite is also observed in the cores of partly
altered chromite, although the proportion and the size of these sul-
phides are comparatively smaller than in non-porous recrystallized
chromite. These observations together with the lack of metasomatic
minerals such as apatite or carbonates in these types of chromitites
suggest a more limited interaction of the chromitite protolith with the
intruding metasomatic melt, which is also consistent with their lower
iron and titanium contents (Fig. 3a and e).

The specific temperature at which the aforementioned metasomatic
sulphide assemblages were formed can be estimated with some preci-
sion, using available experimental data in the Fe-Ni-Cu system. Phase
equilibrium relationships (Craig and Kullerud, 1969; Fleet and Pan,
1994; Ballhaus et al., 2001) indicate that once a Fe-Ni-Cu sulphide melt
has separated by liquid immiscibility from a basaltic melt, the mono-
sulphide solid solution [(Fe,Ni);_,S; mss] is the first solid that crys-
tallizes at ~1000 °C. This leaves a Cu-rich residual melt, which crys-
tallizes to intermediate solid solution (iss) at around 900 °C. So, at this
point there is a Ni-rich mss portion and a Cu-rich iss portion that will
experience different subsolidus pathways giving rise to different sul-
phide assemblages. As the temperature cools to ~610°C the metal
excess in the mss is exsolved as pentlandite; this assemblage of
mss + pentlandite is stable down to 300 °C, below which the Fe-rich mss
equilibrates to pyrrhotite giving rise to assemblages made up of pyr-
rhotite + pentlandite similar to those observed in Fig. 11g. Stability
fields of phases in the system Fe-Cu-S at atmospheric pressure (Kullerud
et al., 1969) show that Cu enrichment in the Fe-Cu-S sulphide melt
originally in equilibrium with mss will cease once its Cu content reaches
ca. 30%, owing to the appearance of intermediate solid solution (iss) on
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the liquidus. This iss phase already formed at ~900 °C is stable down to
300 °C, the temperature at which tie lines predict the coexistence in
equilibrium of assemblages of pyrrhotite-bornite similar to those shown
in Fig. 11h and chalcopyrite-bornite in Fig. 11a and b (Craig and Scott,
1974 and references therein). Nevertheless, the presence of millerite
and bornite in some composite aggregates may also reflect the sub-so-
lidus re-equilibration of the sulphide grains with chromite host, where
Fe is removed from the sulphide to fill vacancies in the chromite
(Naldrett et al., 1989). Summarizing, the inclusions of pyr-
rhotite + pentlandite + chalcopyrite ( = millerite + bornite) can be
considered crystalline products of sulphide melts enriched in Ni, Fe and
Cu, which have experienced a series of polymorphic transformations
after the metasomatic reaction with the chromitite and subsequently
during peak and post-peak metamorphism (see below).

6.3. Temperature of chromite alteration

In a previous work, Gervilla et al. (2012) analyzed the phase rela-
tions in the system Cry03-MgO-Al,03-Si0,-H,0 (CrMASH) to estimate
the temperature of transformation of the assemblage chromite-olivine
to Fe?*-rich chromite-chlorite in chromitites from the nearby Golyamo
Kamenyane massif. Considering binary mixing between Cr and Al in the
octahedral site of chromite and assuming water-saturated conditions
these authors estimated that the formation of Fe*>*-rich porous chro-
mite took place at temperatures between ~700 and ~450 °C. Recent
refinements of this thermodynamic modeling (Gonzalez-Jiménez et al.
2015, 2016) now considers all the constituents of the system [i.e.,
Cr,03-MgO-FeO-Al,03-Si0O>-H,0 (CrMFASH)] as they have also in-
cluded the binary mixing between Mg>* and Fe?™ in the tetrahedral
site of chromite. Moreover, Colas et al. (2017) have recently noted that
this reaction of alteration involving the dissolution-precipitation of
chromite under an open system condition according to SiO- (i.e., SiO5
dissolved in fluids), which would also cause also significant changes in
the mineral assemblage of altering chromitite bodies. These latter au-
thors have accounted for the effect of silica by performing P-T-X
pseudosections, i.e., P-T diagrams for a fluid saturated CrMFASH
system but contoured for SiO, wt% and MgO wt%. The results obtained
in all these new models indicate that during the formation of Fe? " -rich
porous chromite the variations of Cr# at > 0.1 GPa are nearly isobaric
and that the gradient of variation of Cr# is strongly dependent on the
volumetric chromite/olivine ratio of the rock. This model that is useful
to estimate the temperature of formation of Fe* %rich porous chromite,
however has limitations for Fe®*-rich chromite like the non-porous
recrystallized chromites because it does not include the mixing prop-
erties between ferric iron end-members with inverse spinel structure
(i.e., magnetite -Fe304- and magnesioferrite -MgFe;04). We have now
refined this model (see details in Appendix 11) considering the Fe,O3 in
the non-porous recrystallized chromite as a magnetite component,
which allows us to carry out a computation using the system Cr,O3-
FeO-Fezo3-MgO-A1203-Si02-H20 (CI’FMASHO)

Applying our new approach, we have estimated that the transfor-
mation of the assemblage chromite + olivine to Fe?*-rich chro-
mite + chlorite took place at 482-432°C (Appendix 11). This refines
the temperatures estimated by Gervilla et al., (2012) for the formation
of Fe**-rich porous chromite in chromitites from the nearby Golyamo
Kamenyane massif (~700 and ~450 °C), and overlaps with those ob-
tained for the amphibolite-facies metamorphism of eclogites from the
Avren synform (520-440 °C; Mukasa et al. 2003) and other rocks from
the Gneiss-Migmatite Complex (570-498 °C; Mposkos et al., 2012).
Nevertheless, it is slightly lower than those reported for metasedi-
mentary rocks (650-600 °C; Mposkos and Krohe, 2000, 2006; Mposkos,
2002) of the Kimi Complex (the Greek equivalent of the Avren synform
in Bulgaria). From this new modeling it can be also seen that the P-T
phase diagrams (Appendix 11) performed for non-porous recrystallized
chromite predicts that the assemblage of chromite, olivine and mag-
netite is stable under the eclogite-facies metamorphism. Although
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magnetite was not observed in equilibrium with chromite in massive
chromitite samples, it is worth to note that EBSD maps of non-porous
recrystallized chromite also indexed some of the individual grains of
chromite as magnetite, thus attesting the significant magnetite com-
ponent in them. Moreover, at the temperatures estimated for the for-
mation of Fe?*-rich porous chromite, magmatic chromite is still in
equilibrium with magnetite, antigorite and minor brucite in the non-
porous recrystallized chromites. It is consistent with our observation
that antigorite is the main constituent of the interstitial matrix of non-
porous recrystallized chromite, as well as the presence of magnetite
within, and intergranular to, chromite grains. It also explains why this
type of chromite does not show a porous texture, which requires the
dissolution-precipitation of chromite to form a secondary Fe®™-rich
chromite in equilibrium with chlorite, as predicted by phase diagrams
(Appendix 11).

6.4. Genesis of chromite microstructures

The EBSD maps of chromite show that chromitites from the
Chernichevo ultramafic massif exhibit similar deformational features
that are disrupted by fractures (Figs. 6, 7, 8 and 9). This indicates that
the now-unsupported fragments in the studied samples were originally
part of the same grain, suggesting the formation of (sub)-grain
boundaries and internal crystallographic bending before fracturing
(e.g., Fig. 7b). These observations suggest an initial stage of deforma-
tion predominantly in the ductile regime, which was later overprinted
by brittle deformation.

The granoblastic microstructure consisting of coarse-grained chro-
mite blasts and finer-grained chromite neoblasts observed in non-
porous recrystallized chromites (Figs. 7, 8 and 9) indicates crystal-
plastic deformation, which was mainly accommodated by grain-size
reduction and recrystallization (Passchier and Trouw, 2005). Similar
microstructures of deformation have been reported in other metamor-
phosed spinel-type oxides (Rosiére et al., 2001; Avila et al., 2015) and
chromitites (Ghosh and Konar, 2011; Ghosh et al., 2013, 2014, 2017;
Satsukawa et al., 2015). In our samples, plastic deformation may have
begun with the onset of intra-crystalline bending now recorded in some
large chromite grains preserving subgrain boundaries (grains enclosed
within rectangle B1-B2 and C in Figs. 7 and 8b). Progressive deforma-
tion of these crystals may have promoted the migration and accumu-
lation of dislocations to discrete zones, giving rise to the formation of
subgrain boundaries, and in ultimate instance, grains (rectangles B2
and C in Fig. 7b; Satsukawa et al., 2015; Gonzélez-Jiménez et al., 2015).
Finer strain-free grains in the vicinity of a larger pre-deformed chromite
grain show distinct crystallographic affinity (e.g., Figs. 7 and 8c-d),
suggesting progressive rotation of a subgrain to form a grain during
ongoing deformation. Consistently, small strain-free grains show
random, distinctly different orientations to similar adjacent grains and
absence of systematic misorientation axes (Figs. 7 and 8c~d). However,
this initial stage of high-angle grain boundary formation by subgrain
rotation may have been accompanied by grain growth along newly-
formed grain boundaries, as is suggested by the lack of substructures in
the strain-free idiomorphic grains and their faceted grain boundaries
(grains enclosed within rectangle C in Fig. 7b). These observations
suggest that grain boundary mobility in the oxide mineral could in-
crease to an extent that grain boundaries sweep through the entire
crystal removing the dislocations and subgrain boundaries, thus pro-
ducing new crystals with near crystallographic continuity (Passchier
and Trouw, 2005).

The nearly cubic morphologies shown by some of the newly-formed
strain-free grains, and their mutual high angle (120°) triple junction
boundaries displaying both daughter and neighbor-daughter disposi-
tions and polygonal habits, indicate that the growth morphology of the
boundaries of these new grains was controlled by interfacial energy of
the cubic crystals (Halfpenny et al., 2006). The misorientation profiles
through these parent and daughter crystals (profiles A-A’ in Fig. 7e and
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9b) reveal deviations > 10°, indicating that deformation was still active
during crystal growth of these grains. It is also consistent with the oc-
casional presence of feeble substructures and deformation-related la-
mellar twins within some faceted grains (rectangles A in Fig. 7a and
8b). Moreover, the proposed mechanism of grain boundary migration to
produce the strain-free chromite grains is also consistent with the ob-
servation that many of the triple junctions exhibited by the fine-grained
strain-free grains are frequently joined by secondary chlorite (Fig. 2d).
This indicates solute escape from the high-angle migrating front during
crystal growth. Thus, the observation that most chromite grains
forming non-porous recrystallized chromites are almost inclusion-free
suggests that silicates, if originally present in the parent pre-deformed
crystal were expelled out to intergranular positions during grain
boundary migration (e.g., Satsukawa et al., 2015). These mineral in-
clusions displaced to interstices among chromite grains acted as cush-
ions that softened the inter-crystalline deformation, thus explaining
why we did not observe unsupported fragments at the boundaries be-
tween chromite grains. The formation of new small chromite grains
(i.e., recovery microstructures), which usually involves the removal of
the newly-formed silicates in the most deformed grains, is not only
associated with high strain but also requires relatively high temperature
conditions (> 700 °C; Christiansen, 1986; Graham et al., 1996; Ghosh
and Konar, 2012; Ghosh et al., 2013, 2017; Satsukawa et al., 2015).
This is consistent with the fact that mantle rocks of the Kimi Complex in
Greece preserve microfabrics suggestive of plastic deformation at
temperatures above 765 °C (Mposkos and Krohe, 2006).

On the other hand, EBSD contrast maps reveal the presence of de-
formation lamellae common to the two microstructural types of chro-
mite grains described above (white arrows in Fig. 7a—e and 8a). This is
also highlighted by the existence of distinct plateaus with continuous
lattice bending in the misorientation profiles through these grains
(profiles A-A’ and B-B’ in Fig. 7e and 9b). Such deformational structures
indicate that some additional event of ductile deformation overprinted
that of grain-size reduction and recrystallization. This event could be
related to: (1) the end of the aforementioned recovery process when the
internal strain energy was accommodated by deformation of the entire
aggregate, consisting of the two types of chromite crystals; or (2) a
different stage of deformation in a discontinuous evolutionary history
of the chromitite. We favor the second hypothesis owing to the sig-
nificant difference in the orientation between the deformation lamellae
and other (sub)-structures identified in those grains such as their out-
lines and deformation twins (squares A in Fig. 7a and 8b). This inter-
pretation becomes clearer when examining the deformation lamellae
present in the partly altered chromite grain from the chromitite sample
CH1-6 shown in Fig. 6. In this grain, the deformation lamellae cross-cut
the entire grain affecting both the core and the rim (white squares in
Fig. 6a and c). Single-spot analyses with EPMA and LA-ICP-MS indicates
that the igneous signature of chromite is preserved in the core (red
zones enclosed in white square of Fig. 6d), whereas the outer Fe?*-
richer and Al-poorer porous rim (identified in the EBSD compositional
map as magnetite) is metamorphic in origin. If the formation of the
porous rim would take place during deformation one could expect
asymmetric replacement with formation of subgrain boundaries and
crystal bending (e.g., Satsukawa et al., 2015). However, the inverse
pole figure (IPF) orientation map of this grain shows core-to-rim crys-
tallographic continuity (Fig. 6b), suggesting that: (1) the core-to-rim
structure of the grain predates the formation of the lamellae; (2) the
reaction of replacement of magmatic chromite by metamorphic porous
chromite took place under static conditions. Static replacement also
explains why secondary silicates in these grains are still preserved,
unlike those metamorphosed chromites that exhibit chemical re-equi-
librium associated with deformation (i.e., recovery microstructures;
Satsukawa et al., 2015; Ghosh et al., 2017). This is consistent with some
of the mineral reactions preserved in the mafic and ultramafic rocks of
the area, which indicate that the hydration of magmatic chromite to
form secondary porous chromite and chlorite took place under a static
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regime between 482 and 432 °C. The observation that a deformation
lamella were not identified in non-porous recrystallized chromites of
the sample CH2-3 could be related to the deformation produced by
local shear zones. Interestingly, active shear-zones have been suggested
as a necessary ingredient to produce ductile deformation in chromites
from the nearby Golyamo Kamenyane ultramafic massif (Satsukawa
et al., 2015).

Summarizing, the microstructures of non-porous recrystallized
chromites were produced at a relatively high temperature as a result of
crystal-plastic deformation. It involved a first stage with formation and
migration of dislocations, subgrain rotation recrystallization, and fi-
nally crystal growth by grain boundary migration. In contrast, the mi-
crostructure of partly altered chromite originated at much lower tem-
peratures but under static conditions while fluids infiltrated the
chromitites. A final event of ductile deformation is recorded by the
formation of lamellae in the two microstructural types, which could be
related to localised ductile deformation associated with shear zones.
This kinematic evolution is in reasonable agreement with that pre-
served in the ultramafic rocks in the Eastern Rhodope. Mposkos and
Krohe (2006) showed that the exhumation of the metaperidotites of the
Kimi Complex involved a first stage of plastic deformation under dry
conditions at temperatures from above 1000 °C down to ~700 °C, and a
subsequent stage of hydration of the rocks under static conditions. The
last event of ductile deformation is associated with the development of
shear zones during final emplacement of the peridotite slices into the
continental crust.

It is worth to note that all the microstructural features observed in
non-porous recrystallized chromite are typical for deformation in dis-
location-creep regimes (Urai et al., 1986; Passchier and Trouw, 2005),
and these include: (1) intra-crystalline deformation defined by subgrain
boundaries; (2) dynamic recrystallization of chromite by subgrain ro-
tation; and (3) growth by grain boundary migration recrystallization.
This indicates that deformation at high-temperatures in chromite is
mainly accommodated by dislocation creep not by diffusion creep, as
recently observed in metamorphosed chromitites from the nearby ul-
tramafic body of Golyamo Kamenyane (Satsukawa et al., 2015) and the
Neoarchean Sittampundi Complex of southern India (Ghosh et al.,
2017). Noteworthy, chromitites from Cherenichevo that contain pro-
gressively higher amounts of Ti and overall iron (as well as metasomatic
minerals) show the highest degrees of grain reduction and re-
crystallization in EBSD maps, i.e., CH1-2 — CH2-1 — CH3-2 (Figs. 3, 7,
8, and 9). This suggests that the aforementioned mechanism of ac-
commodation of deformation seems to be more effective in those
chromitites modified to a higher degree by the metasomatic alkaline
melt prior to metamorphism. This observation is contrary to previous
ones from the literature, where deformation controlled the effectiveness
of the local chemical re-equilibration of chromite (e.g., Satsukawa
et al., 2015; Ghosh et al., 2017). Indeed, the higher amounts of TiO,
and Fe,Os3 (i.e., ulvospinel and magnetite components) in chromite
from Chernichevo aided to intra-crystalline deformation of chromites.
This discrepancy highlighted by our observations illustrates the ne-
cessity for additional experiments to determine the role of composition
on deformation mechanisms of chromite. Interestingly, Kruse and
Stiinitz (1999) observed a similar relationship between microstructure
and chemistry for hornblende from mylonites of anorthositic to gab-
broic rocks. They showed that the compositional difference between
porphyroclasts and recrystallized hornblende grains is not due to dif-
fusional exchange after recrystallization, but more probably to hetero-
geneous nucleation and growth of compositionally different horn-
blende.

6.5. Metamorphism of magmatic sulphides
As noted above, chromitites from Chernichevo have experienced

UHP metamorphism (> 2.5 GPa) with peak temperatures > 1200 °C.
These conditions are far beyond the stability limits of sulphides raising
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the possibility of partial melting of the magmatic sulphides in chromite
and therefore the formation of metamorphic (anatectic) sulphide melt
(s). Partial melting of sulphide assemblages containing Ni, Fe and Cu
would result in the initial separation of a Cu-rich liquid owing to the
lower melting point of Cu-sulphides (Bockrath et al., 2004;
Peregoedova et al., 2004). Once formed, this Cu-rich liquid would be
rapidly removed from the remaining (Ni-Fe)-rich solid and probably
extracted out from the chromitite, unless we consider a closed system.
Re-melting of magmatic sulphides in a closed system could explain the
rounded to droplet-like morphology of many composite aggregates
consisting of Ni-Fe-Cu sulphides found inside chromites forming the
cores of partly altered chromites and non-porous recrystallized chro-
mite microstructures (e.g., Fig. 11g-h). However, this hypothesis is
difficult to reconcile with the EBSD data indicating crystal-plastic de-
formation in solid state instead of partial melting of chromite. Indeed,
substantial high temperature could favor Fe diffusion between sul-
phides and larger chromite host crystals, explaining the relative abun-
dance of bornite, millerite, and some isolated Ni-rich pentlandite grains
in these microstructural positions.

On the other hand, many composite grains are found intergranular
in non-porous recrystallized chromite or associated with chlorite, filling
pores of porous chromite consist of pentlandite coexisting with, or re-
placed by, heazlewoodite + millerite + magnetite (Fig. 11e—f and 1).
Whereas nothing can be concluded about the primary or secondary
origin of some of these pentlandite grains, their replacement by more
Ni-rich and S-poor sulphides associated with secondary chlorite or
other unknown Ni-rich silicates suggests a link with metamorphism
(Eckstrand, 1975; Frost, 1985; Klein and Bach, 2009). Phase relations in
the Ni-Fe-O-S system indicate that assemblages comprising heazle-
woodite = millerite = magnetite can coexist with, or be formed after,
pentlandite under the very low fO.-fS, conditions that usually prevail
during the initial stages of serpentinization at ~400 °C (Craig, 1973;
Klein and Bach, 2009; Gole, 2014; Debret et al., 2017). Indeed, the
slightly higher temperatures estimated for the Fe>*-rich porous chro-
mite (482-432 °C) suggest that liberation of pervasive fluids lowering
fO, and fS, took place once the reaction of chromite alteration pro-
gressed. In this scenario, the hydration of olivine from the interstitial
chromitite matrix (or host peridotite) could also have transformed to
chlorite (predominantly in samples of partly altered and porous chro-
mite) and antigorite (predominantly in samples of non-porous-re-
crystallized chromites) while releasing some H, (Bach et al., 2006). This
hydrogen could combine with %2 O, to form H,O and/or with S to form
H,S, lowering fO, and fS,. Under these conditions, pentlandite grains
originally located at the edge of chromite crystals or within the inter-
stitial silicate matrix reacted with H, and/or H,O breaking down to
heazlewoodite and magnetite, according to the two following idealized
reactions (Klein and Bach, 2009; Sciortino, 2014):

Ni4,5Fe4,558 + Hz O— 15N13Sz + 1.5Fe304 + szaq + SHZS,aq

2Fe,sNiysSg + 12H, O+ 4H, — 3Ni;S, + 3Fe;04 + 16H,S

The copious amount of H,S released to the circulating fluids during
this reaction and concomitant silicate serpentinization may still react
with the previously formed heazlewoodite (NisS,) loosing its S, forming
secondary millerite (NiS) (Klein and Bach, 2009):

Ni;S; + HyS g = Hyaq + 3NiS

Direct evidence for the reactions (1), (2) and (3) in Chernichevo
chromitites are provided by the frequent composite aggregates made up
of pentlandite + heazlewoodite + magnetite (Fig. 11f and 1), pentlan-
dite + millerite + magnetite as well as relicts of incompletely dissolved
pentlandite in magnetite (Fig. 11i and k). Assemblages of godlevskite-
heazlewoodite may be also explained as a result of partial re-equili-
bration of pentlandite grains at ~400 °C (Klein and Bach, 2009) and
low fO,-fS, conditions prevailing during the transformation of mag-
matic chromite to porous chromite. Furthermore, admixing of Fe from
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pentlandite by re-equilibration with host chromite could also explain
the formation of isolated grains of godlevskite in agreement with the
tie-lines a-Ni; . ySe-pentlandite on the Ni-S phase diagrams of Ueno
et al. (2000).

Additionally, the water in the system may also react with remaining
pyrrhotite (FeS) to form additional amounts of magnetite and H,, which
also overall contributed to the reducing environment of the process
(Debret et al. 2017):

2FeS + 11H, O— 2505 + Fe,05 + Hayg

Given that liberation of H, to the system remains effective up to
olivine consumption (Frost, 1985; Klein and Bach, 2009), slightly
higher oxidizing conditions may have promoted the subsequent desul-
phurization of pyrrhotite-chalcopyrite assemblages to secondary bor-
nite and magnetite in the interstitial matrix of non-porous recrystallized
chromites, according to the following equation (Maier and Barnes,
1996):

SCuFeS2 + 5FeS + 6H, O+ 802 g CuSFeS4 + 3Fe304 + 6HZS,aq
+ 550,59

The alteration process outlined above implies a change of the

magmatic sulphide assemblage from pyrrhotite = pentlandite =
chalcopyrite = millerite = bornite to assemblages containing pre-
dominantly Ni-rich sulphides, including pentlandite +

heazlewoodite * millerite = magnetite or heazlewoodite = god-
levskite. Overall this process implies leaching of Cu, which is consistent
with the variable bulk-rock Cu/Ni + Co ratios in the studied rocks
(Appendix 5). Thus, the lower Cu/Ni + Co ratios in bulk-rock samples
of porous chromite and partly altered chromite relative to non-porous
recrystallized chromite (Appendix 5) suggests that the impact of the
proposed alteration was greatest on the rocks with a lower proportion
of sulphides. This has a profound impact on the distribution of PGE (see
below).

6.6. PGE concentration and remobilization

The total PGE abundances in the Chernichevo chromitites are out of
the range reported for typical sulphide-poor mantle-hosted podiform-
type chromitites from the upper mantle section of ophiolites from the
Bulgarian Rhodopes and elsewhere (Fig. 10a-b). Rather their overall
high PGE contents and chondrite-normalized patterns resemble those
ophiolitic chromitites rich in Ni-Fe-Cu sulphides of the podiform-type
reported from the Potosi Mine in the eastern Cuban and the banded-
type from the ophiolites of Acoje in Philippines and Cliff in Scotland
(Fig. 10c). These observations together with the fact that PGE and
Ni + Co + Cu are positively correlated (Appendix 5) led us to suggest
the important role that metasomatic sulphides had for the concentra-
tion of PGE in the Chernichevo chromitites. This interpretation is also
consistent with the available experimental and empirical data in-
dicating that high concentration of PGE in mantle-hosted chromitites is
mainly related to the formation of sulphide minerals (O’Driscoll and
Gonzalez-Jiménez 2016). The close link between PGEs and base-metal
sulphides in the Chernichevo chromitite may reflect the preferential
partitioning of the PGE towards the immiscible Ni-Fe-Cu sulphide melt
that was segregated from the metasomatic alkaline melt, owing to their
extremely high Deulfide melt/silicate melt (\j,n0a]] et al., 2005). Experi-
mental data indicate that during the fractional crystallization of these
types of PGE-bearing sulphide melts, IPGEs (Ir, Os and Ru) and rhodium
partition into the early-formed mss whereas Pt and Pd, partition into the
Cu-rich residual liquid formed after mss crystallisation, and finally in
their crystalline product (Li et al., 1996; Ballhaus et al., 2001; Bockrath
et al., 2004). This phenomenon is, however, dependent on the presence
and concentration of semi-metals within the Cu-rich sulphide liquid,
since their presence may cause the formation of platinum group mi-
nerals (PGM) of these elements around the margins of sulfide grains
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(Peregoedova et al., 2004; Pina et al., 2012). In Chernichevo the highest
amounts of PPGE in the chromitite closely correlate with the highest
amount of sulphides, and particularly Cu-rich sulphides (Fig. 10a and
Appendix 5). These observations indicate that fractionation of Pt and Pd
was mainly controlled by Cu-rich sulphides, consistent with the fact
that only two tiny compounds of PdBi (Fig. 11b—c) and one Pt-Pd-Sb
(Fig. 11h) were found at the margin of larger Ni-Fe-Cu sulphides. In-
terestingly, chromitites containing sulphide ores characterized by high
Cu/Ni ratios, either hosted in the mantle or the crust, also display po-
sitive-sloped PGE-normalized patterns similar to those we have de-
scribed here for non-porous recrystallized chromites (Fig. 10c).

However, we have noted above that hydrous metamorphism of the
Cherenichevo chromitites has transformed the magmatic Ni-Fe-Cu sul-
phides to secondary Ni-rich and S-poor sulphides. The intensity of this
alteration was greater in the protoliths of porous chromite and partly
altered chromite. In these chromitites with the lower proportion of
sulphides, the metamorphic modification of the original magmatic
sulphide assemblage not only implied major leaching of Cu (and minor
Fe) but also of PPGE. This is also evidenced by their much lower bulk-
rock Cu contents and similar to slightly lower PPGE concentrations
relative to IPGE than non-porous recrystallized chromites (Fig. 10a and
Appendix 5). Previous studies based on theoretical estimates, and ex-
perimental and empirical data indicate that Pt and Pd can be trans-
ported as bisulphide, chloride and/or hydroxide complexes by a neutral
to alkaline fluid generated at the T-fO,-fS5 conditions in which porous
chromite were formed in Chernichevo (e.g., Mountain and Wood, 1988;
Thalhammer et al., 1990; Barnes and Liu, 2012). It has also been pro-
posed that transport of Pt and Pd in these types of hydrothermal fluids
can be also accompanied by metals such as Cu. Therefore, the influence
of hydrous metamorphism on the PGE distribution in the Chernichevo
chromitites is thus regarded as a general leaching processes, which led
to the impoverishment in the most mobile PGE together with Cu. If this
is true, one could speculate that these chromitites originally had much
higher PPGE. Assuming that IPGE were immobile during meta-
morphism, we can use them as a proxy to estimate the original PPGE
contents in the porous and partly altered chromite. Thus, a simple ex-
ercise of comparison with sulphide-rich chromitites having identical
IPGE contents and Ni/Cu ratios of the sulphide mineralization led us to
speculate that these chromitites could have had prior to metamorphism
Pt and Pd contents of at least 10 times the chondritic values. If so, the
relatively smaller fractions of tiny sulphides now found in porous and
partly altered chromites would be much strongly enriched in PGE than
the volumetrically higher Ni-Fe-Cu mineralization associated with non-
porous recrystallized chromite. This observation illustrates that a high
concentration of PGE in sulphide liquids is possible without the ne-
cessity to interact with large volumes of silicate magma as usually re-
ported for conventional Ni-Fe-Cu deposits. This situation that is rather
common in xenoliths that have sampled the SCLM (e.g., Hughes et al.,
2017) and has also been reported in the Platinova Reef from the
Skaergaard Intrusion in east Greenland by Holwell et al. (2015). In this
ore deposit, the authors reported that very small volumes of tiny Ni-Fe-
Cu sulfides were also able to acquire extremely high PGE tenors despite
high R factors (i.e., mass of silicate magma/sulphide magma; Campbell
and Naldrett, 1979). These observations together with ours illustrate
the complexity of magmatic processes in the mantle as regards to
forming PGE-rich sulphide mineralization.

7. Conclusions

Chromitites hosted in the mantle section of the metamorphosed
ophiolite from Chernichevo in southern Bulgaria record a complex post-
magmatic history. A first stage is related with the modification of the
chromitite, very likely in the mantle, by reaction with intruding vola-
tile-rich alkaline melt at variable melt/rock ratios. This resulted in a
substantial modification of the composition and microstructure of the
magmatic chromite while depositing a suite of metasomatic minerals,
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including sulphides, ilmenite, apatite and calcite. The formation of
these metasomatic minerals is related to a mechanism of sulphide-
phosphate-carbonate immiscibility interpreted as the consequence of
chemical interaction between intruding melt and the host chromite. In
this scenario, the variable extent of the chromitite-melt interaction has
promoted the segregation of different amounts of immiscible sulphide
liquid, which accounted for the concentration of abnormally, but
variably, high tenors of the platinum-group elements in these chromi-
tites. A second post-magmatic stage of alteration of the chromitite is
related to regional metamorphism, although its affects vary widely,
depending on the composition produced after the alkaline metasoma-
tism. Chromitites with very low amounts of sulphides and lower de-
grees of chemical modification of chromite were substantially affected
by hydrous metamorphism. Thermodynamic modeling shows that this
alteration resulted in the formation of secondary Fe'Zrich porous
chromite in equilibrium with chlorite, giving rise to partly altered and
porous chromite. This alteration processes took place at 482-432 °C and
under static conditions within the P-T conditions of amphibolite-facies
metamorphism. In contrast, chromitites with the highest degree of
metasomatic modification (i.e., higher iron content and abundance of
metasomatic minerals) were not substantially affected by hydrous me-
tamorphism, apart from the serpentinization of the silicate matrix of the
chromitites. In this type, the strongest effects of metamorphism were
limited to plastic deformation of the chromite grains giving rise to non-
porous recrystallized chromite microstructures; these originated at
temperatures higher than those reported for the hydrous meta-
morphism (> 700 °C). Water-saturated and highly reducing conditions
prevailing during hydrous metamorphism resulted in the transforma-
tion of the magmatic Ni-Fe-Cu sulphides to a new generation of Ni-rich
and S-poorer sulphides. This change of the mineral assemblage is re-
corded by an increase in Ni and a loss of Cu tenors in the whole rock,
which is coupled with a decrease in Pt and Pd. This is an evidence that a
removal of Cu sulphides during hydrous metamorphism is an effective
way to mobilize PGE.
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