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ABSTRACT
The formation of platinum-group minerals (PGM) during magma 

differentiation has been suggested to be an important process in prim-
itive magma evolution, but decisive textural evidence is difficult to ob-
tain because PGM tend to be very small and very rare. We have inves-
tigated Cr-spinel phenocrysts from two oxidized magmas (Siberian 
meimechite and Vanuatu [Ambae Island] arc picrite) and one reduced 
magma (Uralian [Russia] ankaramite) for PGM inclusions and their 
platinum-group element (PGE) contents. We observed Os-Ir and Pt-
Fe alloys entrapped as inclusions in Cr-spinel in all three suites of lava. 
The alloys may occur in association with PGE-bearing sulfides and 
co-trapped silicate melt. Cr-spinel crystals also contain measurable 
amounts of Os, Ir, Ru, and Rh, which are at concentrations 2×–100× 
higher than mantle values. Thermodynamic models indicate that the 
arc picrite and ankaramite melts were probably both saturated with 
the observed PGM phases, whereas the Os-Ir alloy grain observed in 
the meimechite is not in equilibrium with the “bulk” melt. Our results 
demonstrate that PGM (alloys and sulfides) occur as liquidus phases 
in primitive (unfractionated) melts at high temperature and at a vari-
ety of redox conditions, and that Cr-spinel is a significant host of PGE, 
either in the crystal structure or as PGM inclusions.

INTRODUCTION
The distribution of the platinum-group elements (PGE) in mantle-

derived magmas is controlled by their extremely chalcophile and sid-
erophile behavior. Alloys of the PGE with Fe or with each other show 
sharply increasing solubility in silicate melts as both temperature and 
oxygen fugacity (fO2

) increase (e.g., Amossé et al., 1990; Borisov and 
Palme, 1997; Ertel et al., 1999; Laurenz et al., 2013; Mungall and Bre-
nan, 2014). These phases, as well as other platinum-group minerals 
(PGM) such as laurite, are highly soluble in sulfide liquid (e.g., Brenan 
and Andrews, 2001; Mungall and Brenan, 2014). As a result, occurrence 
of PGM as potential phenocryst phases in magmas is extremely sensi-
tive to fO2

 both directly via their solubility in silicate melt and indirectly 
because of the instability of sulfide melt at high fO2

. PGM have been 
widely reported in layered mafic intrusions and ultramafic members of 
ophiolites and Ural-Alaskan complexes, and to a lesser extent in mantle 
peridotites. In all occurrences, the PGM have a marked spatial associa-
tion with accumulations of Cr-spinel (i.e., chromitites); indeed, a Web 
of Science (https://login.webofknowledge.com) search on Pt and chro-
mite turns up 559 research articles since 1969. PGM relationships with 
Cr-spinel were considered in a number of empirical and experimental 
studies. At high fO2

, the iridium-group elements (IPGE) and Rh are in-
corporated into Cr-spinel in solid solution, but they may exsolve upon 
cooling (e.g., Brenan et al., 2012; Fiorentini et al., 2004; Locmelis et al., 

2011; Pagé et al., 2012; Park et al., 2012). Conversely, PGM may form at 
the liquidus and be entrapped by growing Cr-spinel, a process possibly 
aided by slight depression of fO2

 in diffusive boundary layers surround-
ing growing spinel crystals (e.g., Amossé et al., 1990; Augé et al., 2005; 
Barnes and Fiorentini, 2008; Fiorentini et al., 2004). Most observations 
of PGM inclusions in Cr-spinel are related to either deep-seated intru-
sive rocks that experienced sub-solidus recrystallization or peridotitic 
mantle restites that are not only metamorphic in nature, but usually hy-
drothermally altered. Apart from Pt-Fe alloy inclusions in Cr-spinel phe-
nocrysts briefly described from the Ambae volcano, Vanuatu (Park et al., 
2012), there have been no other direct observations of magmatic PGM 
in rapidly cooled volcanic rocks. This paper reports new findings of un-
ambiguously magmatic PGM in Cr-spinel phenocrysts in three volcanic 
suites from different geodynamic environments and explores the factors 
potentially responsible for PGM saturation.

SAMPLE DESCRIPTION AND PREPARATION
The three sample sets employed in this study are olivine-clinopy-

roxene–phyric volcanic rocks with abundant microphenocrysts of Cr-
spinel. The Siberian meimechite dike, representing the Permian-Triassic 
large igneous province (Meimecha River, near Lenkos-Haya Mountain), 
is an incompatible element–rich continental picrite produced by very 
low degrees of melting of refertilized mantle at high ambient fO2

 (Arndt 
et al., 1995; Sobolev et al., 2009) with high, unfractionated PGE abun-
dances (Mungall et al., 2006). The two other lava samples, a Devonian 
ankaramite from the Main Uralian fault, Russia, (Spadea et al., 2002), 
and picrite from the active Ambae volcano, Vanuatu (Eggins, 1993), 
represent primitive island-arc magmas. The Uralian ankaramite, found 
in the serpentinite mélange (30 km northwest of Uchaly), is character-
ized by exceptionally low contents of Al2O3, TiO2, Na2O, and incompat-
ible trace elements, consistent with an origin by remelting of previously 
melt-depleted peridotite. The Ambae arc picrite belongs to a low-Ti suite 
with moderate enrichment in the rare earth elements and highly fraction-
ated PGE contents (Park et al., 2012). All of the samples have high CaO/
Al2O3 (1.05 in arc picrite to 2.54 in ankaramite; Table DR1 in the GSA 
Data Repository1), compared to common mantle-derived melts (<0.8) 
and high-Cr# compositions of Cr-spinel.

The Cr-spinel from the meimechite and arc picrite samples is among 
the most oxidized worldwide, in contrast to the moderately reduced an ka-
ra mite Cr-spinel (Fig. 1; Table DR4). Laser ablation–inductively coupled 
plasma–mass spectrometry (LA-ICP-MS) analyses of PGE in Cr-spinel 

1 GSA Data Repository item 2015303, methods (LA-ICPMS analysis of PGE 
in Cr-spinel and standards), Tables DR1–DR3 (full analytical results and model-
ing) and Figures DR1 (element maps of PGM inclusions) and DR2 (normalized 
PGE compositions of Cr-spinel and rocks), is available online at www.geosociety 
.org /pubs /ft2015.htm, or on request from editing@geosociety.org or Documents 
Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.*E-mail: Dima.Kamenetsky@utas.edu.au
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were performed using the established instrumentation and technique 
(Park et al., 2012; see methods in the Data Repository).

Several hundred Cr-spinel grains (0.2–0.5 mm) were hand-picked 
from each crushed sample and mounted in epoxy resin. Due to Cr-spinel 
opacity, a search and semiquantitative analysis of PGM were performed 
on sequentially exposed and polished grain surfaces using scanning elec-
tron microscopes with energy dispersive X-ray spectrometers (FEI Quanta 
600 and Hitachi SU-70, University of Tasmania, Australia). Although the 
sequential grinding technique allowed examination of numerous surfaces 
(up to 50 in larger grains) at ~10 mm intervals, many PGM grains were 
likely polished away because of their small size (<5 mm).

PGM INCLUSIONS AND PGE IN Cr-SPINEL PHENOCRYSTS
In the meimechite chromite concentrate (Figs. 2A and 2B; Fig. DR1A 

in the Data Repository) we located only a single ~5 mm euhedral grain of 
Os-Ir-Ru alloy (Os0.53Ir0.37Ru0.10) with a thin rim enriched in Fe and Ni and 
depleted in PGE [wt%, (Fe + Ni)/PGE = 0.38; Fe/Ni = 1.66]. Three PGM 
inclusions recorded in the arc picrite sample are Pt-Fe alloys (~Pt0.83Fe0.17) 
containing minor Ir, Os, and Rh (Park et al., 2012). The largest (~7 mm) 
euhedral inclusion contains an ~2.5-mm-long inclusion of Os (with minor 
Ir) (Figs. 2C and 2D; Fig. DR1B). Five PGM inclusions in Cr-spinel phe-
nocrysts from the ankaramite sample are 2–5 mm Pt-Fe alloys (~Pt0.6Fe0.4; 
Figs. 2E–2G). They contain variable amounts of Ni, Cu, and Rh (up to 
15 at% total). Their shapes are perfectly euhedral (Figs. 2E and 2F). One 
euhedral inclusion has two protuberances of the same composition, ex-
tending at a right angle to each other (Fig. 2G). These offshoots, observed 
under the surface of host Cr-spinel, have a length comparable with the 
size of the inclusion. Other types of PGE-bearing phases hosted by the 
ankaramite Cr-spinel phenocrysts are sub-micrometer in size and repre-
sented by Ru-Os sulfide [(Ru0.67Os0.33)S2, possibly laurite-erlichmanite 
solid solution] intergrown with Rh-Ni-Fe sulfide (Ni0.8Rh0.12Fe0.08)S; both 
are attached to the Pt-Fe alloy inclusion and complement the crystal habit 
of the latter (Fig. 2F). Additionally a Fe-Ni alloy with ~10 wt% Pt is 
found as two equant-shaped blebs inside the Cu-Fe-Ni sulfide [composi-
tions vary between Cu2FeS2 and Cu(Fe,Ni)2S2] inclusion (Fig. 2H; Fig. 
DR1C). Submicrometer-sized PGM, invisible in the optical microscope, 
are recorded during the LA-ICP-MS analyses of Cr-spinel in all samples. 
For example, nine co-incident spikes of Pt, Ir, Os, and Rh in time-resolved 
spectra were recorded in five out of 87 analyzed Cr-spinel grains in the arc 
picrite sample (Park et al., 2012). The PGE spikes in the ankaramite (Pt) 

and meimechite (Pt and Pt-Ir) samples also represent micro-inclusions of 
PGM. The PGM inclusions in all studied samples are co-entrapped with 
silicate phases (Figs. 2A, 2C, 2F, and 2G) that are too small for analysis, 
but can be distinguished by characteristic Si and Ca signals on the en-
ergy dispersive spectroscopy (EDS) element maps (Fig. DR1) that may 
represent co-entrapped melt. Several polyphase PGM and silicate-bearing 
inclusions have the negative crystal shape of the host Cr-spinel (Figs. 2C 
and 2G), suggesting origins as melt inclusions.

Cr-spinel grains from all samples contain measurable amounts of IPGE 
and Ru (Table DR3; Fig. DR3) with uniformly high count rates in time-
resolved LA-ICP-MS spectra apart from occasional and easily recognized 
spikes, which we attribute to nano-scale nuggets of PGM, whereas Pt and 
Pd contents are below the 2 ppb detection limit. Osmium, Ir, and Ru are 
enriched in the meimechite Cr-spinel, whereas their Rh concentration is 
about a factor of five lower than those of Cr-spinel from the arc picrite and 
ankaramite (Table DR3; Fig. DR3). The concentrations of Os, Ir, and Ru 
in the ankaramite Cr-spinel are approximately a factor of 5–10 lower than 
those of the arc picrite and meimechite.
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Figure 1. Compositional features of Cr-spinel from Siberian mei me-
chite (SM), Ambae picrite (Vanuatu [Ambae Island]; AP), and Ura-
lian ankaramite (Russia; UA). Compositions of Cr-spinel (after Ka-
menetsky et al., 2001) from mid-oceanic ridge basalts (MORB) and 
ocean island basalts (OIB) are plotted for comparison.

Figure 2. Electron microscope images of platinum group element 
(PGE)–bearing inclusions in Cr-spinel phenocrysts from Siberian 
meimechite (A, B), Ambae picrite (Vanuatu [Ambae Island]; C, D), 
and Uralian ankaramite (Russia; E–H). Note coexisting silicate (si) 
and sulfide (slf) phases and protuberances of Pt-Fe alloy (circled in 
G). Details of compositions are given in text and in Figure DR1 (see 
footnote 1). Images are made using secondary electrons (A, C) and 
back-scattered electrons (B, D, E–H). Scale bar is 1 mm.
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DISCUSSION
The occurrences of alloys of Pt-Fe and Os-Ir detected in this study as 

visible grains and micronuggets included in the Cr-spinel phenocrysts 
from volcanic rocks in continental and subduction-related settings sug-
gest that PGM occurred as primary magmatic phases at liquidus tem-
peratures, estimated from mineral and rock compositions, ranging from 
1100 °C for arc picrite (Eggins, 1993) to >1400 °C for meimechite 
(Sobolev et al., 2009). Direct crystallization of PGM from the melt is 
consistent with the results of several experimental studies reviewed by 
Finnigan et al. (2008). Moreover, entrapment of PGM by liquidus Cr-
spinel appears to support the model of slightly reduced conditions at the 
melt–Cr-spinel interface, promoting saturation in PGE (e.g., Finnigan et 
al., 2008) and a related hypothesis of “physical affinity between chro-
mite and PGM” (Augé et al., 2005, p. 730).

The hypothesis that the observed PGM could have been stable under 
magmatic conditions is amenable to testing by quantitative estimation of 
their solubilities in silicate melt under the conditions of crystallization of 
the host chromite grains (Table DR4). We estimates the fO2

 at which the 
observed Pt-Fe alloys would coexist with the magmas at their inferred 
liquidus temperatures, using the activity-composition model of Kessel 
et al. (2001), compared with estimates done using olivine-spinel oxygen 
geothermobarometry for those samples containing olivine (Ballhaus et 
al., 1991) (Table DR4). Alloy solubilities were estimated by calculat-
ing solubilities of pure metals (e.g., Borisov and Palme, 1997; Ertel et 
al., 1999; Mungall and Brenan, 2014) corrected for the activity of Pt in 
Pt-Fe alloy (Kessel et al., 2001) or Ir in Os-Ir-Ru alloy (assuming ideal 
mixing in lieu of a multicomponent solution model for these complex 
compositions) and corrected for the presumed existence of metal-sulfur 
complexes in the silicate melt (Mungall and Brenan, 2014).

Several key points emerge from this exercise. The meimechite and 
the arc picrite both appear to have existed at high fO2

 well above the 
range of stability of sulfide liquid due to oxidation of sulfide to sulfate 
(e.g., Jugo et al., 2010). Consequently the enhancement of PGE solubil-
ity as metal-sulfide complexes must have been negligible, and their solu-
bilities can be assessed solely in terms of oxide species solubilities. On 
the other hand, the alloy observed in the ankaramite has far higher Fe/
Pt than that in the arc picrite. The high Fe/Pt requires alloy precipitation 
at much lower fO2

, close to the fayalite-magnetite-quartz (FMQ) oxygen 
buffer. To constrain sulfur fugacity (fS2

), we note that the presence of 
laurite-erlichmanite solid solution co-entrapped with Pt-Fe alloy within 
chromite in the ankaramite (Fig. 2F) implies that fS2

 was close to or equal 
to that required to stabilize sulfide liquid (Brenan and Andrews, 2001); 
however, if any more than an infinitesimal quantity of sulfide liquid had 
been present, then the PGE would have been concentrated within the 
sulfide liquid rather than as discrete PGM (e.g., Mungall and Brenan, 
2014). Hence we assume that fS2

 was either buffered by reaction with 
sulfide melt or just slightly below the saturated value.

The concentrations of Pt in both the arc picrite and the ankaramite 
are fully consistent with the occurrence of the observed Pt-Fe alloys as 
stable phases at the inferred fO2

 and fS2
 (Table DR4). The models of al-

loy solubility are constructed using sparse experimental data and hence 
are rather imprecise. If the estimated solubility falls within a factor of 
two of the measured whole-rock concentration, we consider it plausible 
that the magma was alloy saturated. If the difference between estimated 
solubility and whole-rock concentration exceeds an order of magnitude, 
we think it unlikely that the magma was alloy saturated. Although the 
models do not prove that these two magmas were saturated with the Pt-
Fe alloy, they certainly support that proposition. On the other hand, the 
measured concentration of Ir in the ankaramite is 150× higher than its 
estimated solubility in the absence of metal-sulfur complexes, whereas 
the estimated Ir solubility at the chosen value of fS2

 is much higher. We 
have no a priori knowledge of fS2

, but the choice of an fS2
 within plau-

sible limits would produce an estimated Ir solubility matching the ob-

served concentration. Thus, we conclude that the observations are con-
sistent with the occurrence of the Ir alloy as a magmatic phase, although 
this cannot be tested definitively.

Only one grain of alloy was observed in all of the chromite grains ex-
amined from the Siberian meimechite; this is not surprising in light of the 
very high estimated alloy solubilities for both Pt and Ir at the fO2

 implied 
by olivine-spinel equilibrium. In order to achieve saturation with Ir alloy, 
the magma would have to be reduced to fO2

 one log unit above the FMQ 
buffer (Table DR4). Under this condition, it would remain far undersatu-
rated with Pt-Fe alloy, but an Os-Ir-Ru alloy might be expected to form at 
the observed concentration of Ir.

As a further check on the inferred redox conditions, we compared 
our measured PGE concentrations in chromite with their concentrations 
in the host rocks. We observed enrichments of Ru and Ir in chromite/
bulk rock of 50–140 and 8–55, respectively. These elements show some-
what higher compatibility in the meimechite than in the ankaramite, 
which is expected in light of the higher proportion of Fe3+/(Fe3+ + Cr3+) 
in the more oxidized meimechite (Brenan et al., 2012). A single grain 
of Os-Ir alloy found in the meimechite suggests that it crystallized un-
der more reducing conditions than those recorded by the olivine-spinel 
pairs. The PGE-poor rim surrounding this grain (Fig. 2B) may represent 
an incomplete re-equilibration of the alloy with the ambient conditions 
in the host magma.

A chemical signature of PGE-rich phases entrapped in magmatic 
Cr-spinel, namely Os-Ir (meimechite) and Pt-Fe (ankaramite and arc 
picrite), corresponds to the bulk compositions of the host rocks (Table 
DR1; Fig. DR3) and is reflected on a large scale in PGM deposits related 
to regional intrusive bodies. In the case of Siberian meimechites, it is 
the spatially and temporally associated Guli pluton (Vasil’ev and Gora, 
2014), known for being the source of Os and Os-Ir placer deposits (Ok-
rugin, 1998), whereas the ankaramite magma is considered parental to 
the platiniferous peridotite-pyroxenite complexes in the Urals (Krause 
et al., 2007).

CONCLUSIONS AND IMPLICATIONS
We have documented the PGE alloy phases present as mineral inclu-

sions in magmatic chromite crystals from arc picrite, subduction-related 
ankaramite, and possibly within-plate alkali picrite (i.e., meimechite). 
In the two subduction-related suites we demonstrated that the concen-
trations of PGE in the magmas are approximately equal to the expected 
solubilities of the observed alloy phases, lending strong support to the 
notion that these magmas crystallized alloys as liquidus phases. On the 
other hand, the meimechite from Siberia would be strongly alloy under-
saturated under the conditions at which chromite crystallized; hence, the 
single observed alloy grain in this sample could be interpreted as being 
derived from a reduced component of a pooled magma. However, the 
chromite from the meimechite has very high concentrations of IPGE 
apparently contained in solid solution, in accordance with the expected 
compatibility of IPGE at high fO2

. Cr-spinel is not only a collector of 
early magmatic PGM (e.g., Hiemstra, 1979), but also a significant de-
pository of PGE, both in the crystal structure and in nanosized inclu-
sions, in amounts exceeding those in the model chondrite mantle (Mc-
Donough and Sun, 1995) by 2×–100× times. We conclude that strongly 
compatible behavior of PGE at early stages of melt crystallization (e.g., 
Fiorentini et al., 2004; Locmelis et al., 2011; Pagé et al., 2012; Park et 
al., 2012) may result in their ultimate storage in magmatic cumulates and 
related PGE depletion of remaining magmas, depending on the shape of 
the alloy saturation surface in pressure-temperature-composition space 
(e.g., Barnes and Fiorentini, 2008). This conclusion may lead to revisit-
ing partitioning of PGE between the source mantle and primary melts, 
followed by constraints on more incompatible behavior of PGE during 
partial melting, the intragroup fractionation, and related impact on cur-
rent modeling of the Re-Os systematics and geochronology.
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