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ABSTRACT

Phosphide minerals, generally less than 20 pm in size, are mainly made of Ni-V-Co-Mo constituents, discovered in concentrates obtained from chromitite
samples from the Agios Stefanos mine, Othrys ophiolite, Greece. Spinel from the chromitite is rich in Fe,O; and very similar to chromites from podiform
chromitites. Its Cr/(Cr+Al) ratios are lower than those of chromites with a boninitic affinity. On the basis of their chemical compositions, the following phos-
phide minerals have been identified: melliniite, nickelphosphide and two phases that can be classified as (i) either Ni-allabogdanite or Ni-barringerite, and (ii)
either V-allabogdanite or V-barringerite. Under reflected-light microscope, all the inspected phosphide minerals display similar reflectance and a creamy-yel-
lowish color, despite their different compositions. Melliniite is isotropic, while nickelphosphide shows a weak anisotropism. The Ni-allabogdanite or Ni-bar-
ringerite and V-allabogdanite or V-barringerite display a strong anisotropism. They occur associated with awaruite, pentlandite, native vanadium, vanadium
sulfides, Mo-Ni-V-Co alloy (probably hexamolybdenum), Hg selenide (possible tiemmanite) and several minerals composed of Ni, As and Sb. A few of them
were in contact with chromite, chlorite, quartz and glass. This mineralogical assemblage suggests that the discovered minerals are natural in origin and they
do not represent an artefact related to the sample preparation. Furthermore, it is suggested that the investigated minerals have been crystallized in a local re-
ducing geochemical environment. During the serpentinization of peridotites, reducing fluids containing dissolved H, are released from the reduction of H,O.
Therefore, these phosphides and the associated minerals may have precipitated during the serpentinization process at low temperature. Nickel and cobalt may
have been released during alteration of olivine or they were originally hosted in magmatic sulfides that were altered during the serpentinization. Phosphorous
may represent an alteration product of apatite and olivine. Vanadium was probably released during the alteration of the host chromite. We speculate that Mo
was originally hosted in sulfides or oxides and after its remobilization it was incorporated into the crystal lattice of the Mo-rich phases. Alternatively, the high
reducing minerals of the Othrys may have formed because of the interaction of their host rock with a lightning. The stoichiometry of the analyzed phosphide
minerals indicates that some grains found in the Othrys chromitites may represent new mineral species, such as Ni-allabogdanite or Ni-barringerite, as well as
V-allabogdanite or V-barringerite. However, their small size and complex micro-intergrowths with other minerals inhibit the elaboration of an X-ray diffrac-
tion study, which would unequivocally determine their nature. To the best of our knowledge, melliniite and nickelphosphide in the Othrys chromitite represent

the first finding of these rare minerals in terrestrial samples.

INTRODUCTION

Phosphorous occurs naturally in about 600 different min-
erals which are, in most cases, anhydrous or hydrated phos-
phates. Only 13 of the phosphorous-bearing minerals name-
ly, allabogdanite (Fe,Ni),P, andreyivanovite Fe(Cr,Fe)P,
barringerite (Fe,Ni),P, florenskyite Fe(Ti,Ni)P, halamishite
NisP,, melliniite (Ni,Fe),P, monipite MoNiP, murashkoite
FeP, negevite NiP,, nickelphosphide (Ni,Fe),P, schreibersite
(Fe,Ni),P transjordanite Ni,P and zuktamrurite FeP, are
classified as phosphides (Buseck, 1969; Britvin et al., 1999;
2002; 2013; 2104; 2015; Ivanov et al., 2000; Skala and
Drabek 2003; Pratesi et al., 2006; Skala and Cisarova, 2005;
Zolensky et al., 2008; Ma et al., 2014) (Table 1). Most of
the natural phosphides are discovered in meteorites but the
new minerals halamishite, murashkoite, negevite, transjor-
danite and zuktamrurite are reported for the first time, in ter-
restrial metasedimentary rocks located in the northern
Negev Desert of Israel and in the Transjordan Plateau of
Jordan (Britvin et al., 2013; 2014; 2015). Recently, a Ni-
phosphide characterized by the formula (Ni,Fe)sP was found
in chromitites of the Alapaevsk and Gerakini-Ormylia ophi-
olites, located in Russia and Greece, respectively (Zaccarini
et al., 2016a; Sideridis et al., 2018). The dominant elements,
which are bonded to P to form the natural phosphide miner-

als, are Fe, Ni, Mo, Ti and Cr (Buseck, 1969; Britvin et al.,
1999; 2002; 2013; 2104; 2015; Ivanov et al., 2000; Skala
and Cisarova, 2005; Pratesi et al., 2006; Zolensky et al.,
2008; Ma et al., 2014). Terrestrial phosphide minerals can
be formed only under reducing conditions and at tempera-
tures ranging mostly between 700 and 1,150°C (Pedersen,
1981; Cong et al., 1994; Ernst and Liou, 1999; Zheng et al.,
2005; Schmidt et al., 2008; Britvin et al., 2014). However,
Sideridis et al. (2018) suggested that the (Ni,Fe);P mineral,
found in mantle hosted ophiolitic chromitites from the Ger-
akini-Ormylia area (Chalkidiki ophiolite), formed during
serpentinization at temperatures lower than 400°C. The new
phosphide minerals, which were discovered in the Agios
Stefanos mine of Othrys, show unique complex textures and
are mainly made of V, Co and Ni. The obtained results sug-
gest that some of these phases represent new minerals. The
possible origin of these uncommon minerals, associated
with ophiolitic chromitites, is also discussed.

GEOLOGY OF THE OTHRYS OPHIOLITE AND
DESCRIPTION OF THE STUDIED CHROMITITE

The Othrys ophiolite is a dismembered, inverted, yet com-
plete sequence of mafic and ultramafic lithotypes cropping
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Table 1 - IMA approved phosphides (alphabetic order).

out in central Greece (Fig. 1A) (e.g. Smith et al., 1975; Dijk-
stra et al., 2001; Barth et al., 2008 and references therein;
Barth and Gluhak, 2009; Tsikouras et al., 2009). The ophio-
lite belongs to the Mirna Group, the uppermost part of an
overlapping thrust sheets succession (Smith 1977; Dijkstra et
al., 2001; Smith and Rassios, 2003), obducted onto the
Pelagonian Zone during Late Jurassic-Early Cretaceous
(Hynes et al., 1972; Smith et al., 1975). The Othrys ophiolite
is structurally divided into west Othrys and east Othrys out-
crops, which are thought to reflect formation in different ge-
otectonic environments. The west and east Othrys ophiolite
suites show distinctively different characteristics. The west
one includes formations, related to an extensional regime
(back-arc basin or MORB) (Barth et al., 2003; Dijkstra et al.,
2003; Barth and Gluhak, 2009) while the east Othrys ophio-
lite is strongly associated with a supra-subduction zone set-
ting (SSZ) (Barth and Gluhak, 2009; Magganas and Koutso-
vitis, 2015). This difference is reflected by the geochemical
compositions of their mantle rocks, which suggest large
mantle inhomogeneities in this area, as well as by the signifi-
cant differences of the composition and abundance of plat-
inum-group minerals (PGM) in the two regions (Garuti et al.,
1999; Tsikouras et al., 2016). Several Mt of chromite ore
have been mined until early 1990s from both the west and
east regions of Othrys (Fig. 1B). Agios Stefanos and Met-
alleion are now idle mines close to the villages of Domokos
(west Othrys ophiolite) whereas Tsangli and Kastraki are
idle mines close to the village of Eretria (east Othrys ophio-
lite). The samples, which are used in this study were collect-
ed from Agios Stefanos (Figs. 1B, C) and consist predomi-
nantly of massive chromitites, hosted in highly serpentinized
dunite, within a mantle section with predominant harzburgite
and minor intercalations of plagioclase-bearing lherzolite
(e.g. Economou et al., 1986; Garuti et al., 1999; Tsikouras et
al., 2016). Pure harzburgite is segregated from the harzbur-
gite with the plagioclase-bearing lherzolite domain through a
NE-SW trending thrust zone. The chromitite ore appears
mainly podiform, with locally lenticular or irregular form,
and is constrained from the pure harzburgite floor and the

Fig. | - Location of the Othrys complex in Greece: A) general geological
map showing location of Othrys chromium mines; B) and C) geology of
the Agios Stefanos area. (Modified after Rassios and Smith (2001)).



plagioclase-bearing lherzolite roof. The chromitite is often
crosscut by gabbroic veins, which show variable degrees of
rodingitization. Fresh chromitite samples were collected
from the exposures and away from the ore margins.

METHODOLOGY

Concentrate specimens of heavy minerals were prepared
from samples of massive chromitite weighting ca. 10 kg. The
samples were subsequently stage crushed to -10 mesh and
blended into a homogenous composite sample. The process-
ing and recovery of the heavy minerals was carried out at
SGS Mineral Services, Canada. Approximately 500 grams of
the composite sample were riffled and stage crushed to a P80
(80% passing) of 75 um. The sample was subsequently sub-
jected to heavy liquid separation (density of the heavy lig-
uids was 3.1 g/cm?) to separate the heavy minerals. The sep-
aration produced a heavy and light mineral concentrate. The
heavy fraction was further processed with a superpanner.
This method is designed for small samples and is closely
controlled leading to very effective separation. It consists of
a tapering triangular deck with a “V” shape cross section.
The table mimics the concentrating action of a gold pan. Ini-
tially the sample is swirled to stratify the minerals. Then, the
heaviest minerals settle to the bottom and are deposited on
the deck surface. In contrast, the less dense material moves
towards the top, overlying the heavy minerals. The operation
of the deck is then changed to a rapid reciprocal motion, with
an appropriate “end-knock™ at the up-slope end of the board,
and a steady flow of wash water is introduced. The “end-
knock” forces the heavy minerals to migrate to the up-slope
end of the deck, whereas the wash water carries the light
minerals to move to the narrower, down-slope end of the
deck. The heaviest fractions were split into the heaviest frac-
tion (tip) followed by a less dense fraction (middling). The
“tip” and the “middlings” of the superpanner are the densest
fractions and included liberated grains of chromite, sul-
phides, alloys and phosphides, while the lighter tail consists
of particle mixture of chromite and silicates. One polished
block was prepared from each of the tip and middlings for
the mineralogical examination.

Being aware of a possible contamination, we have
checked all the sample preparation procedure carefully, and
have discarded this possibility for the reasons listed below.
First of all, the laboratory is using a grinder manufactured
by TM Engineering with media Alloy 1. This is a general
purpose alloy used for pulverizing samples where the alloy-
ing elements of chromium and molybdenum do not affect
the analysis. This material is very hard, tough and is recog-
nized to be the best for applications where abrasion and im-
pact is the norm. The grinder used to obtain our concentrate
does not consist of a superalloy of Ni and Fe with a phos-
phide filler, but of one hard alloy of Cr and Mo.

The polished blocks were screened in the Laboratory of
Mineralogy Petrology and Geochemistry, Faculty of Sci-
ence, University Brunei Darussalam using a Scanning Elec-
tron Microscope (SEM) equipped with energy dispersive
spectrometer (EDS) with an accelerating voltage of 20 kV
and a bean current of 6nA. Subsequently, they were careful-
ly investigated with a reflected-light microscope at 250-
800X magnification. Chromite, phosphides and alloys were
then analyzed with an electron microprobe using a Super-
probe Jeol JXA 8200 at the Eugen F. Stumpfl Laboratory at
the University of Leoben, Austria, equipped with both EDS
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and wavelength dispersive spectrometer (WDS). Grains
smaller than 5 microns were qualitatively analyzed by EDS
and WDS. Backscattered electron (BSE) images were ac-
quired using both the same above SEM and microprobe ana-
lyzer. Chromite and glass analyses with the electron micro-
probe were conducted in the WDS mode, with an accelerat-
ing voltage of 15 kV and a beam current of 10 nA. The
analysis of Mg, Al, Si, Ti, V, Cr, Zn, Mn, Fe, and Ni was
obtained using the Ka lines, and was calibrated on natural
chromite, rhodonite, ilmenite, pentlandite, kaersutite, spha-
lerite, and metallic vanadium. The following diffracting
crystals were used: TAP for Mg, and Al; PETJ for Si; and
LIFH for Ti, V, Cr, Zn, Mn, Fe, and Ni. Representative
analyses of chromite are listed in Table 2.

The phosphides and associated minerals were previously
checked by EDS analyses in order to verify the presence of
certain elements. Then, the grains bigger than 10 microns
were quantitatively analyzed in the WDS mode, at 20 kV
accelerating voltage and 10 nA beam current, and beam di-
ameter of about 1 micron. The peak and background count-
ing times were 20 and 10s, respectively. The Ka lines were
used for all the elements, with the exception of Lo that were
selected for Ir and Mo. The reference materials were
chromite, skutterudite, metallic vanadium, molybdenite,
metallic iridium and synthetic Ni;P and Fe;P. The following
diffracting crystals were selected: PETJ for P and Mo; and
LIFH for Fe, Co, Ni, Cr, V and Ir. The results are presented
in Tables 3 and 4. The same instrument and conditions were
used to obtain the x-ray elemental distribution maps.

CHROMITE TEXTURE AND COMPOSITION

The massive chromitite samples from Agios Stefanos
show a cataclastic texture. The ore deposit consists of 85-95
vol% subhedral to euhedral magnesiochromite (~100 pum).
The interstitial assemblage is pervasively replaced by chlo-
rite and hydrogrossular (Fig. 2) and minor talc and serpen-
tine. Tiny grains of Ni and Fe sulfides and awaruite have
been recognized. Local hydrogarnet fills veins up to 50 um
thick crosscutting the magnesiochromite. These veins are
presumably associated with the rodingitized gabbro that
crosscut the ore body. Rare titanite, kammererite and mil-
lerite are also spotted along the hydrogarnet-rich veins. Few
fractures are partially filled with calcite and quartz as late
alteration products. The spinels from Othrys chromitite are
classified as magnesiochromite (Table 2, Fig. 3A) and show
a rather heterogeneous composition with the following vari-
ations: Cr,0O; (44.96-51.64 wt%), Al,0; (14.18-20.78 wt%),
MgO (13.34-16.84 wt%), and FeO (8.3-13.31 wt%). The
TiO, contents are low (0.03-0.23 wt%) similar to most podi-
form ophiolitic chromitites, based on the compositional
classification proposed by Thayer (1970), Ferrario and
Garuti (1988) and Arai (1992).

Calculated Fe,O, ranges from 6.72 to 9.26 wt%. The
amounts of trace elements varies in the following ranges:
MnO (0.33-0.6 wt%), V,05 (0.04-0.3 wt%), ZnO (up to
0.07 wt%) and NiO (0.03-0.24 wt%). The compositional
variations of the magnesiochromite from the Othrys chromi-
tites are illustrated in Figures 3B, C and D. The Al,0,-TiO,
relationships (Fig. 3B) indicate their podiform affinity,
showing the typical substitution between these two ele-
ments. In the Cr/(Cr+Al) vs. Mg/(Mg+Fe?*) diagram, the
magnesiochromite crystals plot in the field of podiform
chromitites showing ranges of their Mg/(Mg+Fe?*) and
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Table 2 - Selected electron microprobe analyses (Wt%) of the chromite from chromitite of Othrys.



Fig. 2. Back-scattered electron images (BSE) showing the texture of the
chromitites from Agios Stefanos (A, B, C). Light grey minerals- chromite,
dark grey minerals- chlorite, middle grey minerals- hydrogrossular.

Cr/(Cr+Al) ratios from 0.65 to 0.74 and from 0.61 to 0.70,
respectively (Fig. 3C). Their Cr/(Cr+Al) ratios are lower
than those of chromitites with a boninitic affinity, as it has
been suggested by Garuti et al. (2012). The Cr,0O5 and TiO,
contents of the analyzed spines are also compatible with
their podiform nature (Fig. 3D).
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PHOSPHIDES AND ASSOCIATED MINERALS

About 100 grains of phosphide were found in the speci-
mens from the Othrys chromitite. On the basis of their
chemical compositions, the following minerals have been
identified: melliniite, nickelphosphide and two phases that
can be classified as (i) either Ni-allabogdanite or Ni-bar-
ringerite, and (ii) either V-allabogdanite or V-barringerite.
They are very small, generally less than 20 microns and
rarely occur as single phases. Most of them form complex
grains composed of different phosphide minerals associated
with awaruite the following tentatively identified minerals
due to their micrometric size (< 5 pm) native vanadium,
Mo-Ni-V-Co alloy (probably hexamolybdenum), Hg se-
lenide (possible tiemmanite), a Mo-Ni-P phase (very likely
monipite) and several minerals composed of Ni, As and Sb,
similar to those described by Tredoux et al. (2016).

A few phosphides and awaruite are associated with brec-
ciated chromite, chlorite, quartz and glass as illustrated in
Fig. 4. The brecciated chromite, in contact with the phos-
phides and awaruite, has the same composition of free
grains of chromite. The composition of the glass varies in
the following ranges (wt%): SiO, = 70.76-75.5, AL,O; =
12.2-17.92, Na,O = 0.6-1.51, K,O = 0.5-1.21, CaO = 1.81-
2.86, MgO = 1.21-2.2, FeO = 0.48-4.74 and MnO = 0.5-
0.97. This mineralogical assemblage suggests that the dis-
covered minerals are natural in origin and they do not repre-
sent an artefact related to the sample preparation. X-ray ele-
mental distribution maps of selected polyphase grains are il-
lustrated in Figs. 5 and 6.

Despite their different compositions, all the analyzed
phosphides show similar reflectance and creamy-yellowish
colours, under reflected-light microscopic observation (Figs.
7A, B, C). Melliniite is isotropic, while nickelphosphide
shows a weak anisotropism. The Ni-allabogdanite or Ni-bar-
ringerite and V-allabogdanite or V-barringerite display a
strong anisotropism from light to dark green. The associated
awaruite is whiter than the phosphide minerals (Fig. 7A). X-
ray diffraction study, which would determine their crystal
structure unambiguously, could not be properly conducted
due to the small size and complex micro-intergrowths of the
phosphides with other minerals Thus, identification and
classification of these minerals was based solely on their
quantitative composition suggesting the occurrence of
melliniite, nickelphosphide, and potentially two new phases.
The latter can be classified as (i) either Ni-allabogdanite or
Ni-barringerite and (ii) V-allabogdanite or V-barringerite
(Table 3).

Melliniite

One grain of melliniite, about 10 microns in size, with
the ideal formula (Ni,Fe),P was analyzed, which is associat-
ed with awaruite and nickelphosphide (Fig. 7A). Its compo-
sition was calculated on the basis of 5 atoms per formula
unit and corresponds to the stoichiometry (Ni, Fe;;3Coy sq
V0sCr006MO0g 02)3 04(Po 9950 01)1- The analyzed melliniite
contains high amounts of Co (12.86 wt%) and Fe (8.06
wt%) but low abundance of V, Cr and Mo (less than 1.5
wt%) (Table 3).

Nickelphosphide

Two grains of nickelphosphide with the ideal formula
(Ni,Fe);P, were identified. They are about 15 microns in
size and are associated with awaruite, melliniite, native
vanadium and a Ni-As-Sb compound (Figs. 5, 6, 7A). The
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Fig. 3 - Composition of chromite from the studied chromitites from Othrys. A) compositional diagram Cr/(Cr+Al) versus Mg/(Mg+Fe**); B) correlation of
Al,0, versus Cr,0;; C) Variation of Cr/(Cr+Al) and Mg/(Mg+Fe?"); D) variation of Cr,O; and TiO, P- field of podiform chromitites; S- field of stratiform
chromitites. Compositional fields after Thayer (1970), Ferrario and Garuti (1988), Arai (1992).

nickelphosphide grains have an average composition ex-
pressed by the formula (Ni, ,sFe(3,C0( 39V s CroosMOg0)3
(Py.995001);- They are enriched in Fe (8.13-11.45 wt%) and
Co (10.32-12.3 wt%) and show minor substitution of V, Cr
and Mo (Table 3).

Ni-allabogdanite or Ni-barringerite and V-allabogdanite
or V-barringerite
Allabogdanite and barringerite are polymorphs with the

ideal formula (Fe,Ni),P, but allabogdanite is orthorhombic,
while barringerite is hexagonal. Therefore, it is impossible
to distinguish these two minerals only on the basis of their
chemical composition. The compositions of seven grains,
are characterized by the average formula (Ni (,Fe, 1,Coy 4,
V.51C10.0/M00 23)1 99(P0.9980.02)1 01, Whereas five grains show
an average composition which can be expressed by the for-
mula (Vo ¢Nig sgFe, 11C0g 47Cr 0sM0yg 16)1 97 (P 01S0.01)1.02-
Notably, all these minerals contain high amounts of Mo
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Fig. 4 - BSE images of phosphides and awaruite showing their relation with natural minerals. A) awaruite and a Ni-V phosphide in contact with brecciated
chromite; B) enlargement of Fig. 4A; C) grain composed of awaruite and Ni-V phosphide associated with brecciated chromite; D) the same grain of Fig. 4C
showing its internal structure; E) complex grain composed of different phosphides and awaruite in contact with glass; F) single phase grain of Ni-V phosphide
associated with SiO,, probably quartz. Abbreviations: epx- epoxy, chr- chromite, aw- awaruite, NiP- Ni-V phosphide, Gl- glass, SiO,- quartz.
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Fig. 5 - BSE image and X-ray element-distribution maps of P, Ni, Co, Fe, V, Mo, As and Sb showing the complex mineral assemblage of a grain composed of
nickelphosphide, awaruite, vanadium and two phases consisting of Mo-Co-Ni-P and Ni-As-Sb. Scale bar is 10 microns.

(from 8.87 up to 32.31 wt%) and Co (from 11.66 up to
19.85 wt%). The Fe content varies between 0.57 to 6.92
wt%, and Cr is generally less than 3 wt% (Table 3). These
minerals occur either as single phase or as polyphase parti-
cles (Figs. 7A,B).

Their calculated stoichiometries suggest that these two
phases may represent two new minerals. The first can be
classified as Ni-allabogdanite or Ni-barringerite, whereas
the second may be classified as V-allabogdanite or V-bar-
ringerite (Table 3).

Awaruite
Awaruite is the most abundant alloy analyzed in the Oth-
rys chromitite and it occurs both as single phase grains, and

in association with phosphides, native vanadium and a Ni-
As-Sb compound (Figs. 5, 6, 7A). Few grains of awaruite
contain small inclusions of primary pentlandite. Selected
analyses of awaruite are listed in Table 4 and illustrated in
the ternary Ni-Co-Fe graph (Fig. 8). The analyzed awaruite
is enriched in Co and Fe and contains appreciable amounts
of V, Mo and Cr. The concentrations of P and S are very
low, at less than 0.5 wt%. Awaruite contains trace amounts
of iridium, up to 1.52 wt% (Table 4). The investigated
awaruite is isotropic, therefore and in spite of the presence
of Ir, we can exclude that some of the analyzed grains are
garutiite, the Ir-rich, hexagonal polymorph of native Ni
(McDonald et al., 2010).
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Fig. 6 - BSE image and X-ray element-distribution maps of P, Ni, Co, Fe, V, Mo, As and Sb showing the complex texture fund in a grain composed of nick-
elphosphide, awaruite, vanadium and a Co-rich phosphides. Scale bar is 10 microns.

DISCUSSION AND CONCLUSIONS
Genetic implications

Natural phosphide minerals have been predominately de-
scribed in several meteorites (Britvin et al., 2015 and refer-
ences therein). Recently, phosphide minerals have been re-
ported in some terrestrial occurrences, including: i) py-
rometamorphic rocks of the Hatrurim Formation, located in
Israel and Jordan, ii) ultra high pressure (UHP) garnet peri-
dotites from China (Cong et al., 1994; Hu et al., 2005), iii)
reduced differentiated lenses in basalts, in hydrothermal re-
placement in a petrified wood (http://mindat.org), iv) an-
desite from the Disko Island, Greenland (Pedersen, 1981),
v) Achean marine sediments (Pasek et al., 2013), vi) in ful-

gurites (Pasek et al., 2012) and vii) in mantle hosted ophi-
olitic chromitites from Greece and Russia (Zaccarini et al.,
2016b; Sideridis et al., 2018).

However, only barringerite, halamishite, negevite, tran-
sjordanite, schreibersite and a mineral with the composition
(Ni,Fe)sP are observed in terrestrial samples. The remainder
of the phosphide minerals have been described exclusively
in meteorites (Ma et al., 2014; Britvin et al., 2015 and refer-
ences therein). Since there is no evidence for the presence of
fragments of meteorites in the Othrys chromitites, we can
argue that the discovered phosphide and the associated ul-
tra-reduced minerals have a terrestrial origin.

All the natural phosphides were exclusively crystallized
in reducing environments, regardless of their occurrence.
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Table 3 - Electron microprobe analyses (Wt%, At% and apfu) of the phosphides from chromitite
of Othrys.
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Table 4 - Electron microprobe analyses (Wt% and At%) of the awaruite from chromitite of Othrys.

Reducing conditions in mantle-derived rocks, such as
chromitites, can be achieved locally due to the interaction of
mantle-derived fluids enriched in CH, and H, with basaltic
magmas in the shallow lithosphere (Xiong et al., 2017).
However, the super-reduced phases described by Xiong et
al. (2017) include carbides, nitrides, silicides and native
metals but not phosphides. The magnesiochromite of the
Othrys chromitite, which hosts the phosphide minerals and
the associated phases, is enriched in Fe,O; (up to 9.26 wt%;
Table 3), suggesting the presence of relatively high oxygen
activity during magmatic precipitation. This observation
precludes the possibility the discovered phosphide minerals
and their associated phases to have a magmatic origin, and
reducing conditions were essential for their formation.

Serpentinization of peridotites involves reduced fluids
containing dissolved H, from the reduction of H,O (Berndt
et al., 1996; Charlou, 2002; Seyfried et al., 2007; Klein et
al., 2009; Marcaillou et al., 2011). Consequently, peridotites
have a strong reducing potential during their alteration
(Malvoisin et al., 2012).

Therefore, we can argue that the phosphide minerals and
their associated phases from the Othrys chromitites were
very likely crystallized during serpentinization of the host
peridotites, at low temperatures, as it was previously sug-
gested for the formation of the Ni-phopshides in the chromi-
tites of the Alapaevsk and Gerakini-Ormylia ophiolites
(Sideridis et al., 2018).

The investigation on concentrates precludes the precise
textural occurrence of the phosphide minerals. However,
they were never observed as inclusions in magnesiochromite
crystals. Most of them exist as free grains and, less common-
ly, are in contact with brecciated chromite, quartz, glass (Fig.
4) and chlorite. Therefore, they mainly occurred in the al-
tered silicate matrix of the chromitite.

Nickel and cobalt may have been released during the al-

teration of olivine. Alternatively, they were originally host-
ed in magmatic sulfides, which have been altered during the
serpentinization. It is well known that, during the serpen-
tinization, primary pentlandite can be altered to form
awaruite in a reducing environment (Ekstrandt, 1975). This
hypothesis is supported by the common association of the
Othrys phosphide minerals with awaruite that contains small
inclusions of primary pentlandite. Phase relations in the Fe-
Ni-Co-O-S system indicate that awaruite is produced by
desulfurization of Fe-Ni sulfides, during the interaction be-
tween abyssal peridotite and seawater (Klein and Bach,
2009; Klein et al., 2009). Furthermore, Ekstrandt (1975)
have shown that incipient serpentinization, which generates
H,, is accompanied by reduced assemblages, characterized
by low-sulfur minerals, and awaruite.

According to the model proposed by Sideridis et al.
(2018), the dissolution of apatite which occasionally occurs
as accessory phase in ultramafic rocks and chromitites
(Miicke and Younessi, 1994; Garuti et al., 2002; Economou-
Eliopoulos, 2003; Morishita et al., 2003; Zaccarini et al.,
2004; Li et al., 2005; Zaccarini et al., 2016b) may have pro-
vided the necessary P for the crystallization of the Othrys
phosphide minerals. The experimental work of Prins and
Bussel (2012) has demonstrated that reduction of phosphate
minerals, induced by hydrogen, may start at temperatures of
around 400 °C, similar to the highest temperature of serpen-
tinization. Olivine, after its alteration, may be an alternative
source of P, as it can carry small amounts of P in its crystal
lattice (Koritnig, 1965; Cyrena, 1984; Agrell et al., 1998;
Brunet and Chazot, 2001; Mallmann et al., 2009; Mavrogo-
natos et al., 2016). The analyzed magnesiochromite has high
vanadium contents (up to 0.3 wt%, Table 2). Mobilization of
this highly mobile element, during the alteration of the
chromitite, may explain its release and considerable incorpo-
ration in the crystal structure of the discovered new phase.
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Fig. 7 - Reflected-light image of the phosphides from Othrys chromitites.
A) polyphase grain composed of nickelphosphide (Nph), melliniite (Ml)
and awaruite (Aw); B) single phase grain of V-allabogdanite or V-bar-
ringerite (VP); (C) single phase grain of Ni-allabogdanite or Ni-bar-
ringerite (NiP). Scale bar is 10 microns.

To decipher the origin of Mo in the studied chromitite is
a big challenge. The data presented by Kuroda and Sandell
(1954) have shown that the amount of Mo in the silicate
phases of chondrites is substantially the same as in ultramaf-
ic rocks. The siderophilic and chalcophilic affinities of Mo
are similar and much stronger than its lithophilic ones
(Kuroda and Sandell, 1954). Furthermore, due to its ability
to replace a number of elements in the lattices of rock-form-
ing minerals, it may occur as a trace element in several

Fig. 8 - Plot (atom %) of the compositions of the awaruite in the Ni-Fe-Co
ternary diagram.

phases, such as sulfides, magnetite and ilmenite. Molybde-
num may substitute for Fe?*, Ti and Al and these substitu-
tions are in general accord with the ionic radii of the ele-
ments involved as suggested by Kuroda and Sandell (1954).
Therefore, Mo, in the Othrys chromitite, was originally
hosted in sulfides or oxides and it was subsequently remobi-
lized and incorporated in the crystal lattice of the Mo-rich
phases, which are described in this contribution.

The temperature of formation of most of the terrestrial
phosphide minerals generally varies between 700 and 1150
°C (Pedersen, 1981; Cong et al., 1994; Ernst and Liou,
1999; Zheng et al., 2005; Schmidt et al., 2008; Britvin et al.,
2014). It is suggested that the phosphide and their associated
minerals in the Othrys chromitite were likely formed at low-
er temperatures, at around 400°C, as previously proposed by
Sideridis et al. (2018) for the Ni-phosphides in the chromi-
tites of the Alapaevsk and Gerakini-Ormylia ophiolites.
However, this conclusion cannot be ascertained because of
the lack of experimental work on the stability of phosphides
with the composition reported in this contribution.

Pasek et al. (2012) studied the geochemical behaviour of
P in several fulgurites, most of which contain reduced
phosphorus, mainly in the form of phosphite. The authors
suggested that lightning can account for the local reduction
of phosphates to produce phosphides. Recently, this model
was applied by Ballhaus et al. (2017) to explain the pres-
ence of ultra-reduced minerals in ophiolites. These authors
noticed that the host rocks of the ultra-reduced minerals re-
ported by Xiong et al. (2017) are serpentinized harzburgite
and podiform chromitites. Due to their high electrical con-
ductivity, these lithologies may have attracted lightning
strikes, which can create local highly reduced conditions.
Switzer and Melson (1972) divided the fulgurites into two
types: those formed by fusion of loose sand, or sand fulgu-
rites, and those formed by fusion of solid rock, referred to
as rock fulgurites. Rock fulgurites are less abundant than
sand fulgurites, but they are petrologically more interesting
since they may result from fusion of any rock type, includ-
ing serpentinite (Switzer and Melson, 1972). Rock fulgu-
rites contains abundant glass characterized by an extremely



heterogeneous composition. The complex grains found in
the Othrys chromite shown in Figs. 4E and F occur with
glass and quartz. Therefore, we cannot discard the hypothe-
sis that the phosphide minerals and their associated phases
from the Othrys chromitites may represent the remnant of a
rock fulgurite.

Mineralogical implications

Literature data show that the 13 phosphide minerals,
which are officially accepted by the International Miner-
alogical Association (IMA), are mainly composed of Fe, Ni,
Ti, Mo and Cr (Buseck, 1969; Britvin et al., 1999; 2002,
2013; 2104; 2015; Ivanov et al., 2000; Skala and Cisarova,
2005; Pratesi et al., 2006; Zolensky et al., 2008; Ma et al.,
2014) (Table 1). The data presented in this contribution in-
dicate that the analyzed phosphide minerals in the Othrys
chromitite contain, as major components, Ni, V, Co, Mo and
as minor elements Cr, S and Ir. Our stoichiometric calcula-
tions suggest the occurrence of melliniite, nickelphosphide,
as well as two new phases. These last minerals can be clas-
sified as Ni-allabogdanite or Ni-barringerite and V-allabog-
danite or V-barringerite. Melliniite and nickelphosphide are
enriched in Co and contain low amounts of Mo, whereas
both the Ni-allabogdanite or Ni-barringerite and the V-al-
labogdanite or V-barringerite contain much higher abun-
dances of Mo (up to 32.31 wt%; Table 3).

Our mineralogical data indicate that more elements are
involved in the composition of the natural phosphide miner-
als, than previously reported. To the best of our knowledge,
the occurrence of melliniite and nickelphosphide is reported
for the first time in terrestrial samples in the Othrys chromi-
tite.The Ni-allabogdanite or Ni-barringerite and V-allabog-
danite or V-barringerite in the Othrys chromitites are likely
new species. However, their small size and complex micro-
metric intergrowths with other minerals preclude the elabo-
ration of an X-ray diffraction study, which would have
helped to properly characterize them. Their identification
was complicated and required a careful investigation of the
samples, using both reflected-light microscopy and electron
microprobe analyses. We argue that phosphide minerals
may occur also in other serpentinized rocks, although they
have not been reported yet.
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