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This paper reviews the occurrence of platinum-group elements nanoparticles (PGE-NPs) inmantle-hosted chro-
mite deposits, showing that PGE-NPs are more frequently found in these deposits than previously thought. A
comparison of published experimental data with observations in natural samples reveal that PGE-NPs might
form at the pressure (1–0.5 GPa), temperature (~1200 °C) and fO2 (FMQ± 1) conditions in which chromite de-
posits form in the upper mantle. The crystallization of PGE-NPs may take place earlier or simultaneously to the
segregation of chromite and/or sulfide liquids from silicate melts. If the PGEs are dissolved in the silicate melt,
the segregation of PGE-NPs could be linked to local changes in fO2 and fS2 during the early crystallization of chro-
mite and/or olivine.Mobile crystals of chromite and droplets of sulfidemelts entrained in the basaltic parentmelt
may also play an additional role as physical collectors of PGE-NPs, providing a complementary or even an alter-
native mechanism for the fractionation of PGEs in high temperature silicate melts. Furthermore, hydrothermal
alteration of the chromite deposits during seafloor metamorphism or exhumation (i.e., retrograde metamor-
phism) of upper mantle rocks has also a significant effect on the internal structure of the oxides and sulfides
that host the PGE-NPs. Frequently, PGE-NPs are found along the replacement contacts between primary and sec-
ondaryminerals, suggesting that PGE-NPs can also form during low temperature alteration events (200–600 °C).
Finally, heating events overimposed on chromite deposits previously affected by hydrous metamorphism may
enhance fluid infiltration subsequently triggering chemical, mineralogical, or textural responses in the oxide or
sulfide matrices hosting the PGE-NPs, promoting coarsening of metal nanoparticles. The interplay between
these processes can explain the wide spectrum of particle sizes of PGE inclusions that are observed in many al-
tered chromite deposits, which can vary from a few nanometers to larger than a micron. These studies provide
evidence that PGE-NPs can eventually form under a wide spectrum of thermal (and pressure) conditions, and
show that aqueous fluids may play a relevant role in producing PGE-NPs duringmetamorphism and metasoma-
tism of mantle-hosted chromite deposits.
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1. Introduction

In nature, minerals can occur as nanofilms, nanorods or nanoparti-
cles when having one, two or three dimensions reduced to the nano-
scale, respectively. They can occur as mineral nanoparticles when they
also exist in larger (micrometer-scale) sizes, and as nanominerals
when they only exist within this size range (Fig. 1). When occurring
in minerals, nanoparticles can now be sampled into thin foils for imag-
ing and characterization under the transmission electron microscope
(TEM) bymeans of focussed ion beam-field emission scanning electron
microscopy techniques (FIB-FE-SEM) (Wirth, 2004, 2009; Lee, 2010;
Ciobanu et al., 2011). These high-resolution analytical methods are pro-
viding an unprecedent viewofmetal incorporation in oreminerals since
examination of the textures, composition and structures of metal nano-
particles and their host matrices can be now obtained at any location on
a mineral grain (Ciobanu et al., 2011). This new information helps us to
unravel what is the relationship between mineral particle size and
physico-chemical properties, a critical issuewhen defining the potential
impact of nanogeoscience in mineral research (Hochella, 2008).

Since last decade, an increasing amount of studies are showing that
minerals, apart from influencing or drivingmost physical, chemical and
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between an ore body (upper right) and metal nanoparticles (left) contained in vein-hosted
2006) and Deditius et al. (2011). Imaging techniques suitable for each dimensional range are f
biological processes on Earth, also exert their influence through particle
size. In particular, minerals can behave very differently at the nanoscale
comparing with their bulk counterparts. Studies have documented sig-
nificant variations in structural, thermodynamic and catalytic properties
when one ormore dimensions ofminerals are reduced to the nanoscale,
i.e., below one micron, although novel material properties commonly
arise between 1 and 100 nm. These variations aremost likely due to dif-
ferences in surface and near-surface crystal structure, as well as shape
and large surface area relative to size (Banfield and Navrotsky, 2001;
Navrotsky et al., 2008; Reich et al., 2011). There have been excellent re-
views of some of these issues, and the readers are referred to Hochella
(2002), Hochella (2008) and Lee Penn (2012).

In the field of ore deposits research and in economic geology in gen-
eral, mineral nanoparticles and nanominerals of economic metals are
only recently beginning to receive attention they deserve (Reich et al.,
2011).Most of the studies have focused on gold, and into a lesser extent
the other noble metals, in refractory sulfide phases and in supergene
profiles (e.g., Saunders, 1990; Palenik et al., 2004; Reich et al., 2005,
2006, 2010; Ciobanu et al., 2009, 2012; Hough et al., 2008; Reith et al.,
2010, 2012, 2016; Zhmodik et al., 2012; Reich and Vasconcelos, 2015),
and results strongly suggest that nanoscale processes are key factors
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that may control large-scale ore deposition in hydrothermal settings
and near-surface environments (e.g., Hannington et al., 2016).

In this context, the potential role of nanoscale phases during the se-
lective partitioning of the others noble metals of the platinum group
(i.e., platinum-group elements, PGEs: Os, Ir, Ru, Rh, Pt and Pd) has
been little explored, particularly under the high-temperature typical of
magmatic processes. The PGEs are much less abundant than gold and
silver in the Earth's crust, and they are almost exclusively found in
ores associated with mafic and ultramafic rocks. In these ores the PGEs
occur at the trace to ultra-trace levels (ppm to ppb) and their budget
in terms of host minerals is still discussed (e.g., O'Driscoll and
González-Jiménez, 2016 and references therein). Most of these PGE-
bearing ores are formed as a result of high-temperature magmatic pro-
cesses, where the highly siderophile and chalcophile PGEs are segregat-
ed from mafic or ultramafic magmas into metal-rich immiscible melts
(i.e., oxide, sulfide, arsenide, telluride, and bismuthide). In particular,
PGEs have been documented in chromite ± magnetite ± sulfide ± ar-
senide ores associated with komatiites, layered or concentrically
zoned mafic-ultramafic complexes within or at the boundaries of cra-
tons as well as in the mantle or mantle-crust section of ophiolite com-
plexes (Gervilla and Leblanc, 1990; Leblanc et al., 1990; Ballhaus et al.,
2001; Cabri, 2002; Arndt et al., 2006; Hanley, 2007; Prichard et al.,
2013; Piña et al., 2015; Holwell et al., 2015; Barnes and Ripley, 2016).

Due to their importance as PGEs reservoirs and the complex
postmagmatic histories that usually affect them, the emphasis of this
review is placed on chromite deposits associated to the mantle section
of ophiolite complexes, although PGE ores from the layered mafic-
ultramafic continental intrusion of the Bushveld Complex (South Africa)
are also briefly discussed because they represent the first known exam-
ples of magmatic ores hosting PGE-NPs. Platinum deposits in Alaksan-
Aldan-Ural-type complexes will be not covered here because PGE-NPs
have not been reported in these ores yet. The aim of this paper is by no
means intended to present a deep literature review of magmatic ore
deposits and their genesis, but rather to provide a first view of noble
metal nanoparticle in the mafic-ultramafic ore systems, an aspect of
nanogeoscience that has been little explored. The underlying scheme of
this study is not just devoted to describe nanoparticles as isolated entities
in their carrier phases; rather, we aim to outline how the study of PGE-
NPs can actually provide new insights about local and large-scale process-
es governing precious metal concentration in chromite-rich ores.

Three examples were chosen on the basis of our interest in linking
chemical heterogeneity with the occurrence of nano- and micron-
sized mineral inclusions in the suite of minerals that usually host PGEs
in the ore deposits (i.e., oxides and base-metal sulfides). We discuss
the formation of PGE-NPs at magmatic conditions in the upper mantle
where the chromite deposits occur, and their potential modification
under different thermal regimes andfluid/rock ratios during crustal em-
placement. Thus we report PGE-NPs bearing chromite deposits affected
by: (1) low-temperature serpentinization in an ocean-floor setting
(Caridad chromite deposit in the Eastern Cuban ophiolites), (2) retro-
grade eclogite to greenchist metamorphism (chromite deposits of the
Dobromirtsi massif, southern Bulgaria), and (3) prograde metamor-
phism associated with granite intrusions (Loma Baya chromite deposit
of southwestern Mexico). Through these examples we emphasize the
importance and potential utility of mineral nanoparticles in under-
standing the magmatic and post-magmatic evolution of the PGE-
bearing ores, and also explore their potential role as agents for noble
metal transport/concentrations in ore systems.

2. Previous reports of PGE-NPs in high-temperature experiments
and magmatic chromite deposits in the crust

2.1. PGE-NPs sythethised in experiments under magmatic conditions

The notion that PGE-NPs could form in basaltic melts at high tem-
peratures (N1000 °C) might be supported by a series of experiments
in the last decade (Bockrath et al., 2004; Ballhaus et al., 2006; Finnigan
et al., 2008; Helmy et al., 2013). However, the economic geology com-
munity has overlooked this evidence so far. In the next paragraphs we
provide a brief overview of the main results of these studies.

The pioneering experiment study by Bockrath et al. (2004) involved
a basaltic melt with a picrite composition, which was doped with up to
5 wt% Cr2O3 and 1 wt% RuO2. To promote crystal growth, the mix was
fused at 1360 °C for 5 h, and then cooled slowly at rate of 10°/h up to
1200 °C, kept there for another 5 h, and then quenched. The experiment
was undertaken in a graphite capsule within a piston cylinder press. At
0.5 GPa the charge crystallized olivine, skeletal clinopyroxene, euhderal
chromite, and spherical Fe-free Ru metal nugget (Fig. 2a). According to
Bockrath et al. (2004) most of the Ru nuggets were smaller than 1 μm
(Fig. 2b) and nucleated on chromite surfaces, whereas only a few larger
nuggets were found suspended in the glass.

Finnigan et al. (2008) also produced PGE-NPs (Ir-Pt alloys and Ru-S)
in the course of experiments involving crystallization of chromite froma
silicatemelt (Fig. 2c-d). The latter experiments were peformed by calci-
nation of finely powdered natural alkali olivine basalt to which pow-
dered natural chromite and spinel crystals were added. In these
experiments, Ir-Pt nanoparticles were formed between 1370 and
1400 °C in sulfur-free environment, whereas nanoparticles of Ru-S
nanoparticles were crystallized at much lower temperature (1200 °C)
but in silicate melts containing sulfur.

Helmy et al. (2013) doped Fe-S and Fe-Cu-S melts with traces of Pt
and As and equilibrate these compositions between 950 and 1180 °C.
Using high-resolution TEM they were able to find a wide range of Pt-
As nano-associations, including poorly ordered (Pt, As) n clusters,
crystalline PtAs2 nanoparticle platelets and nanometer-sized droplets
of Pt-enriched melts (Fig. 2e-f). Based on these results, Helmy and co-
workers suggested that at high temperatures (N1000 °C) Pt and As
self-organize to form nanoparticles in silicate melts, well before the
melt has reached Pt and As concentrations at which discrete Pt arsenide
minerals become stable phases (Fig. 2e-f).

The results provided in all these previous experiments predict that
PGE-NPs are stable at high temperatures inmagmatic systems although
the mechanism(s) of formation and preservation of these particles
during cooling or post-magmatic alteration remains unclear and further
experimental studies are needed.
2.2. Previous reports of PGE-NPs in crustal-hosted magmatic PGE deposits

In one of the few studies available, Wirth et al. (2013) documented
the occurrence of PGE-NPs in base-metal sulfides (BMS) from PGE-
rich chromitite and melanorite pegmatites from the Merensky Reef.
This is one of the three deposits exploited for PGEs in the Bushveld Com-
plex in South Africa (Campbell et al., 1983; Tredoux et al., 1995;
Vermaak, 1995; Ballhaus and Sylvester, 2000; Prichard et al., 2004;
Naldrett, 2004; Godel et al., 2007; Mungall and Naldrett, 2008; Scoates
and Fiedman, 2008; Rose et al., 2011). Wirth et al. (2013) presented
TEM observations on thinned BMS grain foils that were previously se-
lected and retrieved using FIB-FESEM to avoid large PGM inclusions.
They identified crystals of b50 nm of Ru-Rh-Pt arsenides hosted in pyr-
rhotite (Fe1 − xS) and pyrite (FeS2), Ru-Rh-Os, Ru-Rh-Pt-Ir, and Ru-Rh-
Pt sulfides included in pyrrhotite and pentlandite (Fe,Ni)9S8, and one
~250 nm nanocrystal of Pt-Au-Hg within chalcopyrite (CuFeS2)
(Fig. 3a-d). According to these authors, PGE-NPs found in pyrrhotite
were heterogeneously distributed and differently oriented with respect
to the host polycrystalline sulfidematrix. In contrast, the PGE-NPs found
along interfaces between pyrrhotite and pyrite (i.e., Ru-Rh-bearing ar-
senides) or between pyrrhotite and pentlandite (i.e., Ru-Rh-bearing sul-
fides) were arranged like “pearls on a string”, parallel to the grain
boundary. Wirth et al. (2013) also observed that Ru-Rh arsenides can
occur in solid solution in pyrite, and that the Ru-sulfide crystals may
display identical orientation relationship with the pentlandite host.



Fig. 2. Backscattered electron images of PGE-NPs syntethized in high-temperature experiments. (a) Ru0 nanoparticles nucleated on chromite surfaces crystallized at from a silicate melt
with a picritic composition. This experiment was performed by Bockrath et al. (2004) at 1360–1200 °C, doping the silicate melt with 5 wt% Cr2O3 and 1 wt% RuO2. (b) Size distribution of
361 Rumetal nuggets in the experimental charge illustrated in (a). Themedian diameter is 0.29 μm.All Rumetal nuggets smaller than ~700nm indiameter are attached to chromite grains,
whereas metal nuggets larger than 1 μm generally occur suspended freely in the silicate glass. (c–d) Ir-Pt crystallized between 1400 and 1370 °C in a sulfur-free environment.
(d) Nanoparticles of Ru-S were crystallized at much lower temperature (1200 °C) but in silicate melts containing sulfur. Experiments illustrated in (c) and (d) were carried out by
Finnigan et al. (2008). (e–f) Nanoparticles of Pt-arsenides in monosulfide solid solution (mss), indicating the possible crystallization of PGE-NPs before the segregation of immisicible
sulfide liquids from basaltic melts at temperatures above 1000 °C (Helmy et al., 2013). Abreviations: Ru: native ruthenium, Sp: spinel, Mss: monosulfide solid solution, Ir-Pt: iridium-
platinum alloy, Ru-S: ruthenium sulfide.
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In amore recent study, Junge et al. (2015) also used FIB-FESEM tech-
niques coupled with TEM observations to study pentlandite grains with
elevated concentrations of PGEs from the Platreef atMogalakwenaMine
(Sandsloot pit) in the northern Bushveld Complex, and from the UG-2
chromitite at the Karee Mine. The cited authors detected the presence
of a variety of PGE-NPs within the pentlandite, including Pt-Pd-Sn
nano-phases, Pt-bismuthides and Pt-tellurides (Platreef only), a Pd-Sn
nanophase (most likely atokite [Pd3Sn]; UG-2 only) and Pt-(Fe, Cu) al-
loys (in both localities). The reported PGE-NPs are idiomorphic with
sizes smaller than 100 nm (Fig. 3e-f); they are heterogeneously distrib-
uted in thematrix, andno crystallographicmatchwas observedwith re-
spect to the host pentlandite structure. Furthermore, Junge et al. (2015)
identified PGE-rich domains substituting for Ni and/or Fe in the crystal
structure of the UG-2 chromitite. These consist of small (10 to
100 nm) specks or orientated lamellar nano-structures with high con-
centrations of Rh and Ir that show a coupled depletion in Ni and Fe, as
detected by TEM-EDS. Also, the authors observed that a large proportion
of Pd, even at elevated concentrations, is homogenously distributed and
most likely contained in solid solution in pentlandite.
The studies by Wirth et al. (2013) and Junge et al. (2015) indicate
that the idiomorphic, heterogeneously distributed PGE-NPs do not
show any structuralmatchwith that of the host BMS. These results sug-
gest that PGE-NPs could form earlier than the BMS, ruling out an origin
by low-temperature exsolution. In the model proposed by Wirth et al.
(2013) and Junge et al. (2015), noble metal micro-inclusions or “nug-
gets” (Tredoux et al., 1995) composed of PGEs plus sulfur and/ormetal-
loids (As or Sn) may form early in the high-temperature silicate melt,
acting as nuclei for the adhesion of sulfide liquid droplets once the
melt reached sulfide saturation. Assuming that PGEs are dissolved in
the silicate melt as binary PGE-O and/or PGE-S complexes, Wirth et al.
(2013) proposed that clusters of hundreds of atoms of metallic PGEs
or PGEs + metalloids must have been segregated at the initial stage of
the cooling process, thus overcoming the problem of crystal nucleation
under low, undersaturated concentrations of PGEs. The segregation of
these atomic clusters may have been promoted by changes in the activ-
ity of silica (aSiO2) and/or in the oxygen fugacity (fO2), as soon as min-
erals such as chromite and/or olivine started to crystallize early from the
melt (e.g., Ballhaus and Sylvester, 2000; Mungall, 2005; Wirth et al.,



Fig. 3. Backscattered electron images of PGE-NPs included in base-metal sulfides from the Bushveld Complex. (a–d) are images fromWirth et al. (2013) whereas (e) and (f) are images
from Junge et al. (2015).
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2013). These atomic PGE clusters may have coalesced in the silicatemi-
lieu to form larger PGE-NPs (Tredoux et al., 1995). Upon further cooling,
sulfur saturation was achieved in the silicate melt, causing the forma-
tion of droplets of an immisciblemonosulfide liquid.Within this scenar-
io, the exsolving sulfide melts may physically entrain or capture the
PGE-NPs producing PGE-rich sulfide melts (Laurenz et al., 2013).

The model proposed byWirth et al. (2013); Laurenz et al. (2013) and
Junge et al. (2015) challenges the classicmodelwhere a sulfide liquid pri-
marily collects PGEs solely as dissolved cations in themagma owing their
relatively high sulfide/silicate partition coefficient (e.g., Campbell et al.,
1983; Peach et al., 1990; Roy-Barman et al., 1998; Mungall and Naldrett,
2008; Fonseca et al., 2011; Laurenz et al., 2013; Patten et al., 2013; Pruseth
and Palme, 2004; Mungall and Brenan, 2014). Rather, as stated by Helmy
et al. (2013) ‘… if all highly siderophile elements associate to nanophases in
undersaturated melts, the distribution of the noble metals between silicate,
sulfide, and metal melts will be controlled by the surface properties of
nano-associations, more so than by the chemical properties of the ele-
ments…’. Thus, it is likely that a monosulfide liquid segregated at high
temperature can trap PGE metal clusters and/or precursors of PGE-NPs
as suggested by Tredoux and co-workers two decades ago. After their
physical entrainment many PGE-NPs would dissolve into the sulfide
liquid, while under further cooling the solidified mss might still exsolve
discrete PGMs (Wirth et al., 2013). This can explain the observation of
Ru-Rh arsenides and Ru-sulfide nanocrystals forming lamellar arrays
along interfaces between pyrrhotite and pyrite or between pyrrhotite
and pentlandite from theMerenskyReef (Wirth et al., 2013), and lamellar
nanostructureswith high concentrations of Rh and Ir substituting Ni and/
or Fe in the crystal structure of pentlandite of the UG-2 chromitite (Junge
et al., 2015). These observations suggest that under the absence of bond-
ing partners (e.g., As, Sn, Bi, Te) necessary for the formation of PGE-NPs at
high temperature, some PGEs will remain locked in the crystal structure
of pentlandite. These structurally bound PGEs may be exsolved upon
cooling as nano- to micron-sized PGE particles (Junge et al., 2015), simi-
larly to those in natural samples and experimental runs (Mackovicky
et al., 1986; Ballhaus and Ulmer, 1995; Peregoedova and Ohnenstetter,
2002).
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3. PGE-NPs in mantle-hosted chromite deposits

3.1. Ir-Pt mineral nanoparticles in base-metal sulfides of the Caridad
chromite deposit (Eastern Cuba): effects of seafloor metamorphism

The Caridad chromite deposit is one of the ten Cr-rich chromite ore
bodies being mined for Cr in the small mining district of Sagua de
Tánamo in Cuba (González-Jiménez et al., 2011). It is a small body of
up to ~100,000 tonnes ofmassively textured chromite ore,which lies al-
most in the centre of theMayarí-Baracoa Ophiolitic Belt (MBOB) in east-
ern Cuba (Murashko and Lavandero, 1989; Proenza et al., 1999; Gervilla
et al., 2005). Mineralogical data coupled with studies of stable isotopes
of hydrogen, oxygen and carbon suggest that this chromite deposit
and their hosting mantle dunites were partly altered during ocean-
floor metamorphism (Proenza et al., 2003). The alteration sequence in-
cludes a first event of serpentinization, followed by a hydrothermal al-
teration event that produced chloritization and formed thin veins of
calcite. The Caridad chromite deposit contains abundant inclusions of
micrometer-sized PGMs (laurite (RuS2), irarsite (IrAsS), cuproiridsite
(CuIr2S4)) coexisting with BMS (millerite (NiS), heazlewoodite
(Ni2S3), pentlandite andminor chalcopyrite) that have elevated concen-
trations of PGEs (up to 8.9 wt% Ru, 3.6wt% Os, 0.41wt% Ir, and Pt and Pd
invariably below1wt%;González-Jiménez et al., 2012). These PGMs and
BMS are located in both unaltered (i.e., cores of chromite) and altered
zones of the chromitite (i.e., open fractures cutting the chromite grains
and the interstitial serpentinized matrix between the chromite grains).

A detailed re-examination of these PGE-bearingNi-Fe-Cu sulfides re-
ported byGonzález-Jiménez et al. (2012) using FESEMhas now allowed
the identification of discrete micro- to nano-scale inclusions of Ir-Pt al-
loys within these sulfides. Micrometer-sized inclusions of Ir-Pt alloys
are associated with chalcopyrite and pentlandite grains found in both
unaltered and altered zones of the chromitite (Fig. 4a-b). In contrast,
nanocrystals of Ir-Pt alloys occur exclusively in the interface between
pentlandite and heazlewoodite in altered zones of the chromitites.
These PGE-NPs or “nanoalloys” form clusters around larger,
micrometer-sized Ir-Pt alloys hosted in the BMS (Fig. 4c), or more
Fig. 4. Backscattered electron images obtained using FESEM of PGE-NPs included in base-meta
landite, Mill: millerite, Hz: heazlewoodite, Cp: chalcopyrite, Bn: bornite, Ir-Pt: iridium-platinum
commonly single sphere-like nanograins (b250 nm) aligned along the
interface (i.e., replacement front) between partly desulfurized pent-
landite and secondary heazlewoodite (Fig. 4d).

The fact that the BMS grains containing PGE-NPs (Ir-Pt alloys) are
found in all textural zones of the chromitite (i.e., unaltered and altered;
Fig. 4a-b) supports a common magmatic origin. Even though the
micrometer-sized Ir-Pt alloysmay have been formed at low temperatures
(b600 °C) via exsolution of the PGEs that were initially dissolved within
the structure of the mss at much higher temperatures (Mackovicky
et al., 1986, 1988; Ballhaus and Ulmer, 1995; Peregoedova and
Ohnenstetter, 2002), the experimental results of Peregoedova et al.
(2004) indicate that these PGE alloys may have also been released from
themss at magmatic temperatures (~1000 °C). Under both scenarios, Ir-
Pt alloys may form either by segregation of these metals in solid solution
within the mss and/or through coalescence of Ir-Pt nanoalloys. PGE-NPs
nanoparticles may have crystallized directly from the silicate melt before
(or coeval) the segregation of the sulfide liquid from which the sulfide
host crystallized, similarly as documented in the experiments by Helmy
et al. (2013) for nanoparticles of PtAs.

As noted above, the Ir-Pt nanocrystals (~700 nm in diameter) syn-
thesized in experiments have been observed to crystallize directly
from basaltic melts at the P-T-fO2 conditions relevant for the formation
of chromite deposits in the upper mantle, i.e., P ~ 0.5 GPa,
T ~ 1300–1400 °C and fO2 ~FMQ (see Figure 4a in Finnigan et al.,
2008). According to the experimental results by Finnigan et al. (2008),
the crystallization of these PGE-NPs is likely controlled by fO2 gradients
in the proximities of growing chromite crystals. In their model, these
authors assumed that sulfur-poor melts contain PGE speciated as
oxygen-bearing PGE complexes. Finnigan et al. (2008) demonstrated
that even if the melt is undersaturated with respect to the PGEs, a
small decrease in fO2 of themelt – resulting from chromite precipitation
fromor re-equilibrationwith the basalticmelt –may trigger PGEs nucle-
ation in the form of metal alloys on the margins of larger chromite
grains. In this model, the PGEs should fractionate between each another
because they have different oxidation states in the melt. In basaltic
silicate melts, Ru dissolves either as tetravalent or trivalent, Os and Ir
l sulfides hosted in the Caridad chromite deposit (eastern Cuba) Abbreviations: Pn: pent-
alloy.
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predominantly trivalent, whereas Ir Rh and Pt are divalent and Pd is
monovalent (Borisov et al., 1994; Borisov and Palme, 1995, 1997,
2000; O'Neill et al., 1995; Ertel et al., 1999; Borisov and Nachtweyh,
1998; Borisov and Walker, 2000; Fortenfant et al., 2006; Fonseca et al.,
2011, 2012; Laurenz et al., 2013). These observations are consistent
with the fact that abundant crystals of Os-Ir-Ru minerals (i.e., laurite-
erlichmanite and irarsite) are hosted within chromite grains of the
Caridad deposit (González-Jiménez et al., 2012). Similarly but from an
experimental viewpoint, Matveev and Ballhaus (2002); Bockrath et al.
(2004) and Ballhaus et al. (2006) have reported the nucleation of abun-
dant particles of Ru, Os and Ir metal on chromite surfaces, but much
larger-sized metallic alloys of Pt and Pd in the silicate glass. Notwith-
standing, the particles of Pt-bearing alloys produced in the experiments
of Matveev and Ballhaus (2002) and Bockrath et al. (2004), are larger
(N1 μm) than Ir-Pt occurring nanoparticles in the Caridad chromites
and in the experimental runs by Finnigan et al. (2008). This size differ-
ence may be related to physico-chemical factors other than changes in
fO2 – for example, thermodynamic and kinetic controls at the nanoscale,
including temperature and size dependent coarsening effects such as
Ostwald ripening (Reich et al., 2006). Alternatively, the observed Ir-Pt
nanoparticles in Caridad could correspond to oxygen or sulfur-bearing
Ir-Pt nanometric compounds that may have been entrained as immisci-
ble droplets by the immiscible sulfidemelt (Wirth et al., 2013 and refer-
ences therein). These factors should be taking into consideration in
further studies, along with careful inspection of samples using high-
resolution imaging techniques.

An additional aspect that becomes important when evaluating PGE-
NPs stability is that post-magmatic alteration processes have affected
the Caridad chromite deposit. The fact that Ir-Pt nanoparticles were
also found in grains of partly altered pentlandite grains raises the ques-
tion on the potential effects of alteration processes on the stability of
noble metal nanoparticles within the chromite host. It is well known
that pentlandite is replaced by secondary heazlewoodite under the re-
ducing conditions that are typical of the initial stages of ocean-floor
serpentinization, producing a progressive desulfurization of pentlandite
as well as changes in its crystal structure (Klein and Bach, 2009). Under
these conditions, it is likely that Ir and Pt nanoparticlesmay have under-
gone diffusion-driven modification or coarsening (e.g., Ostwald ripen-
ing) due to changes in porosity or phase changes within the sulfide
matrix. In contrast, if the Ir-Pt nanocrystals were originally captured
by the sulfidemelt, the structural changes promoted by the progressive
transformation of pentlandite to heazlewoodite during subsolidus re-
equilibration or post-magmatic alteration might produce clustering of
Ir-Pt nanocrystals alongpreferential zones (e.g., reaction fronts between
pentlandite and heazlewoodite as shown in Fig. 4d). In both contrasting
scenarios, the aggregation and coalescence of nanoparticles would pro-
duce larger Ir-Pt nanocrystals that may grow to micrometric-sized Ir-Pt
grains. Further experimental studies and analytical observations using
FIB-FESEM and high-resolution TEM are necessary to confirm this hy-
pothesis. Alternatively, Ir-Pt nanoalloys might result from the dissolu-
tion of pre-existing micrometer-sized Ir-Pt alloys by reaction with
serpentinization-related fluids (e.g., Fig. 4c), regardless of whether
these alloyswere formedor not by coalescence of smaller Ir-Pt nanopar-
ticles at higher (magmatic) temperatures. In this third scenario, the in-
teraction of the micron-sized Ir-Pt alloys with low-temperature
hydrothermal fluids would result in dissolution and re-precipitation of
Ir and Pt alloys to form nanoalloys throughout the pentlandite matrix.
Despite it is well known that noble metals are usually immobile under
reducing conditions during alteration (Snow and Schmidt, 1998;
Rehkämper et al., 1999), highly oxidizingfluids related to the late stages
of seafloor weathering (i.e., carbonation) may effectively mobilize PGEs
(Fisher et al., 1988). However, little is known about PGE speciation and
transport under such conditions (dissolved vs. colloidal, or even bacteri-
al effects, e.g., Reith et al., 2016), so additional experiments are neces-
sary to determine the solubility of PGEs in hydrothermal fluids
involved in the process of serpentinization.
3.2. Os-Ir-(Ru) nanoparticles in laurite from chromite deposits of the
Dobromirtsi Ultramafic Massif (southern Bulgaria): primary origin and
effects of retrograde metamorphism

The Late Tertiary Rhodope Metamorphic Core Complex in southern
Bulgaria and northern Greece contains numerous slivers of metamor-
phosed ophiolite complexes. The Dobromirtsi Ultramafic Massif is the
largest of these ophiolitic bodies and contains two hundred single chro-
mite bodies, some of them with up to 250,000 tonnes of chromite ore
(Payakov et al., 1961; Tarkian et al., 1991; Zhelyaskova-Panayotova
and Zinzov, 2000). These chromite depositswere affected by two events
of alteration thatmight be correlated with the exhumation of the Rhod-
ope Metamorphic Core Complex (González-Jiménez et al., 2015a). The
first event involved the infiltration of highly reducing fluids during am-
phibolite facies metamorphism (645–590 °C; 9–6 kbar; 43Ma), where-
as the secondwas characterized by a change from reducing to oxidizing
conditions that took place during the retrograde greenschist-facies
overprinting (580–470 °C; 37–35 Ma; Ovtcharova, 2004; Cherneva
and Georgieva, 2005). Rims of ferrian chromite were formed on mag-
matic chromite during the second event, and therefore, the chromite
deposits of Dobromirtsi offer a unique opportunity to discuss the poten-
tial impacts of retrograde metamorphism on nanoparticle formation
and/or de-stabilization.

3.2.1. Primary (magmatic) origin of Os-Ir-(Ru) nanoparticles
In the Dobromirtsi chromite deposits, euhedral nanocrystals of Os-Ir

of ~500 nm are often associated with larger (~10 μm) laurite crystals
hosted within unaltered cores of chromite grains (Fig. 5a-b), suggesting
a primary (magmatic) origin. Empirical and experimental data indicate
that laurite can accommodate up to 10 wt% Ir, whereas there is a com-
plete solid solution with Os towards the end member erlichmanite
(OsS2) (Garuti et al., 1999; Brenan and Andrews, 2001; Andrews and
Brenan, 2002; González-Jiménez et al., 2009). Brenan and Andrews
(2001) and Andrews and Brenan (2002) showed that low Os-Ir laurite
(RuS2) can crystallize from sulfur-undersaturated melts (log fS2 from
−2 to −1.3) in equilibrium with Ru-poor Os-Ir alloys under
chromian-spinel liquidus temperature conditions (1200 to 1300 °C).
However, the PGM grains synthesized by Brenan and Andrews (2001)
and Andrews and Brenan (2002) were larger than 20 μm in diameter,
and thus these experiments cannot be extrapolated beyond the micro-
scale (i.e., nanoscale realm). Indeed, the closest approach was given by
Bockrath et al. (2004)and Ballhaus et al. (2006), whichwere able to syn-
thesize submicron crystals of metallic Ir and Ru on surfaces of chromite
that crystallized directly from a basaltic melt at high temperatures. Al-
though there are no experimental data for the highly refractory Os,
the observation by Ballhaus et al. (2006) that higher melting points of
the PGEs correlate with smaller particle sizes of the metallic crystals,
allow to suggest that Os would tend to form metal particles with the
smallest particle sizes since this element has the highest melting point
of the noble metals (Tm ~ 3000 °C). As noted above, early crystallization
of chromite from the silicate melt may promote small changes in the
local fO2 conditions of the parental melt, causing the nucleation of
nano-sized metallic clusters of PGEs on the margins of chromite grains
(Mungall, 2002; Finnigan et al., 2008). Therefore, it is likely that as
soon as chromite crystallized from the silicate melt, Os nanoparticles
may have been sequestered by the growing spinel. This interpretation
is in agreement with the observation that Os alloyed with Ir and not
with Ru in the chromite deposits of Dobromirtsi (Fig. 5a-b), suggesting
a decoupled geochemical behavior between Ru and Os-Ir in a very early
magmatic stage.

Besides the potential effect of the differential incorporation of Os, Ir
and Ru within the chromite structure (e.g., Capobianco and Drake,
1990; Righter et al., 2004; Brenan et al., 2012), fractionation betwen
Os-Ir and Ru at magmatic temperatures could be the result of a combi-
nation of the following factors: (1) Differences in valence states, i.e., Ru
was dissolved in the silicatemelt as Ru4+ (Bockrath et al., 2004; Laurenz



Fig. 5.Backscattered electron images of PGE-NPs associatedwithmicrometric PGM, oxides and sulfides in the chromite deposits of Dobromirtsi (southern Bulgaria), obtained using FESEM.
(a–b) are grains included in unaltered chromite grains, (c–d) grains are hosted in altered rims of chromite, and (e–f) are grains located in the interstitial serpentinized silicate matrix be-
tween larger chromite grains. Abbreviations: Lrt: laurite (RuS2), Os-Ir: osmium-iridiumalloy, Irs: irasite (IrAsS), Ru-pn: ruthenian pentlandite, Pn: pentlandite,Mgt: pentlandite, Ru: native
ruthenium.
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et al., 2013) whereas Os and Ir were dissolved as trivalent and divalent
species, respectively; (2) Variation of the Ru/(Os + Ir) ratio in the melt,
attributed to partial dissolution of PGMs and/or clusters of metallic Ru
and/or Os-Ir alloys (Fonseca et al., 2012), resulting from variable de-
grees of partial melting of peridotite-hosted base-metal sulfides con-
taining PGEs in solid solution as well as nano- to micron-sized PGM
(including alloys, sulfides, arsenides, bismuthides and tellurides) associ-
ated with them (Lorand et al., 2010; Alard et al., 2011; Luguet et al.,
2007; Kogiso et al., 2008; Marchesi et al., 2011; González-Jiménez
et al., 2014; Aulbach et al., 2016; O'Driscoll and González-Jiménez,
2016; Wainwright et al., Submitted for publication); and (3) Nanoscale
surface effects, e.g., preferred metal-ligand association of Ru (i.e., Ru-S)
relative to metal-metal bonding of Os and Ir (i.e., Os-Ir).

Interestingly, Finnigan et al. (2008) reported Ru-S nanoparticles of
~250 nm in their experiments, whereas Bockrath et al. (2004) sug-
gested an average size of ~290 nm for the formation of stable Ru
metal nuclei. Despite the fact that micrometer-sized crystals of laurite
(RuS2) have been osbserved to crystallize directly from silicate melts
(Andrews and Brenan, 2002; Fonseca et al., 2012), the occurrence of
precursor nanoscale phases (e.g., polycrystalline aggregates of Ru-S
(and Ru metal) clusters) would facilitate nucleation and growth of
micron-size laurite crystals. Indeed, PGE-NPs may represent the very
first stage of PGM nucleation, as suggested by Baumgartner et al.
(2013) and Helmy et al. (2013). Therefore, many laurites in natural
chromite deposits may have formed by aggregation or aglomeration of
clusters of pre-existing Ru-S nanoparticles and/or Ru that have reacted
with S, rather than forming as a liquidus phase that crystallized directly
from a sulfur-bearing, sulfide-undersatured silicate melt (Bockrath
et al., 2004).
In a potential scenariowhere Os-Ir (nano) alloysmay have been seg-
regated before and/or separately of laurite from the basaltic melt (and/
or inherited after exhaustion of PGE-bearing BMS), it is likely that these
nanoparticles were entrapped into the growing sulfide matrix and be-
come “invisible” to conventional SEM and EMPA observation. This
may explain the common presence of Os-(Ir)-rich laurites in chromite
deposits elsewhere (Garuti et al., 1999; González-Jiménez et al., 2009).
“Invisible” or refractory precious metals such as Au are common in sul-
phides from magmatic-hydrothermal ore deposits including Carlin-
type, orogenic and epithermal Au deposits, to name a few. In these
ores, Au occurs in Au-rich patches and overgrowths in arsenian pyrite
(Fe(S,As)2), as detected using EMPA, SIMS and LA-ICP-MS techniques
(concentration range from a few ppm to up to wt% levels; Deditius
et al., 2014) (see BSE image of pyrite grain in Fig. 1, bottom). Spectro-
scopic (XANES) and electron microscopy (TEM) studies have demon-
strated that in these Au-rich areas Au can occur in solid solution
(Au+1) or most notably, forming clusters of discrete nanoparticles of
native Au (~5–10 nm) that are “invisible” in SEM/EMPA-BSE images
(Palenik et al., 2004; Reich et al., 2005, 2006; Deditius et al., 2014;
Hough et al., 2012).

3.2.2. Effects of retrograde metamorphism on Os-Ir-(Ru) nanoparticle
stabiliy

In the altered zones of the Dobromirtsi chromite deposits, partly al-
tered laurites contain nanometer-sized Os-Ir alloys at the grain margins
or boundaries (Fig. 5c). These nanoparticles are also observed along the
interface between secondary Ru-pentlandite and partly altered laurite
(Fig. 5d). Moreover, clusters of nm-sized particles of Os-Ir define an ir-
regular zoning in one laurite grain located in the interstitial matrix
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(Fig. 5e). Interestingly, the Fe-oxide matrix surrounding this irregularly
zoned laurite grain is dusted with a myriad of native Ru (Ru0) nanopar-
ticles (Fig. 5e). Finally, two grains of a Pd-Sn-Cu nanomineral are at-
tached to the rims of magnetite replacing a partly desulfurized
pentlandite in the serpentinized silicate matrix in these chromite de-
posits (Fig. 5f). This raises the question whether the occurrence of
PGE-NPs in altered laurites within chromite is not only dependent on
the thermodynamic stability of the PGE-NPs themselves (as isolated en-
tities), but also result frommore complex nanoparticle-mineral host in-
teractions during alteration of the latter.

González-Jiménez et al. (2010) showed that during the first meta-
morphic stage affecting theDobromirtsi chromite deposits some prima-
ry (magmatic) laurites were reworked under low fO2 (and fS2), which
has caused their partial desulfurization and corrosion. Considering
that Os and Ir could be initially dissolved heterogeneously in solid solu-
tion or contained as PGE-NPs in laurite, the metamorphic changes af-
fecting the structure of the host sulfide may have induced segregation
of these elements asmetal nanoparticles (e.g., Fig. 5c). In contrast, reac-
tion of laurite with metamorphic-hydrothermal fluids progressively
higher in fO2 (and fS2) has caused a transformation of laurite to more
complex assemblages containing Ru-rich base metal sulfides + Os-Ir
nanoalloys (González-Jiménez et al., 2010). This reaction involved the
transformation of laurite, first, to a metastable Ru-rich monosulfide
solid solution that is subsequently re-equilibrated into Ru-rich pent-
landite at a temperature of ~500 °C. It appears that during this reaction,
Os and Ir are released preferentially along the reaction fronts (Fig. 5d).
The fact that pentlandite may accommodate relatively high contents
of Ru in solid solution (up to 12.9 wt%; Mackovicky et al., 1986) but
very low of Os and Ir provides a clear example of fractionation between
Os-Ir and Ru at moderate temperatures.

A complete reaction of desulfurization of pre-existing laurite under
low fO2 (and fS2) conditions may also explain the formation of Ru0

nanoparticles in the oxide matrix surrounding the laurite grain shown
in Fig. 5e. In this case, Ru0 must have been accumulated in the residual
oxide matrix once all the elemental components of laurite were lost.
In contrast, the irregular zoning of this grain and its highly radiogenic
187Os/188Os signature suggest additional re-equilibrationwith oxidizing
fluids carryingOs. Experiments conducted at 500 °C indicate that Os up-
take in pyrite can only occur by step-growth processes (Brenan et al.,
2000). Consequently, at such temperatures the only way to disturb Os
isotopic exchange in laurite is via dissolution/precipitation. Therefore,
segregation of nanoclusters of Os-Ir alloys is less likely to have occurred
by simple solid-state diffusional process. This interpretation may also
apply for the very small particles of Pd-Sn-Cu attached to magnetite re-
placing pentlandite in the serpentinized matrix of one chromite deposit
at Dobromirtsi. At the given temperatures Pd is more soluble and can be
more easily transported than the other PGEs by a variety of complexes
that include chloride, hydroxide and bisulfide species (Wood, 2002).
However, the possibility of physical (or colloidal) transport of Pd and
other precious metals in hydrothermal-metamorphic fluids remain
speculative and has not been explored yet.

3.3. Ru-(Os-Ir) mineral nanoparticles in laurites from the Loma Baya chro-
mite deposit (southwestern Mexico): effects of thermal metamorphism

González-Jiménez et al. (2015b) carried out a detailed study on the
chromite alteration and the stability of Ru-Os-Ir nanoparticles in the
Loma Baya chromite deposit in Mexico. The Loma Baya ores are a series
of small bodies of massive chromitite reaching total resources of ~
28,000 Mt of chromite that were exploited for Cr during the late
1980s (Salgado-Terán and Serrano-Villar, 1983). The Loma Baya ultra-
mafic complex represents a portion of obducted sub-arc mantle,
which probably formed in an intra-oceanic island arc developed during
Late Jurassic to Early Cretaceous time along the paleo-Pacific coast
of Mexico (Mendoza, 2000; Mendoza and Suastegui, 2000; Ortiz-
Hernández et al., 2006). The Loma Baya ultramafic rocks and their
hosted chromite deposit underwent an early hydrous metamorphism
phase (greenschist-to-blueschist facies, T = 200–330 °C and P =
0.5–0.7 GPa), followed by a dehydration event related to the intrusion
of mid-Tertiary granites (Mendoza and Suastegui, 2000). Hence, these
rocks provide a unique opportunity to compare the effects of thermal
metamorphism on the composition of chromite and to explore how
changes in temperature and variable degrees of fluid-rock interaction
can impact the distribution of PGEswithin chromite-hosted IPGE carrier
phases (González-Jiménez et al., 2015b). In this section we summarize
their descriptions and interpretation and discuss the potential effects
of thermal metamorphism on the fate PGE-NPs in natural samples.

The metamorphic rims of chromite and the interstitial chlorite ma-
trix between chromite grains host Ru-(Os-Ir) nanocrystals as inclusions
in partly desulfurized laurites (Fig. 6a-f). The distribution mode and
sizes of the PGE-NPs is related with the internal microstructure of the
laurite pseudomorph (Fig. 6a-f). Thus, laurite pseudomorphs with
micrometer-sized pores and/or a dense fracture network contain abun-
dant Ru-(Os-Ir) nanoparticulate alloys with rounded shapes, with aver-
age diameters of ~110 nmandmodal abundances of ~60 nm(Fig. 6a-b).
In contrast, laurite pseudomporh whose proportion of pores are much
lower display zoning defined by homogenous nanoparticle-free S-
deficient cores or rims (concentric or irregular, patchy zones) alternat-
ing with zones that contain abundant Ru-(Os-Ir) nanocrystals. These
PGE-NPs have average diameters of ~110 nm and ~90 nm, respectively
(Fig. 6c-d). In a third type of laurite pseudomorph, where micrometer-
sized pores are rare or absent, the Ru-(Os-Ir) nanocrystals clump to
form particle aggregates with variable average sizes (Fig. 6e-f). In the
latter grains the size distribution is bimodal with abundant particles
smaller than 100 nm, which coexist with a few larger ones (~500 nm).

González-Jiménez et al. (2015b) suggested that the segregation of
the Ru-(Os-Ir) nanocrystals was a consequence of the textural and
structural rearrangement of magmatic laurite during metamorphism.
These authors suggested that during the first stage of hydrous
metamorphism under greenschist-to-blueschist facies conditions
(200–300 °C), the infiltration of sulfur-poor fluids caused the desulfuri-
zation of laurite. Volume changes associated with the reduction of the
original sulfide grain at subsolidus conditions resulted in the formation
of nanoporosity and an interconnected network of fractures within
laurite. These structural changes in the mineral structure promoted dif-
fusional processes, triggering the segregation of theRu-(Os-Ir) nanopar-
ticles of b 10 nm(Fig. 6a-b). However, this simplified trajectory does not
satisfactorily explain the different degrees of porosity of the laurite ma-
trices and the broad Ru-(Os-Ir) nanoparticle size distributions (from
tens of nm to 1 μm). González-Jiménez et al. (2015b) suggested that
the observed differences in the microstructures of laurite and the
range of sizes of the noble-metal nanocrystals could be the result of
heating associated with the thermal metamorphism that affected the
Loma Baya chromite deposit.

González-Jiménez et al. (2015b) recently compiled data sets on
noble metal nanoparticles to provide a first attempt to constrain PGE-
NPs thermal stability in laurite. Based on available experimental data,
the authors constructed a plot of temperature vs. particle size for Ru-
(Os-Ir) nanoparticles enclosed in laurite-typemineral host thatmatches
well with the rsults from in situ heating TEM experiments of Reich et al.
(2006). Using the Au-FeS2 system as analogue — laurite (RuS2) has
a pyrite-type structure and the bulk melting temperature of Au
(1064 °C) does not differ significantly from Ru-(Os-Ir) alloys
(~1300 °C) — González-Jiménez et al. (2015b) argued that Ru-(Os-Ir)
nanoparticles that were previously exsolved during hydrous metamor-
phism from homogeneous magmatic laurites (trajectory 2 ⇒ 3 in
Fig. 7b) underwent a prograde path from ~300 °C to 550–560 °C as a re-
sult of thermal metamorphism (trajectory 3 ⇒ 4 ⇒ 5 in Fig. 7b). This
dramatically affected nanoparticle stability, promoting coarsening by
diffusion-driven, solid state Ostwald ripening (trajectory 3 ⇒ 4 in
Fig. 7b), as observed during in situ TEM heating by Reich et al. (2006).
Considering that such prograde heating (and further cooling) affected



Fig. 6.Backscattered electron images obtained using FESEMof PGE-NPs in partly altered laurite grains from the chromite deposit of Loma Baya in southwesternMexico (González-Jiménez
et al., 2015b). Details of the nanoparticles enclosed by the squares are shown on the left side of the images together with their particle size distribution.
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thehost rocks differentially as function of the distance to theheat source
(trajectories 5⇒ 6⇒ 7⇒ 8, and 5⇒ 9 in Fig. 7b), it is likely to expect a
wide spectrum of Ru-(Os-Ir) particle sizes and textures, as observed at
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4. Conclusions

Previously published experimental studies and observations in nat-
ural samples suggest that the PGE budget of some magmatic PGE-(Cr)
deposits may not be exclusively associated to the presence of
micrometric PGMs or in solid solution in the base-metal sulphides
(BMS). Alhough often overlooked, platinum-group element nanoparti-
cles (PGE-NPs) could be more frequent in these ores than previously
thought. Based on the evidence reviewed in this paper, there is a need
for further high-resolution observations aimed at detecting PGE-NPs,
and the recent development of analytical techniques for imaging and
characterization using combination of FIB and TEM methods opens a
new avenue of research.

Previously published studies at the Bushveld Complex in South
Africa (e.g., Wirth et al., 2013 and Junge et al., 2015) and the Caridad
Mine in Cuba we have documented here suggest that PGE-NPs might
precede the segregation of immisicible sulfide liquids in the magmatic
source. This might be also supported by experimental data by Helmy
et al. (2013), although more studies are needed to support such
intepretation. The segregation of PGE-NPs at shallower levels of the lith-
osphere could be promoted by changes in the activity of silica (aSiO2)
and/or oxygen fugacity (fO2) as soon as mineral such olivine and/or
chromite crystallize early in the basaltic melt. Once sulfide saturation
is achieved, these PGE-NPs may be entrained or captured by the sulfide
liquid, producing PGE-rich sulfidemelts. Upon cooling, these sulfide liq-
uids solidify as monosulfide solid solution (mss), while further cooling
may promote subsolidus requilibration of the mss to produce a series
of base-metal sulfides (i.e., pentlandite, chalcopyrite or bornite). It is
likely that structural changes associated with polymorphic reactions of
phase transformation may favour the formation of secondary PGE-NPs
(from primary nanoparticles, or due to diffusion of PGEs from the ma-
trix), despite the fact that a dominant proportion of PGEs may still be
retained in solid solution within the structure of the host sulfides. In
this context, chromite may play the role of a trigger for metal nanopar-
ticle nucleation fromPGEs originally dissolved in the silicatemelt. Either
captured by immisicible sulfide liquids or oxide/sulfide mineral phases,
physical fractionation provides a complementary (or alternative)mech-
anism to explain the effective fractionation of PGEs from silicate melts
into PGE-rich ores. This is in agreement with previous suggestions
that PGE fractionation under high temperature (magmatic) conditions
may be controlled not only by the chemical propierties of PGEs
(e.g., solubility, speciation, etc.) but also by surface kinetic effects and/
or nanoscale phenomena arising at the mineral-melt interface. Never-
theless, further experimental studies and high-resolution observations
in natural samples are necessary in order to better understand PGE
partitioning under these conditions.

During the formation of chromitites by mixing of melts within con-
duits in the uppermantle or in crustal chambers (e.g., chromite layers or
reef of the Buhsveld complex), changes in fO2 (apart from the reduction
promoted by chromite growth), fS2 andRu/(Os+ Ir) ratios can promote
different scenarios favouring the fractionation betweenOs-Ir-Ru and Pt-
Pd. It is likely that PGE fractionation may be related to the formation of
different types of PGE-NPs that have crystallized under different condi-
tions from themelt, and characterized by different particle sizes. The ex-
perimental results by Helmy et al. (2013) allow us to suggest that
different metal-ligands complexes or atomic clusters could play an im-
portant role in stabilizing PGE-NPs under magmatic conditions.

The preservation and modification of primary (magmatic) PGE-NPs
during retrograde (cooling) or prograde (heating) metamorphism is a
relevant aspect that must be addressed in future studies. For example,
the identification of the same suites of PGE-NPs in sulfide minerals
(i.e., pentlandite and laurite) in unaltered and altered zones of the chro-
mite deposits of Caridad (eastern Cuba) ad Dobromirtsi (southern
Bulgaria) raises the question about the magmatic origin of the PGE-
NPs (N1000 °C), and their fate at low temperature. In some cases, the
PGE-NPs are found in replacement/reaction fronts of the primary
sulfides to secondary sulfides or oxides, strongly suggesting that PGE-
NPs can also form under low temperature conditions (b200–600 °C).
This is particularly evident in the case of Ru0 nanoparticles that occur
in association with secondary oxides at the Dobromirtsi chromite de-
posits in Bulgaria. These case studies give examples of how PGE-NPs
can eventually form under a wide spectrum of temperature (and pres-
sure) conditions, and provide evidence that hydrothermal fluids play a
relevant role in producing PGE-NPs during retrograde metamorphism.
Finally, results from the Loma Baya deposits in Mexico show that
heating events (e.g., prograde and contact metamorphism) can also af-
fect chromite deposits that have undergone retrograde alteration. In
this particular case, heating and dehydration promoted coarsening of
PGE-NPs to sizes larger than a micron. These effects are consistent
with heating experiments of gold in pyrite and may offer an alternative
explanation for the formation of secondary micron-size PGM alloys de-
rived from the alteration of PGE-bearing sulfides.
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