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ABSTRACT

Noble metals (NMs) in Earth’s magmatic systems are thought to be controlled entirely
by their strong partitioning to sulfide liquids. This chemical equilibrium is at the root of
various models, ranging from NM deposit formation to planetary differentiation. Noble
metals commonly occur as sub-micrometer phases known as nanonuggets. However, the
assumptions that nanometer-scale thermodynamic equilibrium partitioning is attained
and that NM nanonuggets are soluble in sulfide liquids have never been validated. Using
novel experimental methods and analytical techniques we show nanometer-scale NM + Bi
phases attached to exterior surfaces of sulfide liquids. Larger phases (<1 pm) show clear
liquid immiscibility textures, in which Fe, Cu, and Ni partition into sulfide liquids whereas
NDMs partition into bismuthide liquids. Noble metal compositions of sulfides and their
associated NM phases vary between adjacent droplets, indicating NM disequilibrium in
the system as a whole. We interpret most nanometer-scale NMs contained within sulfides
to be insoluble as well, suggesting that previously reported sulfide-silicate partition coef-
ficients are overestimated. Consequently, sulfide liquids likely play a secondary role in the

formation of some NM ore deposits.

INTRODUCTION

The noble metals (NMs, consisting of Au,
Ag, and the platinum group elements [PGEs]:
Ru, Rh, Pd, Os, Ir, and Pt) have important eco-
nomic, industrial, social, and scientific applica-
tions (Gunn, 2014). In addition, these metals
are used as tracers of planetary evolution, on
Earth and elsewhere in the solar system (Day
et al., 2016; Luguet and Reisberg, 2016). The
geochemistry of NMs is considered to be domi-
nated by their strong affinities to sulfide. Re-
ported equilibrium partition coefficients for the
PGEs between conjugate sulfide and silicate lig-
uids range in the thousands to millions, with the
practical implications that sulfide liquids com-
pletely strip coexisting silicate melts of NMs and
dissolve them in their entirety in a homogenous
sulfide liquid (Sattari et al., 2002; Mungall and
Brenan, 2014; Laurenz et al., 2016). Indeed,
NMs most commonly occur associated with
base-metal sulfides, an association commonly
explained by crystallization of the NMs directly
from the sulfide liquid, or as later solid-state ex-
solution from sulfide minerals (Holwell and Mc-
Donald, 2010; Godel, 2015). In PGE ore depos-
its, equilibrium partitioning of PGEs into sulfide
melt and subsequent crystallization have been
used to explain their concentration, using the R-
factor equation (Campbell and Naldrett, 1979),

which accounts for the NMs deposited relative
to the volume of silicate melt from which it was
extracted. In these deposits, PGEs occur as plati-
num group minerals (PGMs), which consist of
one or more PGEs as a major element, com-
monly bonded with sulfur or the semi-metals
Te, As, Bi, Sn, and Sb (TABS).

Equilibrium partitioning models have ex-
plained many features of PGE deposits, but
some unresolved issues remain. First, PGMs
are not always contained within sulfides, oc-
curring either at grain boundaries or associated
with silicates or oxides (Godel et al., 2010).
Second, PGM assemblages and compositions
vary between nearby sulfides, indicating dis-
equilibrium on the micrometer to centimeter
scale. Finally, some ore deposits paradoxically
contain more PGEs than could have been dis-
solved in the entire magma chamber, and do
not contain enough sulfur to account for the
observed PGE budget (Naldrett et al., 2009).
These discrepancies are commonly explained
by later sulfur loss or low-temperature altera-
tion, but not without controversy because evi-
dence for these processes is often inconclusive
(Godel et al., 2010; Barnes and Ripley, 2016;
Kawohl and Frimmel, 2016).

Crystallization of PGMs directly from sulfur-
undersaturated silicate melts has been suggested

(Spandler et al., 2000; Finnigan et al., 2008;
Maier et al., 2015; Anenburg and Mavrogenes,
2016), but not for the most common PGE-
bearing sulfide-saturated magmatic systems.
PGE:s distributed in experimental silicate melts
as “nanonuggets” (sub-micrometer phases) are
commonly interpreted as experimental artifacts
and thus disregarded. Recent observations of
natural quenched sulfides containing random
PGE nanonugget distributions argue against
the traditional equilibrium partitioning model
(Zelenski et al., 2017; Gonzalez-Jiménez
et al., 2019; Kamenetsky and Zelenski, 2020).
Additionally, primitive sulfide melts described
by Savelyev et al. (2018) show order-of-
magnitude variabilities between adjacent
sulfide melts. Nonetheless, the accepted
mainstream view is one of PGE crystallization
out of initially homogenous equilibrated
sulfide liquids (Holwell and McDonald, 2010;
Godel, 2015).

Experimental studies of NM-sulfide-sili-
cate systems are challenging because silicate
melts are commonly sealed within PGE cap-
sules, which contribute unrealistically high
NM contents. Furthermore, NM capsules are
incompatible with sulfides, which react to com-
promise experiments and their results. Finally,
consistent control of oxygen fugacity is critical
for maintaining reproducible PGE solubility
and sulfur speciation results. In this study, we
use a novel experimental setup that allows us
to study sulfides, silicates, and PGEs simulta-
neously. We ran piston-cylinder experiments
in which layers of nanonugget-bearing, NM-
Bi-enriched oxidized silicate glass, synthetic
chromite (guided by the NM-chromite asso-
ciation in nature), and Fe-Cu-Ni sulfides were
run inside a graphite capsule within a sealed
nickel capsule at 5 kbar and 1100 °C. Three
experiments are reported here. Experiments
D2905 and D2909 ran for 4 h, and experiment
C5774 ran for 17 h. Oxygen fugacity (fo,)
was buffered at the C-CO-CO, redox buffer
(CCO) by the coexistence of graphite and CO,
generated by in situ reduction of the oxidized
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starting materials. At our conditions, CCO is
roughly one log f,, unit lower than the fayalite-
magnetite-quartz buffer. Detailed methods are
available in the Supplemental Material'.

RESULTS

Experiments quenched to homogenous
silicate glass containing crystals of clinopy-
roxene and chromite, and sulfide droplets.

'Supplemental Material. Detailed experimental
and analytical methods, high-resolution versions of
Figures 1 and 2, and the LA-ICP-MS data set including
the R code used to generate Figure 2. Please visit
https://doi.org/10.1130/GEOL.S.12360560 to access
the supplemental material, and contact editing@
geosociety.org with any questions.

The clinopyroxene and chromite did not af-
fect the sulfide or NM relationships and will
not be discussed further. We find abundant NM
nanonuggets on external surfaces of the sulfide
droplets (Figs. 1A and 1B), and fewer inside
sulfide droplets (Figs. 1C and 1D). Large NM-
Bi blebs (~1 wm) appear immiscible with the
sulfide droplets they are in contact with. The
base metals Fe, Ni, and Cu occur in the sulfide
phase, whereas the NMs are present in the im-
miscible bismuthide melt (Figs. 1E and 1F).
The NM contents of hybrid sulfide-bismuthide
droplets contain variable combinations of NMs
and Bi (Figs. 1 and 2). For example, Figure 2A
shows a droplet (marked by the black arrow)
that lacks Pt and Ir, while Ru appears above the

actual droplet. Another droplet (Fig. 2B) lacks
Ru and Rh, while Ag occurs below as well as
within the droplet. The droplet in Figure 2C
differs by containing Ir but no Ag, Pd, or Au,
which were present in the previous droplets.
Likewise, all droplets shown in Figures 2D-2F
contain a seemingly random combination of
NMs. Some nanonuggets are not associated
with sulfides or bismuthides, but appear isolat-
ed in the silicate glass (white arrows in Fig. 2).
A remarkable example is shown in Figure 2D,
where a sulfide-bismuthide droplet contains
Rh and Au, whereas all other PGEs (Pt, Ir, Rh,
and Ru) occur as nanonuggets in close prox-
imity (<~5 pm) to the droplet but not in actual
contact.

Figure 1. Electron probe microanalyzer (EPMA) images of products from run C5774. Grayscale images are backscattered electron (BSE) images,
with corresponding X-ray element maps indicated by arrows from respective BSE images. Each map consists of two elements, with red or blue
color indicated by legend strip. Dashed boxes and lines denote area shown in wavelength-dispersive spectroscopy maps. Scale bars are 1 pm.
Abbreviations: bl—bismuthide liquid; ccp—chalcopyrite; chr—chromite; cpx—clinopyroxene; nbs—nickel bismuth sulfide; pn—pentlandite;
sg—silicate glass; sl—quenched sulfide liquid. A high-resolution version of the figure is available in the Supplemental Material (see footnote 1).
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Figure 2. Semiquantitative down-laser-hole laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) signal of silicate glass
with noble metal (NM) nanonuggets and sulfide droplets. Representative plots are produced by normalizing element raw count data for each
row to maximum color intensity. Each analysis represents 15-20 um of hole depth. Colors alternate between blue and green for readability.
Black arrows show individual sulfide droplets, and white arrows show NM phases not hosted by sulfide. Labels on top show which experi-
ment each analysis is from. Each distinct vertical band represents time slice of ~660 ms. See the Supplemental Material (see footnote 1) for

a high-resolution version of the figure and the full data set and data processing script in R programming language.

DISCUSSION

Solidified sulfide textures are invariably dif-
ficult to interpret because sulfide liquids do not
quench to homogenous glass. Various flame-like
textures are undoubtedly of quench origin and
represent components dissolved in the sulfide
liquid. The solidified sulfide droplets consist
primarily of intergrown pentlandite (approxi-
mately NisFe,S,) and chalcopyrite (CuFeS,) that
formed on quench. Other than Fe, Cu, and Ni,
the only other elements that show unequivocal
quench textures are Ag and Bi, evident by their
occurrence in flame textures (e.g., Fig. 1C), in-
dicating their chalcophile character and higher
solubility in sulfide liquids relative to the PGEs
and Au (consistent with the natural observations
of Holwell et al. [2015]). In contrast, the PGEs,
Au, and some Ag occur as nanoscale nuggets
on sulfide rims (Figs. 1A, 1B, and 1D) or as
irregular patches within sulfides (Figs. 1E and
1G). It is difficult to envision a mechanism by
which all NMs presumed dissolved in the sulfide
liquid would migrate to droplet edges during
quench and crystallize as nanonuggets protrud-
ing into the surrounding viscous silicate melt.
Additionally, the lack of NM flame textures
within pentlandite-chalcopyrite intergrowths ar-
gues against their solubility in the sulfide liquid,
even when NMs constitute a significant propor-
tion of a given droplet. If NMs were dissolved
in the sulfide liquid, one would expect them to
form flame textures as well, but such textures
are not observed. When immiscible sulfide and
bismuthide liquids coexist, some reaction is
evident between the two separate phases dur-
ing quench by the formation of Ni-Bi sulfides
(Fig. 1F). These Ni-Bi sulfides are ubiquitous
around NM patches within sulfide, suggesting
that discrete NM-bismuthide droplets were pres-
ent as immiscible liquids inside larger sulfide
liquids at high temperature, instead of the NMs
being dissolved within the sulfide phase (e.g.,
Figs. 1F and 1G). It is tempting to interpret the
PGE phases as formed via exsolution from a

single high-temperature homogenous sulfide
phase; however, because the sulfide droplets
are smaller than the laser spot (<2 wm versus
13 um, respectively), the entire NM budget of
each droplet is sampled and shown in Figure 2.
Evidently, the composition and distribution of
NMs vary between individual sulfide droplets.
Had the NMs partitioned into sulfide liquid in
equilibrium, all droplets (vertical bars marked
by black arrows in Fig. 2) should contain similar
NM contents. The variation shows that equilib-
rium partitioning has not occurred.

There are two aspects of equilibrium-dis-
equilibrium relations demonstrated in our ex-
periments. First, sulfide and bismuthide liquids
equilibrate in seconds, with no kinetic barriers.
The presence of NM nanonuggets on sulfide ex-
teriors is therefore not the result of the nuggets
lacking the time to dissolve in the sulfide, but
is instead a result of real two-phase separation.
Likewise, the sulfide-bismuthide immiscibility
occurred because had it not, they would have
dissolved in each other during the hours-long
experiments. Second, the presence of isolated
nanonuggets and differing PGE budgets of com-
posite sulfide-bismuthide liquids within the sili-
cate glass suggest that the silicate liquid forms a
barrier to equilibrium. The diffusion coefficients
of the NMs in silicate melts are unknown, but
previous studies qualitatively demonstrated sig-
nificant diffusion of silicate-dissolved NMs over
hundreds of micrometers in as little as 10 min
at comparable pressures and temperatures
(Anenburg and Mavrogenes, 2016). However,
once in metallic form, NM nanonuggets show
exceptional resistance to dissolution over sev-
eral hours (Anenburg and Mavrogenes, 2016).
The equilibrium model dictates that silicate
melts do not form a barrier for NM diffusion,
but the presence of NM nanonuggets that are
near but not touching sulfides or bismuthides in
our experiments (white arrows in Fig. 2) argues
otherwise. It is becoming clear that NM-rich
layered intrusions form by hot magma pulses
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with a duration of only several years (Hepworth
et al., 2020), and volcanic processes are usually
only weeks long. Therefore, the exceptionally
long time frames presumably required to achieve
NM-silicate equilibrium may be rare in nature.

Notwithstanding sulfide-NM phase immis-
cibility, it is clear that the two are spatially as-
sociated. The NM nanonuggets and bismuthide
liquids are mostly attached to or within sulfide
liquids, exhibiting their tendency to agglomer-
ate, when immersed in silicate liquid. Therefore,
we suggest that the sulfide-NM association in
nature is not primarily due to equilibrium chemi-
cal partitioning, but may occur due to mechan-
ical entrapment (as suggested by Wirth et al.
[2013] and Gonzalez-Jiménez et al. [2019]).
Thus, when sulfide liquids are in close proximity
to NM nanonuggets and TABS melts (generaliz-
ing from the bismuthide liquids observed in our
experiments), they coalesce within a dynamic
silicate-dominated system. Because these natu-
ral systems contain orders of magnitude more
sulfide liquid than NMs, probability dictates
that the majority of NMs would be collected
by sulfides, but it is still a matter of chance.
Sulfide liquids, therefore, inherit the preexisting
NM contents of their host silicate melts (e.g.,
Gonzilez-Jiménez et al., 2019; Kamenetsky and
Zelenski, 2020). This explains the sulfide-NM
association, but does not preclude the presence
of NM phases in silicate melts in the absence
of sulfide.

Liquid immiscibility between sulfide and
TABS liquids has been demonstrated in syn-
thetic silica-free systems (Helmy et al., 2007,
2013; Helmy and Fonseca, 2017; Sinyakova
et al., 2019; Helmy and Botcharnikov, 2020),
but those experiments contained percentage lev-
els of NMs and TABS, which highlighted im-
miscibility textures. In contrast, NM solubility
and partitioning experiments are commonly con-
ducted with much lower NM contents. In such
experiments, NM nanonuggets are excluded
when accounting for the NM contents of the
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silicate glasses (Médard et al., 2015). Converse-
ly, NMs are assumed to have been dissolved
within the sulfide liquid while molten, and there-
fore included in the sulfide fraction. We suggest
that this assumption is not founded, and that sul-
fide liquids are likewise contaminated with me-
chanically included NM nanonuggets, leading to
spuriously high values. This, in turn, leads to an
overestimation of sulfide-silicate partition coef-
ficients, which are probably much lower than the
reported values of as high as n x 10° (Laurenz
et al., 2016; Mungall and Brenan, 2014).

The presence of NM nanonuggets in silicate
melts independent of sulfide melts potentially
changes the way we view Earth’s metal budget.
Existing models of PGE deposit formation re-
quire extremely large volumes of silicate melt
from which the PGEs are extracted and parti-
tioned into a volumetrically small sulfide frac-
tion (Naldrett et al., 2009). However, evidence
for such voluminous melts is commonly lacking
in the field (Holwell et al., 2015). The sulfur-poor
characters of the Bushveld Complex—hosted Me-
rensky Reef and UG-2 (South Africa) and other
deposits (Naldrett et al., 2009; Holwell et al.,
2015) may well be a primary feature of oxide-as-
sociated nanonugget accumulation. In the mantle,
NMs are not necessarily associated with sulfides
(Lorand and Luguet, 2016). During partial melt-
ing, NM nanonuggets can be entrained in rising
silicate melts, evident by their presence inside
silicate glasses or minerals (Gonzdlez-Jiménez
et al., 2019; Ballhaus and Sylvester, 2000). The
NM budget of such melts may be dominated by
the nanonugget phase and not equilibrium solu-
bility in the silicate liquid (Anenburg and Ma-
vrogenes, 2016). In such cases, sulfide liquids
play the secondary role of PGE entrapment and
localized accumulation, whereas the initial PGE
enrichment resulted from deeper silicate melting
processes (e.g., Savelyev et al., 2018).

The presence of sulfide is a red herring that
leads us to the misconception that sulfide liquid
partitioning is a prerequisite for PGE deposit
formation. This misconception requires all ex-
ploration models to include immense volumes
of sulfide-saturated silicate melt and leads to
all non-sulfide-associated PGE deposits being
overlooked (Maier et al., 2003; S4 et al., 2005;
Yang et al., 2018).
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