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ABSTRACT

Skyros Island, in the Aegean Sea, hosts significant mafic-ultramafic bodies scattered within the subophiolitic mélange. Small chromite deposits crop out
in three close localities, Northern Agios Iohannis, Agios Iohannis and Agia Alexandria. Chromitites and their host rocks are heavily altered and display an
uncommon mineral assemblage. Primary minerals include orthopyroxene and clinopyroxene relics along with unaltered chromite. Northern Agios Iohan-
nis spinels have average Cr# = Cr/(Cr + Al)] of 0.74, compatible with a boninitic parental melt, while Agios Iohannis and Agia Alexandria have lower Cr#
(0.65-0.68), compatible with a MORB-like parental melt. Considering the proximity of the three localities, the changes in mineral chemistry can be due to: i)
Genesis of the chromitite pods in different dunite channels, from different parental magmas. ii) Evolution from MORB-like to boninitic melts during subduc-
tion. iii) Melt/rock interactions with variably depleted peridotite sources; iv) Genesis of the chromitites in compositionally different mantle slices, tectonically
dismembered and juxtaposed. Three alteration events were detected: i) serpentinization, with replacement of primary silicates by serpentine (widespread at
Agios Iohannis and Northern Agios Iohannis and more limited at Agia Alexandria); ii) chloritization, involving a reaction of chromite and serpentine with
oxidizing fluids to form Fe-chromite and chlorite; iii) reaction of Fe-chromite and serpentine to form Cr-garnets with a composition lying in the uvarovite-an-
dradite solid solution (at Agios Iohannis and Northern Agios Iohannis, absent at Agia Alexandria). Despite the restricted geographical area, the three localities
display heterogeneity in the primary and secondary features, highlighting compositional variation of the parent melt and local changes in fO, and fS, during
the alteration events. The order in which the alteration events occur in an ophiolite can strongly affect the final mineral assemblage. Cr-garnets can be Fe- or
Al-rich based on the magnitude and order of previous alteration stages. In particular, chloritization events lead to loss in Al in the spinel, so the garnet forming

reaction will lead towards uvarovite-andradite solid solution products.

INTRODUCTION

Ophiolites can host important chromitite deposits, scat-
tered in the mantle section and ultramafic cumulates above
the Moho. These deposits form pods and lenses of variable
thickness and are economically renowned for the high quality
of chromite for the metallurgical industry (Schulte and Pack,
2024).

According to published genetical models, the majority
of podiform chromitites is generated in Supra-Subduction
Settings (SSZ), when melts with different composition mix
within restitic dunite channels, shifting the composition in
the chromite stability field (Spiegelman and Kelemen, 2003;
Gonzalez-Jiménez et al., 2014; Cocomazzi et al., 2020).
Other authors suggest instead that this genetical model is in-
adequate to explain the formation of chromitites, and that po-
diform deposits are the result of extensive melt/rock reaction
in the upper mantle (Zhou and Robinson, 1994; Arai, 1997;
Zhou et al., 2001;)

Cr-spinel compositions within ophiolite chromitites can
be highly variable, from high-Cr to high-Al, depending on
their tectonic setting (e.g., forearc, backarc), and their geo-
chemical affinity (e.g., forearc, backarc and mid-ocean ridge)
(Dilek and Furnes, 2014). High-Cr chromitites are generally
thought to have formed from boninitic magmas (Abe, 2011;
Dick and Bullen, 1984; Zhou et al., 1996), whereas Cr-poor
chromitites are believed to be generated from MORB-like
or arc tholeiite magmas (Dick and Bullen, 1984; Melcher et

al., 1997). Bimodal occurrences of Cr-rich and Cr-poor chro-
mitites in the same ophiolitic complex have been interpreted
as an evolution from a MORB-like parental melt to a boninit-
ic one at subduction initiation (Uysal et al., 2016; Qiu et al.,
2018; Chen et al, 2019; Bussolesi et al., 2022a).

Podiform chromitites are generally subject to a complex
post-magmatic history involving the circulation of fluids and
replacement of primary minerals with secondary ones. The
most common alteration processes are serpentinization (Frost
and Beard, 2007; Grieco and Merlini, 2012; Liu et al., 2023)
and chloritization (Proenza et al., 1999; Bussolesi et al.,
2022b), which completely replace primary silicates with ser-
pentine and chlorite. Chromite is also affected by these post-
magmatic processes by progressively losing Al and Cr, thus
transforming into ferrian-chromite and, in the most extreme
cases, into Cr-magnetite (Mellini et al., 2005; Saumur and
Hattori, 2013; Ahmed and Surour, 2016). Finally, the Base
Metals and Platinum Group Elements sulfides are also heav-
ily affected by serpentinization processes, which cause remo-
bilization of the metals and in some cases desulfurization and
transformation into alloys (Zaccarini et al. 2005; Proenza et
al., 2007; Tsoupas and Economou-Eliopoulos, 2008; Grieco
et al., 2020.

The present contribution aims to provide new insights
into the magmatic and post-magmatic evolution of Skyros
podiform chromitites, and to provide new interpretations for
the formation of unusual mineral assemblages during chro-
mitites alteration processes.



GEOLOGICAL BACKGROUND

Skyros is the largest island of the Northern Sporades
Archipelago, located in the Aegean Sea. Geologically, it
is part of the Albanide-Hellenide orogenic belt, subdivided
into three tectono-stratigraphic domains (Fig. 1) (Chiari et
al., 2012; Bortolotti et al., 2013; Saccani et al., 2008; 2015;
2017). From W to E, they are the Adria Continental, the Var-
dar, and the Serbo-Macedonian Rhodope Domains (Borto-
lotti and Principi, 2005; Ferriere et al., 2012; Bortolotti et
al., 2013). The Adria Continental Domain, comprising tec-
tonic units originated from the Eastern continental margin of
the Adria Plate, includes the Pelagonian and Subpelagonian
zones (Chiari et al., 2012; Saccani et al., 2015). The Vardar
Domain represents an oceanic suture zone and is divided into
three sub-zones: the Almopias (oceanic), Paikon (continen-
tal), and Peonias/Guevgueli (oceanic) (Saccani et al., 2008;
2015; Ferriere et al., 2012). Finally, the Serbo-Macedonian
Rhodope Domain represents the Eastern margin of the
Eurasia Plate. Several ophiolites crop out in the Albanide-
Hellenide Belt. (Saccani et al., (2011) grouped them into i.
External (or Western) Ophiolites (part of the Pelagonian and
Subpelagonian Zones); ii. Internal (or Eastern) Ophiolites
(part of the Vardar Domain). The External Ophiolites con-
sist of Triassic-Jurassic ophiolite sequences generated both
in oceanic (MOR) and supra-subduction zone (SSZ) settings
(Beccaluva et al., 1994; Saccani et al., 2011). The Internal
Ophiolites are characterized by Jurassic and subordinate Tri-
assic ophiolitic units and related sedimentary covers (Almo-
pias subzone), Middle to Upper Jurassic sequences formed
in an arc setting (Paikon subzone), and Middle-Upper Ju-
rassic ensialic back-arc sequences (Peonias/Guevgueli sub-
zone) (Saccani et al., 2008; 2011; 2015). Ophiolites cropping
out within the Serbo-Macedonian Rhodope Massif (Therma-
Volvi-Gomati complex) have still an unclear origin, and rep-
resent either a remnant of the Permian Palothetys Ocean or
a Middle Triassic rift-related magmatic suite (Bonev et al.,
2019).

The geology of Skyros is quite complex. The island is tec-

Table 1- Skyros samples and coordinates.

tonically included in the Pelagonian - Subpelagonian Zones
of the Adria domain, and the main geological units are, from
bottom to the top (Karkalis et al., 2017; Boundi et al., 2024):

1 - Sub-Pelagonian Unit, making up the Southern and
North-Western part of the island, comprising a Triassic-Ju-
rassic carbonate platform.

ii- Ophiolites of the Vardar Domain, tectonically em-
placed onto the carbonate platform (formerly addressed to as
“Eohellenic Nappe”).

iii- Pelagonian Zone, comprising Late Cretaceous Lime-
stones and Flysch.

iv- Lower Metamorphic Unit of Skyros, comprising meta-
volcanic rocks, meta-sediments, and pelagic silicate marbles.

v- Upper Metamorphic Unit of Skyros, comprising pe-
lagic silicate marbles and intercalations of gneisses-schists.

The Northern part of the island is additionally covered by
Tertiary and Quaternary sediments, and Miocene Volcanics
crop out in the central area of NW Skyros (Karkalis et al.,
2017) (Fig. 1b). (Beccaluva et al., 1994; Robertson et al.,
1996; Rassios and Dilek, 2009) (Kilias et al., 2010; Schmid et
al., 2008). Skyros ophiolites, are represented by the sub-ophi-
olitic mélange of the Vardar Domain, which includes highly
deformed serpentinites, Triassic volcanic and sedimentary
rocks, basalts and radiolarian cherts of both Triassic and
Jurassic ages (Saccani and Photiades, 2005; Karkalis et al.,
2017). The ophiolites were emplaced during Late Jurassic to
Early Cretaceous, and tectonically overthrust the Pelagonian
zone rocks (Harder et al., 1983; Pe-Piper and Piper, 2002,
Boundi et al., 2024).

Ultramafic bodies in Skyros consist of serpentinized
dunites and harzburgites. Small chromitite and magnetitite
lenses are scattered into the dunites, forming sub-economic
bodies (Karkalis et al., 2017). A carbonation event is testi-
fied by the presence of rodingite dykes, rich in hydrogarnets,
vesuvianite, chlorite, diopside, and clinopyroxene. The high
levels of serpentinization and rodingitization reflect alteration
processes that affected the Skyros ultramafic massif during
exhumation, due to circulation of hydrothermal fluids, pos-
sibly generated during subduction (Karkalis et al., 2017).
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Fig. 1 - (a) Major structural elements of the
Aegean Sea region; modified after Zacharia-
dis (2007); (b) Schematic geological map of
the Skyros Island; modified after Papantoniou
(2015). Yellow stars represent the three sam-
pling locations. NAI: Northern Agios Iohannis;
Al: Agios Iohannis; AA: Agia Alexandria.
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MATERIALS AND METHODS

Altered peridotite, chromitite, and magnetite-rich samples
were collected from small outcrops in the areas of Agios lo-
hannis, Northern Agios Iohannis, and Agia Alexandria (Table
1,Fig. 1b). Chromitites form small lenses (up 1 m in thickness)
scattered into serpentinized dunites (Fig. 2a). Chromitites are
locally enriched in Cr-garnet, clearly visible at outcrop scale
(Fig. 2b, c¢). Massive magnetitites within serpentinized pe-
ridotites also crop out in the area, forming pods (up to 60
cm thick) visually similar to chromitites (Fig. 2¢), but highly
magnetic. Most of the chromitite lenses were locally mined
and stored in nearby heaps. Chromitites show disseminated,
nodular, and massive textures (Fig. 2 d, e).

The samples were studied through optical microscopy in
reflected and transmitted light. Mineral chemistry of major
and accessory phases was analyzed through EMPA (Electron
Microprobe Analyzer) at the Earth Science Department of the
University of Milan (samples Sky8a, Sky8b, Sky10) and at
the Eugen F. Stumpfl Laboratory at the University of Leoben
(samples SK3A, SK3E, SK3H, SK3I) with a Jeol JXA 8200
electron microprobe equipped with a wavelength dispersive
system (SEM-WDS). Analyzing conditions for oxides and
silicates are: 15 kV, sample current 10 nA, counting time of
20s on the peaks and 10s on the background. The elements
were analyzed using the Ka line. A series of natural minerals
was used as standards: wollastonite for Si, forsterite for Mg,

ilmenite for Ti, fayalite for Fe, anorthite for Al and Ca, chro-
mite for Cr, niccolite for Ni, rhodonite for Mn and Zn, and
metallic V for that element. The approximate detection limit
is 0.01 wt% for each element. Fe3* was recalculated from mi-
croprobe analyses assuming perfect stoichiometry, based on
8-oxygen formula. Base Metal Minerals and Platinum Group
Minerals were analyzed with 20 kV accelerating voltage, 10
nA beam current, and beam diameter of about 1 micron. The
peak and background counting times were 20 and 10s, re-
spectively. The following lines were selected: Ka for S, Ni,
Fe and Cu, Ma for Os and La for As, Sb, Ir, Ru, Rh, Pd, and
Pt. The standards employed were: chalcopyrite (Cu), pyrite
(Fe.,S), niccolite for As and Ni, pure metals for Ru, Rh, Pd,
Os, Ir and Pt. Microprobe analyses of magnetite and garnet
are sometimes above 100 wt% because of the stoichiomet-
ric recalculation of Fe** and Fe?*. Serpentine and chlorite are
below 100% on average due to possible non-stoichiometric
water contents and their lamellar shape.

Whole-rock PGE analyses were performed on chromitites
and magnetitite samples from Skyros Ophiolite at the Na-
tional Research Center of Geo-analysis, Chinese Academy
of Sciences (CAS), through Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) after a pre-concentration stage
with nickel sulfide fire-assay collection. The precision of the
analysis is better than 5% for Rh, Pd, and Ir, and 10% for the
other elements. The detection limits are 0.2 ppb for Pt and Pd,
0.001 ppb for Ir, Rh and Os, and 0.1 ppb for Ru.

Fig. 2 - (a) Centimetric pod of massive chromitite in serpentinite from Agia Alexandria; (b) Garnet-bearing chromitite in serpentinite from Northern Agios
ITohannis; (c) Magnetite pod within serpentinized peridotite at Agios Iohannis; (d) Chromitite with nodular texture from Agios Iohannis; (e) Chromitite with
massive texture from Northern Agios Iohannis.



RESULTS
Mineralogy and texture

Cr-spinels form anhedral to subhedral heavily fractured
crystals (Fig. 3a), with widespread alteration into ferrian-
chromite at the rims and along fractures (Fig. 3b). Primary
silicates underwent alteration and are almost completely re-
placed by secondary phases (serpentine, chlorite), with only
a few primary pyroxene relics detected in the samples from
Agios Iohannis. A peculiar feature of Agios Iohannis and
Northern Agios Iohannis chromitites is the presence of thick
Cr-garnet coronas developed around chromite and occasion-
ally filling the fractures (Fig. 3a, c). Base Metal Minerals
and Platinum Group Minerals are present as rare accessory
phases, and comprise heazlewoodite, millerite, pentlandite,
Ni-arsenides, awaruite, Ni-Fe-Cu alloy, laurite, garutiite (Fig.
3d), and a Rh-rich sulfide.

Mineral and Whole Rock Chemistry

Average composition and standard deviations of spinels,
silicates, and base metal minerals are reported in Tables 2, 3,
and 4. Complete analyses are reported in the Supplementary
material.

Spinel Mineral Chemistry

Skyros chromitites are characterized by spinels with vari-
able compositions, concerning in particular major elements
of unaltered chromites (Table 2).

Unaltered chromite from Agios Iohannis has Cr,O;,
Al,O5, and Fe,O; contents ranging between 52.98-54.57
wt%, 16.18-17.92 wt%, and 1.71-2.99 wt% respectively.
FeO and MgO vary between 11.81-14.15% and 14.12-15.00
wt%. Alteration in ferrian-chromite is marked by a decrease
in AL,O5 (0.70-2.47), a slight increase in Cr,05 (47.58-56.89
wt%), and an increase in Fe,0; (8.56-18.46 wt%). FeO and
MgO are also affected by ferrian-chromitization and vary

10Bpm

COMP  20. ) 10pm

Fig. 3 - (a) BSE image of fractured chromite crystal surrounded by Cr-garnet coronae at Agios Iohannis; (b) BSE image of ferrian chromite alteration along
cracks and chromite rims at Agia Alexandria; (c) transmitted light microphotograph of Cr-garnet coronae in contact with serpentinitic matrix and chromite
crystals, at Northern Agios Iohannis; (d) BSE image of a heazlewoodite crystal with millerite exsolution lamellae, partially replaced by awaruite and associ-
ated to garutiite, at Northern Agios Iohannis. Mineral Abbreviations: chr: chromite; Fe-chr: ferrian-chromite; grt: garnet; srp: serpentine; awr: awaruite; hzl:

heazlewoodite; mlr: millerite.
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between 11.93-26.44 wt% and 1.59-4.94 wt%. An interest-
ing feature of Fe-chromites in Agios Iohannis is a high Mn
content (MnO 3.99-12.01 wt%). The following alteration
stage involves the formation of Cr-magnetite, leading to
a complete loss of Al,Oj, a decrease in Cr,0; (3.20-32.82
wt%), and further increase in Fe,O; (33.60-68.41 wt%).
FeO and MgO vary between 24.79-32.23 wt% and 0.14-
0.77 wt%.

Unaltered chromite from Northen Agios Iohannis has
Cr,0;, AL,O;, and Fe,O; contents ranging between 42.69-
58.03 wt%, 11.37-19.00 wt% and up to 3.00 wt% respec-
tively. FeO and MgO vary between 14.51-24.41 wt% and
6.81-12.07 wt%. Fe-chromitization is marked by a decrease
in AL,O5 (4.95 wt%) and increase in Fe,O; (8.84 wt%). Cr-
magnetite shows lower Cr,0; contents (1.77-7.45 wt%) and
higher Fe,O; contents (60.42-69.21 wt%). FeO varies be-
tween 28.97-31.52 wt% and MgO contents are between 0.12-
2.55 wt%. Magnetite Al,O;, Cr,0; and MgO contents are
below detection limit. Fe,O, and FeO contents vary between
70.66-72.36 wt% and 31.50-32.17 wt%.

Unaltered chromite from Agia Alexandria is more simi-
lar to Agios Iohannis, with Cr,0;, Al,O;, and Fe,O; contents
ranging between 51.39-52.75 wt%, 18.19-20.07 wt% and
2.18-3.51 wt%. FeO and MgO vary between 11.87-13.03
wt% and 14.74-15.81 wt%. Alteration into ferrian-chromite
is marked by a decrease in Al,O; (1.89-9.16 wt%) and MgO
(4.77-14.18 wt%) and by an increase in Cr,0O; (48.45-65.12
wt%), Fe,O5 (up to 5.85 wt%) and FeO (16.99 - 25.70 wt%).
Notably, the enrichment in Mn is absent in Agia Alexandria.
Magnetite has Fe,O; contents ranging between 68.55 and
69.38 wt%, and FeO contents ranging between 30.52 and
31.26 wt%.

Silicate Mineral Chemistry

Primary silicate relicts from Agios Iohannis are enstatite
and diopside crystals. Orthopyroxene has MgO and FeO
contents of 3.19-3.66 wt% and 35.84-36.85 wt%. Cr,0; and
Al,O; vary between 0.51-0.91 and 0.52-0.65 wt% respective-
ly. Clinopyroxene has MgO and CaO contents of 17.77-18.10
wit% and 22.71-23.33 wt%, and higher Cr,0O; and Al,O; con-
tents, varying between 1.38 and 1.72 wt% and 0.91-1.32 wt%
respectively.

Serpentine is present in Agios Iohannis and Northern Ag-
ios Iohannis as the major silicate alteration phase. In Agios
Iohannis MgO and FeO contents range between 37.27-39.21
wt% and 1.68-3.18 wt%, while in Northern Agios Iohannis
MgO and FeO contents range between 38.25-40.16 and 1.59-
2.69 wt%.

Chlorite was detected in all three localities, with vari-

able Cr,O; contents. In Agios Iohannis FeO, MgO and Cr,0,
range between 0.37-0.89 wt%, 33.05-35.18 wt% and bdl-
4.94 wt%. Chlorite from Northern Agios Iohannis has higher
FeO (0.72-2.34 wt%), MgO comprised between 33.03 and
38.28 wt% and Cr,0; ranging from 0.24 to 4.63 wt%. Agio
Alexandra shows low FeO contents (0.43-0.90 wt%, MgO
between 33.21 and 35.19 wt% and Cr,O, between 2.20 and
5.04 wt%.

Garnets were detected in Agios Iohannis and Northern
Agios Iohannis. They are all solid solutions between andra-
dite and uvarovite (Fig. 5b), with variable iron and chromi-
um contents. Northern Agios Iohannis garnets have highly
variable Cr,0; (8.82-20.83 wt%), Fe,0; (14.57-33.04 wt%),
FeO (bdl-3.52 wt%), MgO (bdl-13.65 wt%) and CaO (20.65-
32.09 wt%) contents. In Agios Iohannis Cr,O; contents range
between 9.40-12.95 wt%, Fe,O; contents between 12.06-
2472 wt%, FeO contents

Base Metal and PGM Mineral Chemistry

Base Metal Minerals within Skyros samples are mainly
Ni-Fe phases, with rare Cu-bearing sulfides and Ni-arsenides.
Platinum Group Minerals are rare and mostly too tiny for
micropobe analysis. Pentlandite, detected in Agios Iohannis
and Northern Agios Iohannis, shows little variability, with Ni
(37.71-43.18 wt%) and Fe (22.44-24.26 wt%). Millerite and
heazlewoodite were detected in all three localities. Millerite
Ni content varies between 63.39 and 72.60 wt%, and the iron
content varies from below detection limit up to 1.52 wt%.
Heazlewoodite also shows a moderate variability in Ni con-
tent, from 61.05 to 76.95 wt%, and the Fe content varies from
below detection limit up to 3.27 wt%. Ni-Fe alloys have been
detected only in Agios Iohannis and Northern Agios Iohannis
and they consist mostly of awaruite (Ni 73.98-83.12 wt%,
Fe 5.25-23.18 wt%) and one Fe-Ni alloy with Fe content of
63.12 wt%.

Rare Platinum Group Minerals were detected in Northern
Agios Iohannis, but the alteration and grain size did not allow
a proper quantification. From EDS data the PGM detected
are a tiny garutiite crystal, a laurite and a Rh-rich sulfide (see
Supplementary Material).

PGE whole rock chemistry

The total PGE content (Table 5) of Skyros chromitites
ranges between 72 and 246 ppb, while the two analyzed
magnetitites show enrichments of 17 ppb (Agia Alexandria)
and 174 ppb (Agios Iohannis). Northern Agios Iohannis is
the locality with the highest PGE total content, in agreement
with the few Platinum Group Minerals detected in the same
locality.

Table 5 - PGE whole rock chemistry (ppb) of Skyros chromitites and magnetite.

Sample Lithology Os Ir Ru Rh Pt Pd Total PGE
Sky-8a Al - chromitite 33 25 54 4 2 2 120
Sky-8b Al - chromitite 5 12 45 6 3 1 72
Sky-6 Al - magnetite 11 28 56 10 40 29 174
Sky-10 AA - chromitite 15 16 52 7 1 2 93
Sky-11a AA - chromitite 28 19 67 6 1 2 123
SK-13 AA - magnetite 1 2 4 5 3 2 17
SK-4a NALI - chromitite 69 49 98 10 16 4.03 246
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DISCUSSION
Skyros tectonic setting and magmatic evolution

The composition of Skyros unaltered chromite is vari-
able among the different localities (Fig. 4a). Chromites
from Agios Iohannis and Agia Alexandria show high Mg#
and relatively low Cr#, Agios Iohannisand are consistent
with published data on Skyros chromitites (Economou-EI-
iopoulos, 1996). Northern Agios Iohannis chromites, on the
other hand, have higher Cr#, more similar to Gerakini and
Vavdos chromitites, located in the Vardar Domain in the
Chalkidiki Peninsula.

High-Cr chromitites are generally thought to indicate a
genesis from high degrees of partial melting, from boninitic
melts (Barnes and Roeder, 2001). Chromites from Agios lo-
hannis and Agia Alexandria have a forearc geodynamic affin-
ity (Fig. 4b), while chromites from Norther Agios Iohannis
show an increase in Cr# towards a boninitic affinity. Bimodal
chromite mineral chemistry in supra-subduction settings is
commonly attributed to an evolution from MORB-like to IAT
and boninitic melts at different times during the evolution of
the subduction zone, and has been reported also within ophio-
lites of the Albanide-Hellenide belt (Bussolesi et al., 2022a;
Qiu et al., 2018; Saccani et al., 2017; Saccani and Tassinari,
2015; Uysal et al., 2009; Xiong et al., 2017).

The genetical models of chromitites must also be consid-
ered. Chromite ore bodies in supra-subduction settings form
within restitic “dunite channels”, where the ascending melts
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percolate and mix (Cocomazzi et al., 2020; Spiegelman and
Kelemen, 2003). When magmas with different composition
mix, chromite precipitation can be triggered, and chromite
mineral chemistry will partially depend on the chemistry of
the magma. Another possible explanation for the heterogene-
ity of spinel mineral chemistry can be derived from the theory
that podiform chromitites are the product of melt/rock inter-
action. Melts interacting with variably depleted peridotite
sources will produce high-Al or high-Cr chromitites (Zhou
etal.,2001). Considering the geographic proximity of Skyros
chromitite bodies, they may be indeed have formed in dif-
ferent dunite channels by the mixing of magmas with differ-
ent composition (Ballhaus, 1998; Miura et al., 2012). Finally,
considering the nature of the subophiolitic mélange (Borto-
lotti and Principi, 2005), it is also possible that the outcrops,
now geographically close, belong to different tectonic slices
of mantle with variable composition, later dismembered and
tectonically juxtaposed during obduction.

Skyros post-magmatic evolution

Skyros chromitites and host rocks are heavily altered, as
testified by widespread replacement of primary silicates by
serpentine and chlorite (Fig. 3c). Various alteration stages
affected also chromite crystals, partially replaced by ferrian-
chromite and Cr-magnetite (Fig. 5a) at the rims, and sur-
rounded by Cr-garnets coronas, formed at the expense of spi-
nel and serpentine (Frost and Beard, 2007).
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Fig. 4 - (a) Mg# vs Cr# of Skyros unaltered spinels; compositional fields of Vourinos (Grieco et al., 2018), Vavdos (Grieco et al., 2011; Sideridis et al., 2021),
Skyros (Economou-Eliopoulos, 1996), Othrys (Kapsiotis et al., 2018), Evia (Grieco et al., 2023) and Gomati (Bussolesi et al., 2020; 2022b) are used for com-
parison; (b) fields for abyssal peridotite, forearc peridotite and boninite are from Barnes and Roeder (2001).
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Fig. 5 - (a) ferrian chromitization patterns; (b) Cr-garnet composition (mol%) compared to 1. Cr-garnets from Moa Baracoa podiform chromitites (Proenza
et al., 1999), 2. Cr-garnets from Rutland podiform chromitites (Ghosh and Morishita, 2011) and 3. Cr-garnets from the Chalkidiki peninsula (Sideridis et al.,

2022).

The first alteration stage detected at Skyros was serpen-
tinization. As Skyros peridotites are largely represented by
harzburgites and dunites (Karkalis et al., 2017), the most
common serpentinization reaction must have been the trans-
formation of olivine into serpentine, even though no relicts
of olivine have been detected. Enstatite and diopside were
also engaged in the serpentinization reaction, the latter one
involving also the release of Ca?* in the hydrothermal fluids
(Frost and Beard, 2007).The second alteration event involves
the circulation of fluids and the formation of ferrian-chromite
and chromian-chlorite at the expense of chromite and serpen-
tine (Merlini et al., 2009). At Northern Agios Iohannis and
Agios Iohannis the alteration is more pronounced: extreme
ferrian-chromitization led to transformation of the spinel into
Cr-magnetite, while at Agia Alexandria spinels are less al-
tered (Fig. 5a). The enrichment in Mn within Fe-chromite and
magnetite at Agios Iohannis and Northern Agios Iohannis
can also be attributed to alteration or metasomatic processes
during this stage (Paraskevopoulos and Economou (1981)
reported similar Mn-rich ferrian-chromites within serpen-
tinites in Northern Greece, where Mn is highly enriched in
ferrian-chromites and decreases again in Cr-magnetite rims.
This enrichment is attributed to Mn substituting Mg and Fe?*,
where Mn derives from chromite already transformed into
Cr-magnetite or magnetite.

The third alteration event led to precipitation of garnet
as coronas surrounding chromite grains. The detected gar-
nets show a wide range of compositions along the andradite-
uvarovite solid solution (Fig. 5b). Uvarovitic garnets have
been detected in chromitite deposits, with solid solutions
ranging between uvarovite-andradite and uvarovite-grossu-
lar (Chakraborty, 1968; Ghosh and Morishita, 2011; Frank
Melcher et al., 1997; Proenza et al., 1999; Sideridis et al.,
2022). Their genesis is interpreted as the result of the circula-
tion of a hydrothermal fluid through the chromitites and their

hosts. The source of Ca?* is under debate. The breakup of
clinopyroxene during serpentinization is one of the possible
local sources of Ca** (Ghosh and Morishita, 2011; Pal and
Das, 2010), but Skyros chromitites are surrounded by Ca-
bearing rocks (ophicalcites, calcite blue-schists and marbles),
that could provide another Ca source for the formation of the
garnets. The Cr-Fe instead of Cr-Al substitution in the garnet
solid solution is possibly explained by the reaction of Al-poor
ferrian-chromite with hydrothermal fluids and serpentine to
form the garnet coronas replacing the spinel (Fig. 6). (Frost
and Beard (2007) propose a reaction for the formation of an-
dradite from magnetite and serpentine. The reaction is here
modified to accommodate Cr, so that Cr-garnet is formed by
the reaction of Fe-chromite and serpentine in the presence of
aqueous fluids:

3Fe**CrFe**0, + 6Mg,;Si,0(OH), + 12H,0 +12Ca* + 30, =
4Ca,Fe**CrSi;0,, + 18Mg(OH), + 3Fe e + 12H*

Following this interpretation, the source of Ca®* is most
likely external, from Ca-bearing host rocks, since Ca?* was
liberated during clinopyroxene alteration into serpentine in
the first alteration stage, whereas garnets were formed later
on.

One of the most distinctive features of serpentinized
rocks is the extremely low oxygen fugacity, as indicated by
the presence of Ni-Fe alloys (Frost, 1985). The occurrence
of Ni-Fe alloys instead of sulfides suggests that serpentini-
zation occurs at low S, as well as low fO,. The replace-
ment of primary silicates by serpentine releases some H,
(Bach et al., 2006), which can combine with % O, to form
H,O and/or with S to form H,S, lowering fO, and fS,. As
oxygen fugacity falls, sulfides become poor in sulfur, form-
ing millerite, heazlewoodite, and metal alloys (Frost and
Beard, 2007).



Fig. 6 - X-ray elemental maps of chromite surrounded by Cr-garnet corona at Agios Iohannis locality; grt, garnet; chr, chromite.
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Fig. 7 - Fe-Ni-S compositional diagram of Base Metal Minerals within Sky-
ros chromitites.

Agios Iohannis and Northern Agios Iohannis show a
desulfurization pattern typical of serpentinization (Fig. 7),
with primary pentlandites changed into Ni-Fe alloys during
the first alteration stage. On the contrary, Agia Alexandria

mineral assemblage lacks alloys, suggesting a more limited
first alteration stage, whereas the abundance of chlorite may
indicate a fluctuation of fO, towards higher values during
the second alteration event. The third alteration event, re-
lated to garnet formation, is absent in Agia Alexandria either
for lack of circulation of fluids or because the garnet-form-
ing reaction was not triggered in the presence of widespread
chlorite.

PGE contents in Skyros chromitites are consistent with
PGE-poor podiform chromitites worldwide, with the richest
sample being Northern Agios Iohannis, but the total PGE val-
ues are considerably lower than existing bibliographic data
on Skyros chromitites (Tarkian et al., 1992; Economou-ElI-
iopoulos, 1996), implying a high magmatic heterogeneity in
the PGE budget of the parental melt. Chromitite mantle-nor-
malized patterns (Fig. 8a) show a general negative slope from
IPGE to PPGE, a very common trait of podiform chromitites
worldwide explained by the different geochemical behavior
of PGE in the mantle (Economou-Eliopoulos, 1996; Proenza
et al., 2007; Uysal et al., 2009; Grieco et al., 2020; Bussolesi
et al., 2022b). An interesting feature is the double-peak for
Os and Ru, which is interpreted in the literature as a clue of
PGE remobilization during serpentinization events, related in
particular to desulfurization (Grieco et al., 2020).

Magnetite mantle-normalized patterns (Fig. 8b) are dif-
ferent for the two localities. Agia Alexandria is PGE-poor
compared to mantle values, except for Rh, which is unusu-
ally enriched (5 ppb) and forms a positive anomaly. Agios
Iohannis magnetitite has total PGE values comparable to
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Fig. 8 - a) Mantle-normalized (McDonough and Sun, 1995) PGE patterns of Skyros chromitites; data for Gomati mantle chromitites from Bussolesi et al.
(2022b); data for Vourinos chromitites from Grammatikopoulos et al. (2011); data for Skyros chromitites from Economou-Eliopoulos (1996) and Tarkian et
al. (1992); b) Mantle normalized PGE patterns of Skyros magnetitites; data for Nain magnetitite from Eslami et al. (2018); data for Bou Azzer magnetitie from
Ahmed et al. (2009). AI: Agios Iohannis, AA: Agia Alexandria, NAIL: Northern Agios Iohannis.

chromitites, with a slight enrichment in PPGE. PGE-poor
Agia Alexandria magnetitite patterns are comparable to other
ophiolite magnetite deposits, indicating a low-T genesis as
replacing products of mantle peridotites (dunite or harzbur-
gite) through circulation of serpentinizing fluids (Ahmed
et al., 2009; Eslami et al., 2018). This indicates a high Fe
mobility from the protolith (dunite or harzburgite) into the
newly formed magnetite ore. PGE patterns are indeed con-
sistent with mantle serpentinized patterns, and the positive
Rh anomaly could be due to a more immobile behavior of
Rh during alteration events. Agios Iohannis enrichment in
PGE, similar to ophiolitic chromitites patterns, suggests that
the protolith of this magnetite nodule may have been a chro-
mitite instead of a harzburgite/dunite (that never reach PGE
contents comparable to chromitites), where Cr-spinels were
completely altered into magnetite during serpentinization.

CONCLUSIONS

Skyros podiform chromitites, albeit in a restricted geo-
graphical area, are heterogeneous from the mineralogical
and chemical point of view. Chromites from Northern Agios
Iohannis have a higher Cr content with respect to Agios lo-
hannis and Agia Alexandria, reflecting either a parent melt
composition more evolved towards a boninitic affinity and/
or a difference in the chemical composition of the parental
magma. Post magmatic processes affected the three localities
at different degrees:

The first alteration event involved the replacement of ol-
ivine and pyroxene by serpentine, as well as the desulfuriza-
tion of primary sulfides and their transformation into alloys.
This process was widespread at Agios Iohannis and Northern
Agios Iohannis, whereas it was less developed in Agia Alex-
andria as testified by the lack of Ni-Fe alloys.

The second alteration event promoted the alteration of
chromite into Fe-chromite, and the formation of chlorite. This
stage was widespread at Agia Alexandria, where chlorite is
more abundant, probably due to local changes in the oxygen
fugacity.

The third alteration stage involved the precipitation of
Cr-garnet, of the andradite-uvarovite solid solution, formed
by reaction of serpentine and Fe-chromite in the presence of
aqueous fluids.

Cr-garnets precipitated as coronas surrounding pristine
chromite cores, by fully replacing Fe-chromite rims. This
stage was detected at Agios Iohannis and Northern Agios lo-
hannis, while it is absent at Agia Alexandria.

The order in which the alteration events occur in an ophi-
olite can strongly affect the final mineral assemblage. Cr-
garnets can be Fe- or Al-rich based on the magnitude and or-
der of previous alteration stages. In particular, chloritization
events lead to loss in Al in the spinel, so the garnet forming
reaction will lead towards uvarovite-andradite solid solution
products.
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