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Abstract All of the rocks from the Ultramafic series of the
Stillwater Complex are enriched in PGE relative to most mafic
magmas. Furthermore, the chromite layers are particularly
enriched in IPGE (Os, Ir, and Ru) and Rh. This enrichment
appears to be a common characteristic of ultramafic rocks
from many types of settings, layered intrusions, ophiolites,
and zoned complexes. We have carried out a petrological,
mineralogical, and geochemical study to assess how the en-
richment occurred in the case of the Stillwater Complex and
applied our results to the chromite layers of the Bushveld and
Great Dyke complexes. The minerals that now host the PGE
are laurite and fine-grained intergrowths of pentlandite, mil-
lerite, and chalcopyrite. The laurite occurs as inclusions in
chromite, and mass balance calculations indicate that it hosts
most of the Os, Ir, and Ru. The sulfide minerals occur both as
inclusions in chromite and as interstitial grains. The sulfides
host much of the Pd and Rh. The IPGE and Rh correlate with
Cr but not with S or Se, indicating that these elements were not
collected by a sulfide liquid. Palladium, Cu, and Se correlate
with each other, but not with S. The low S/Se (<1500) of the

whole rock and magnetite rims around the sulfides indicate
some S has been lost from the rocks. We conclude that to
account for all observations, the IPGE and Rh were originally
collected by chromite, and subsequently, small quantities of
base metal sulfide liquid was added to the chromite layers
from the overlying magma. The IPGE and Rh in the chromite
diffused from the chromite into the base metal sulfides and
converted some of the sulfides to laurite.
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Introduction

Most of the world’s primary platinum-group element (PGE)
resources are found within three layered intrusions, the Bush-
veld Complex of South Africa, the Stillwater Complex of MT,
USA, and the Great Dyke of Zimbabwe (Naldrett 2011;
Zientek 2012). The PGE deposits, in these intrusions, referred
to as reefs, are narrow (1–3 m) PGE-rich (1–10 g/t) layers
which occur within mafic to ultramafic rocks. In all three
intrusions, there is 1–2 km of ultramafic rocks below the reefs.
The means whereby the PGE come to be concentrated in the
reefs is much debated. Some authors favor a strictly
orthomagmatic model with saturation of the magma with a
sulfide liquid at the level of the reefs, the PGE partition into
the sulfides liquid, which is then collected on the magma pile
to form a PGE-rich layer (Keays et al. 2012). Some authors
suggest that the PGE were collected from the underlying cu-
mulate pile by late magmatic fluids and precipitated in the reef
layers (Boudreau and McCallum 1989; Hanley et al. 2008).
Others suggest more complex models involving both process-
es (Godel and Barnes 2008).
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In all three intrusions, there are numerous chromite layers in
the rocks below the reefs. These chromite layers are known to
be enriched in PGE (Naldrett et al. 2009; Scoon and Teigler
1994; von Gruenewaldt et al. 1986; Oberthür 2002; Zientek
et al. 2002), and yet most of these layers contain <100 ppm
S, which suggests that collection by a sulfide liquid will not
suffice to explain the PGE enrichment (Barnes et al. 2009).
Furthermore, in the case of the Bushveld and Great Dyke, the
IPGE (Ir, Os, and Ru) and Rh are enriched more than Pt and Pd
in most chromite layers. Thus, some other processes must be
important in controlling the PGE in these rocks because collec-
tion by a sulfide liquid would be expected to enrich the layers in
all the PGE. Twomodels have been proposed to account for the
IPGE enrichment in the chromite layers. The first suggests that
laurite, (RuOs)S2, co-crystallized with chromite from a sulfide-
understaturated magma. The presence of laurite would enrich
the rocks in Os, Ir, and Ru. The second model proposes that a
sulfide liquid collected the PGE from the magma and that this
liquid collected on the cumulate pile. Subsequently, late mag-
matic fluids partly dissolved the sulfides, removing S, Pd, and
some Pt, leaving a residuum enriched in IPGE and Rh
(Boudreau and McCallum 1989).

The discussion is partly hampered by the fact that studies
combining petrographic, platinum-group mineral (PGM) ob-
servations with modern whole rock analyses are not available
for rock types from all three intrusions, especially for the rocks
outside the ore zones. At Stillwater, Keays et al. (2012) pro-
vide partial PGE data for the silicate rocks and Zientek et al.
(2002) provided a summary of Pt, Pd, and Rh for some of the
chromite layers, but there are no published complete PGE data
sets for the chromite layers and host rocks.We have combined
geologic and petrographic observations, platinum-group min-
eralogy, whole rock chalcophile, and PGE analyses for rocks
from the Ultramafic series of the Stillwater Complex to con-
sider which phases control the PGE concentrations in these
rock. We also compare these results with the equivalent data
from the Bushveld Complex and the Great Dyke to consider
models for the formation of the ultramafic sections of the
intrusion.

We propose a new model based on the observation that the
mantle-normalized pattern for chromite layers from Stillwater
Complex is similar to the patterns from chromite grains in the
marginal sills of the Bushveld Complex and to the patterns
from chromite phenocrysts from volcanic rocks. This model
proposes that prior to saturation of the magma in a sulfide
liquid, the IPGE and some of the Rh partitioned into the chro-
mite. Subsequently, small amounts of basemetal sulfide liquid
were added to the chromite layers. During cooling, chromite
grains underwent sintering and incorporated some sulfides As
cooling continued Fe and Ni in the sulfide diffused into the
chromite and the IPGE and Rh in the chromite diffused into
the sulfide, transforming the base metal sulfide into laurite
with remnant sulfides and a few PGM grains.

Materials and methods

Eighty samples were collected from two traverses, one in the
Mountain View area and one in the Benbow area (Fig. 1). The
samples were collected with the aim of sampling all of the
petrographic and stratigraphic units present. The number of
samples taken per unit depended on the thickness of the unit
and the availability of outcrop. Forty-four samples are from
the Ultramafic series and form the subject of this paper.

Polished thin sections were made of all the samples and
were examined using a petrographic microscope. For the
chromite-rich rocks, the samples were examined for PGM at
Cardiff University using a Zeiss NTS (Cambridge Instru-
ments) S360 scanning electronmicroscope and Oxford Instru-
ments INCA ENERGY EDS system. No PGM study was
carried out on the other rocks because the PGE concentrations
are so low, <20 ppb, that it is unlikely that any PGMwould be
observed.

Sulfur, Se, and PGE were determined at LabMaTer,
Université du Québec à Chicoutimi. Sulfur was determined
by IR Horiba instrument using the method of Bédard et al.
(2008). Selenium was determined by TCF-INAA using the
method of Savard et al. (2006). Platinum-group elements
and Au were determined by ICP-MS after collection by Ni-
fire assay and Te coprecipitation following the method of
Savard et al. (2010).

Determining major and trace elements in the chromite-rich
rocks by conventional methods was challenging because of
the difficulty in dissolving all of the chromite; therefore, most
major and trace elements were determined using INAA at
LabMaTer, following the method of Bédard and Barnes
(2002). Ga and Ti could not be determined by INAA, and
these two elements were determined by XRF on pressed pow-
der pellets at Geolabs (Ontario Geological Survey). For the
silicate rocks, major oxides were determined by X-ray fluo-
rescence analysis and trace elements were determined by in-
ductively coupled plasma mass spectrometry (ICP-MS) anal-
ysis at Geolabs.

A preliminary estimate of the PGE content of the base
metal sulfides was made using samples from the B, G, and J
chromite layers where the sulfide grains are large enough for
analysis by laser ablation. The LabMaTer laser ablation sys-
tem consists of an Agilent 7700× mass spectrometer with an
Excimer 193 nm Resonetics Resolution M-50 laser ablation
probe. Six samples, reference materials, and blanks were
placed in the chamber together. The reference materials and
blanks were run before and after each sample. The spectrum
was collected for 30 s with the laser switch off to determine
the baseline. Then, a spectrum was collected for 30 s using
spot analyses and a beam size of 20 μm (the size of the beam
was limited by the small size of the sulfide grains). The laser
frequency was 15 Hz, and the power of 0.5 mJ/cm3. An ar-
gon–helium gas mix was used as carrier gas. The material was
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then analyzed using the mass spectrometer in time resolution
mode using mass jumping and a dwell time of 10 ms/peak.
The following isotopes were monitored: 29Si, 33S, 34S,53Cr,
57Fe, 59Co, 61Ni, 63Cu, 66Zn, 101Ru, 103Rh, 105Pd, 108Pd,
111Cd, 189Os, 191Ir, 195Pt, and 196Pt. Data reduction was carried
out using Iolite software. Internal standardization was based
on 34S. The certified reference material Po727, which is a
synthetic FeS, doped with ~40 ppm of each PGE, and Au
provided by the Memorial University of Newfoundland was
used to calibrate for S, Fe, PGE, and Au. For the remaining
elements, we used the certified reference material MASS-1, a
ZnCuFeS pressed powder pellet provide by the USGeological
Survey. The calibrations were monitored using the in-house
reference materials JB-MSS5. The material JB-MSS5 is a
synthetic FeS with 1 wt% Ni, 20–65 ppm PGE provided by
Prof. Brenan of the University of Toronto. 101Ru and 103Rh
were corrected for 61Ni and 63Cu interferences by using a Ni
and Cu blanks and are equivalent to 1–2 ppm Ru and to 1–
4 ppm Rh in the Stillwater sulfides. In order to avoid the 65Cu
interference on 105Pd, 108Pd was used to determine Pd. This
peak was corrected for 108Cd interference using 111Cd and is
equivalent to 0.2 to 1 ppm Pd in the Stillwater sulfides. All
PGM inclusions were excluded from the spectra. Chrome and
Si were used to eliminate analyses which included chromite or
silicates.

Results for all reference materials and an estimation of
precision are presented in Electronic SupplementaryMaterials
(ESM) 1.

Geological setting

The Stillwater Complex, MT, USA (Fig. 1) is a layered intru-
sion that was emplaced into the Wyoming Archean Province at
2709±1 Ma (Wall et al. 2010). The host rocks consist of a
meta-sedimentary sequence which was intruded by a granitoid
suite between 2730 and 2790 Ma (Wooden et al. 1991). Pres-
sure estimates based on contact metamorphism (3.7 Kbars,
Thomson 2008) and fluid inclusions (4.3–5.6 Kbars, Hanley
et al. 2008) suggest a depth of emplacement of 12 to 16 km.
The complex underwent lower greenschist facies metamor-
phism at approximately 1700Ma (Page 1977) and was uplifted
during the Creataeaous Laramide orogeny (Butler 1966). Most
rocks still have an igneous assemblage, but some contain ser-
pentine, chlorite, actinolite, and epidote as a result of the meta-
morphism. The complex is approximately 42 km long with a
stratigraphic thickness of 5–6 km. The true size of the intrusion
is unknown because the upper parts of the intrusion have been
eroded away and its fault bounded at both ends.

A number of different terminologies have been used for the
rock types at Stillwater (McCallum 2002). The most frequently
used in recent years has been the cumulate terminology where-
by the rocks are named based on the presence of the cumulate
minerals present, e.g., olivine cumulate, which is abbreviated to
oC. Whereas this terminology is useful to the specialist, its use
tends to obscure the presence of the intercumulus minerals, and
it also depends on interpretation as to whether a mineral is
cumulate or not, and finally, it is not immediately obvious to
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the general reader what the terms mean. For these reasons, we
will use the IUGS terminology, which is based on the total
modal mineralogy of the rocks. ESM2 shows a correlation
between the IUGS terms and the cumulate terminology in order
that the readermay cross-reference to recent publications which
have used cumulate terminology.

The complex has been divided into five series: the Basal,
the Ultramafic and the Lower Banded, Middle Banded, and
Upper Banded series (McCallum et al. 1980). The PGE de-
posit, known as the JM reef, occurs ~200 m above the contact
between the Ultramafic and lower Banded series (Fig. 1). Our
study concerns only rocks from the Ultramafic series; there-
fore, only these will be describe below. The reader is referred
to Zientek et al. (2002) and McCallum (2002) for an overview
of the other series.

The thickness of the Ultramafic series varies from 2000m in
the Mountain View area to 840 m in the western part of the
complex. This variation is thought to reflect the original topog-
raphy of the intrusion’s floor (McCallum 2002). The lower part
of the Ultramafic series, known as the Peridotite zone, consists
of a series of cyclic units of harzburgites overlain by olivine
orthopyroxenites and orthopyroxenites. Cooper (1997), in a
detailed study of the stratigraphy of the Peridotite zone, showed
that the cyclic units can be grouped into six megacyclic units

which show unconformable relationships, possibly due to var-
iations in the topography of the floor of the intrusion.

Within the peridotites, layers of semi-massive to massive
chromite are present. The chromite-rich zones are labelled A
to K from the base upwards (Fig. 2). In most cases, each
chromite zone consists of a number of chromite-rich layers
(commonly 2 layers) separated by chromite-bearing peridotite
or pyroxenite. In many cases, the silicate rocks associated with
the chromite layers have a pegmatoidal texture. The thickness
of individual layers of chromite vary from 1 cm to 1 m, with
the layers in the G and H chromite zones being the thickest
(~1 m) and the layers of the I and J chromite zones being the
among the thinnest (1–3 cm). At all localities, where it was
possible, each layer of the zone was sampled. In Fig. 2, the
samples are plotted in order of relative position and not abso-
lute height in order to space the samples out.

The upper part of the Ultramafic series is called the
Bronzitite zone. The division between the Peridotite and
Bronzitite zones is marked by the disappearance of cumulus
olivine (McCallum et al. 1980; Zientek et al. 2002). The
Bronzite zone is a thick homogenous unit consisting of
orthopyroxenite. The first appearance of cumulate plagioclase
marks the top of the Bronzitite zone and the beginning of the
Lower Banded series.
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Results

Petrography

The most common form of harzburgite is the poikilitic
harzburgite (Fig. 3a). It consists of ~60–70 % (approximate
modal proportions based on thin section observations) olivine
chadocrysts (3–10 mm) surrounded by orthopyroxene
oikocrysts (10–50 mm), which make up ~10–30 % of the
rock. Anhedral plagioclase grains (0.5–2 mm) are also present
as the most common (2–10 %) interstitial mineral. Both the
plagioclase and olivine show high temperature deformation
twins (Fig. 3b). Small (0.2–1 mm) euhedral chromite grains
are present both as inclusions within the olivine and
orthopyroxene, and it also occurs between the olivine and
orthopyroxene grains (Fig. 3a). The amount of chromite varies
from 1 to 5 %. Trace amounts of phlogopite are present at the
margin of some orthopyroxene grains and around some

chromite grains. In some samples, olivine has been partly
altered to serpentine and magnetite, orthopyroxene has been
altered to talc, and plagioclase has been replaced by chlorite
and zoisite.

In many cyclic units, the poikilitic harzburgite grades into
upwards into granular harzburgite and then olivine
orthopyroxenite. Both of these rock types have meso to
adcumulate textures and consist of (10–60%) subhedral olivine
(3–5 mm) and (30–70 %) anhedral to subhedral orthopyroxene
(4–8 mm). Interstitial to the olivine and orthopyroxene are (2–
5 %) anhedral plagioclase grains (0.5 to 2 mm). A few small
(0.5 mm) euhedral chromite grains are also present. Phlogopite
(0.5–1 mm) occurs surrounding a few chromite and
orthopyroxene grains. As in the case of the poikilitic
harzburgite in some samples, serpentine, talc, chlorite, and
zoisite are present replacing the parts of the primary minerals.

The olivine orthopyroxenite grades into orthopyroxenite in
some cyclic units, and most of the Bronzitite zone is made up
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of orthopyroxenite (Fig. 3c). The orthopyroxenites consist of
mesocumulates of subhederal (4–7 mm) orthopyroxene
(85 %) with interstitial anhedral (1–2 mm) plagioclase (5–
10 %) and (0.2–0.5 mm) clinopyroxene ((1–2 %). A few
(<<1 %) small (0.2–0.4 mm) chromite grains are present.
Phlogopite occurs on the edge of some orthopyroxene grains.
Most of the minerals are unaltered, but there are some frac-
tures filled with fine-grained alteration minerals.

Chromite layers consist of >50 % chromite and, in some
cases, up to 90 %. In the semi-massive layers where most of
the chromite grains do not quite touch, the grains are euhedral
and small (0.2–0.5 mm) (Fig. 3d). In contrast to the massive
layers, many of the chromite grains are larger (1–2 mm),
anhedral, and have 120° triple junctions, suggesting that they
grew post-cumulus (Fig. 3e). The interstitial minerals in most
of the chromite layers are subhedral olivine and oikocryts of
orthopyroxene. Exceptions to this are the E and J chromite
layers where the interstitial mineral is predominantly
subhedral orthopyroxene (Fig. 3d).

Sulfide and platinum-group element minerals

The abundance of base metals sulfide minerals (BMS) in most
samples is very low (<<0.1 %). The BMS occur as very small
irregular patches, 0.01–0.1 mm in size which are present both
as interstitial aggregates of grains and as inclusions within the
chromite grains. Pentlandite was the BMS most frequently
found followed by chalcopyrite; however, in some samples,
bornite and millerite are present. Many of the sulfide patches
are surrounded by magnetite rims and have magnetite veins
cross-cutting them (Fig. 3f). The presence of these veins to-
gether with the presence of bornite and millerite suggest that
the sulfides have been altered and that the samples may have
lost S.

Pentlandite and millerite have been shown to contain high
levels of PGE in the Lac des Iles, Bushveld, and Great Dyke
Complexes (Djon and Barnes 2012; Smith et al. 2014; Junge

et al. 2014; Oberthür 2002). Therefore, analyses of the sulfide
patches in layers B, G, and J that are large enough for analyses
by laser ablation mass spectrometry has been carried out. On
average, the sulfide patches were Ni-rich and contained PGE
at the 20 to 300 ppm level (ESM3).

The PGE content of most of the silicate rocks is very low
(<20 ppb); therefore, the probability of observing PGM in the
polished section was considered too low to justify a PGM
study. However, the chromite-rich rocks contain IPGE and
Rh concentrations greater than 100 ppb, and thus, polished
sections of these were examined for PGM. As in the case of
the BMS, the PGM occur both as inclusions in the chromite
and as interstitial minerals. The PGM assemblages in these
two settings differ, with the inclusion PGM consisting pre-
dominantly of laurite, and the interstitial PGM consisting pre-
dominantly of Pd-PGM followed by Pt-PGM (Cooper et al.
2005; Prichard et al. 2014).

Most inclusions consist largely of laurite (Fig. 4a). The
laurite grains range in size from 1×1 to 9×18 μm, but most
are in the 1–5 μm range (ESM4, Fig. 5). In many cases, the
inclusions consist only of laurite (Figs. 4b and 5a). However,
in some cases, the laurite occurs together with silicates or
rutile (Figs. 4b and 5b) or with base metal sulfides and other
PGM (Figs. 4b and 5c, d ESM4).

Page (1971) provides sketches of two laurite inclusions in
chromite from the G and H layers, and these are similar in
shape and size to the laurites we observed. Talkington and
Lipin (1986) have described laurites from the A, C, E, G J,
and K layers. Due to the limitations of the analytical methods
of the time, they choose not to report individual analyses but
rather reported the range in Ru# ([Ru]/[Ru+Os+Ir]) as 0.83 to
0.92 and mention that the laurites contain variable amounts of
Rh from 0 to 1.8 wt%. Our laurite analyses show a similar
range in Ru# (0.85 to 0.92), but a wider range in Rh values
(less than detection level to 3 wt%, ESM 6). Talkington and
Lipin (1986) observed that there was no correlation between
the stratigraphy and the Ru# of the laurite. In contrast in our
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data set the Ru# of the laurites from the G-chromite layers are
higher (0.9–0.92) than those from the other layers (Fig. 6,
ESM 5). Interestingly, the chromites from the G layers also
have higher Cr# than the other chromite layers (Fig. 6).

The composition of Stillwater laurite falls in the middle of
range of laurites compositions from chromite layers in other
layered intrusions (Fig. 7). The laurites from the Kemi

intrusion have lower Ru atoms per formula unit (afu). The
laurites from the Bushveld, Bird River, and Compo Formso
intrusions show a wider range in Ru afu (0.75 to 0.97 versus
0.85 to 0.93 for the Stillwater). The Os/Ir ratios are generally
similar for laurites from all the intrusions (1–3), but there is a
population of laurites from the Bushveld that have higher Os/
Ir afu for a given Ru afu.
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The precise nature of most of the other PGM present in the
inclusions is difficult to determine as they were mostly too
small (0.1–2 μm) to obtain quantitative analyses. There is a
CuPtRh(+/−Ir)S sulfide, which based on the two analyses we
obtained, is probably a Rh-rich malanite (ESM 5). There are a
few grains of PdPt sulfides and RhIr sulfides and one grain
rich in Pt (Fig. 4b, ESM 4). In the majority of cases, some
chalcopyrite, pentlandite, or millerite are present with these
PGM (Fig. 5b–d, ESM 4). Page (1971) shows sketches of
two inclusions from the H and G chromite grains which con-
tain Pt alloy grains 5–10 μm in size in association with base
metal sulfides and silicates.

The interstitial PGM from our samples of layers A, B, and J
are predominantly present as tiny grains <1 μm in diameter
associated with the interstitial BMS and consist mainly of
sperrylite, platarsite, PtPd tellurides, a PdPb mineral, and
CuPtFe alloy (Prichard et al. 2014). Cooper et al. (2005) report
a similar assemblage in their observations of the interstitial
PGM from the A, B, G, H, J, and K chromite layers.

Whole rock geochemistry

Zientek et al. (2002) reported that A and B chromite layers are
enriched in Pt and Pdwith values in the 300 to 3000 ppb range
for (Pt+Pd), whereas the G and H chromite layers have much
lower concentrations (10 to 40 ppb). Our data also show en-
richment in the A and B and depletion in the G and H layers
(Fig. 2, ESM 6). In addition, we can now state that most of the
other chromite layers C, I, K, and J showmoderate to substan-
tial enrichment in Pt and Pd (100 to 1000 ppb). In contrast, the
E and G′ chromite layers and the silicate rocks contain low
levels of Pt+Pd (1 to 30 ppb).

The IPGE (Os, Ir, and Ru) and Rh contents of the rocks
vary from 0.1 to 1000 ppb, and there is no relationship be-
tween stratigraphic position and IPGE (Os, Ir, and Ru) or the
Rh content of the rocks (Fig. 2, ESM 6). However, there is a
clear difference in the IPGE and Rh contents of the chromite
layers and the silicate rocks. The chromite layers are much
richer in IPGE and Rh at 100 to 1000 ppb than the silicate
rocks at 0.1 to 100 ppb (plus vs diamond symbols in Fig. 2).

Understanding how some rocks come to be enriched in
PGE requires that one understand which phase(s) collected
the PGE in the samples. One way to investigate this is to
compare both the concentrations of PGE present and their
inter-element ratios by using mantle-normalized metal pat-
terns. If no phase has collected the PGE, then the PGE in the
rock would essentially be present in the trapped liquid fraction
and the whole rock mantle-normalized metal patterns should
resemble that of a silicate liquid, but at lower level because of
the dilution effect of the cumulate phases. Differences in pat-
terns from the trapped liquid patterns require that some phase
has collected or redistributed the PGE. Unfortunately, at Still-
water, the rocks that are thought to represent the primary mag-
ma, Mg-rich norite, have interacted with the country rock and
contain percent levels of base metal sulfides (Zientek et al.
1986), making them unsuitable to estimate the PGE contents
of the initial magma. In the following presentation, we have
used the composition of the Bushveld marginal rocks as being
representative of the magma (Barnes et al. 2010). We believe
this assumption to be reasonable because the major element
content of the mafic norite and the B-1 Bushveld magma are
similar and because the Bushveld B-1 magma is similar in
composition to primary mantle magmas with respect to PGE
(Barnes et al. 2010). An exception to this observation is that
the Bushveld marginal rocks contain slightly more Pt than
most primary magmas (15–22 ppb vs 5 to 15 ppb).

The harzburgites and pyroxenites of the Peridotite and
Bronzitite zones have mantle-normalized metal patterns in
the 0.1 to 10 range (Fig. 8a–c). There are two types of mantle
patterns. A few samples of peridotites from the A and B units
have patterns that resemble those of primary mafic magmas
with an increase in PGE from Os to Pd and Pd/Ir ratios in the
10 to 30 range (Fig. 8a). These patterns show a regular in-
crease from Os to Pt but are approximately an order of mag-
nitude lower than that of a primitive magma represented here
by the primary Bushveld magma. The peridotites are enriched
in Ni, which is probably due to the collection of Ni by olivine
in these rocks. Assuming that the rocks contain approximately
10 % trapped liquid fraction (consistent with the petrographic
observations that the interstitial material represents 10–15 %
of the assemblage), then the metal concentrations in these
samples may be accounted for by considering them to be
present in the trapped liquid fraction.

Most of the peridotite and pyroxenite samples have the
patterns that are flat with Pd/Ir of approximately 2 and with
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Ni and Cu approximately in line with the PGE (Fig. 8b, c).
However, the pattern is not entirely flat due the presence of
positive Rh anomalies (Fig. 8b, c). The samples from the
Bronzitite zone (Fig. 8c) show larger Rh anomalies than those
from the Peridotite zone (Fig. 8b) because the Bronzitite zone
samples have lower IPGE (Os, Ir, and Ru) contents. Assuming
that the rocks contained 10 to 20% trapped liquid fraction, the
Au and Cu content could be accommodated in this. Most
samples show enrichments of Pt and Pd of up to an order of
magnitude. For the IPGE and Rh, the enrichment relative to
the primitive magma is even more marked with samples being
enriched by one to three orders of magnitude (Fig. 8b, c).

The peridotites and pyroxenites from the Lower and lower
Critical zones of Bushveld Complex show a similar range in
patterns. Most samples have flat patterns apart from the Rh
anomaly (Fig. 8d). A few samples have patterns similar to the
Stillwater Bronzitite zone, i.e., samples with a large Rh

anomaly due to the depletion in IPGE (Fig. 8e). Finally, there
are a small group of samples from the Bushveld with patterns
that show a continuous increase fromOs to Pd (Fig. 8f).We did
not observe this type of pattern at all in the Stillwater samples.
We are not aware of data for peridotites and pyroxenites from
the Great Dyke and thus cannot make a comparison for these
rocks.

All of the Stillwater chromite layers are very strongly
enriched in IPGE and Rh at 10 to 200 times mantle range
(Fig. 9a, b) whereas Ni and Cu are in the 0.1 to 1 range; thus,
all the patterns have arched shapes, characteristic of PGE reefs
(Barnes et al. 1988). In most of the chromite layers, the
mantle-normalized Pt, Pd, and Au values decrease slightly
relative to Rh and are 10 to 100 times the mantle (Fig. 9).
The G-chromite layer samples have slightly different patterns
to the other chromite layers in that whereas they have similar
shapes and levels to the other chromite layers for Ni, Cu,
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IPGE, and Rh; they are strongly depleted in Pt, Pd, and Au
relative to IPGE and Rh (Fig. 9).

Assuming 10 to 20 % trapped liquid fraction, all the chro-
mite layers show enrichment in IPGE and Rh of three orders of
magnitude (Figs. 2 and 9). For most chromite layers, Pt and Pd
show some enrichment of one to two orders of magnitude
(Figs. 2 and 9). The G chromite layers show much less enrich-
ment. Much of the Cu and Au concentrations in all of the
chromite layers and much of the Pt and Pd in the G chromite
layer could be accounted for by trapped liquid fraction (Fig. 9).

Chromite layers from the Bushveld Complex and Great
Dyke show an evolution in the PGE patterns with stratigraphy.
The lower most layers from the Bushveld complex, the LG1 to
4, show flat mantle-normalized patterns from Os to Rh and
then decrease from Pt to Cu (Fig. 10a). The overlying layers
show a progressive increase in Rh, Pt, and Pd through the LG5
to 7 (Fig. 10b) and the MG1 to 3 (Fig. 10c) to the UG1 to 3
(Fig. 10d). As a result, the peak in the PGE patterns is at Rh in

the LG5 to 7 layers and at Pt and Pd in UG1 to 3 layers. The
lower chromite layers from the Great Dyke also show a strong
enrichment in IPGE (Fig. 11a), the middle chromite layers
have positive Rh anomalies (Fig. 11b), and the upper chromite
layers show an increase in Pt and Pd (Fig. 11c).

Unlike the Bushveld and Great Dyke complexes, the lower
chromite layers at Stillwater are not the most depleted in Pt
and Pd. The (Pd+Pt)/(Os+Ir+Ru+Rh) ratios decrease from the
A to G chromite layers and then increase again through the H
to K layers (Fig. 2). The G layers most closely resemble the
lowermost chromite layers of the Bushveld (LG1 to LG4) and
Great Dyke complexes (Figs. 10 and 11a). The Bushveld and
G chromite layers show the closest similarity, whereas some
of the Great Dyke chromite layers are richer in Ir and Ru and
most are poorer in Rh.

The other chromite layers from Stillwater appear to most
closely resemble the LG5 to 7 layers of the Bushveld com-
plex, both in level and shape (Fig. 10b) and are depleted in Pt,
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Pd, and Au relative to the middle group chromite and the
upper group chromite layers of the Bushveld complex
(Fig. 10c, d). Compared to the Great Dyke chromite layers,
the Stillwater layers most closely resemble the upper chromite
layers (c1d) although some Great Dyke samples are enriched
in Pd relative to the Stillwater chromite layers (Fig. 11c).

Discussion

Which minerals host the platinum-group elements?

Most of the rocks from the Ultramafic series are enriched in
PGE relative to the trapped liquid component, and in particu-
lar, they are enriched in IPGE and Rh (Figs. 2, 8, and 9). Thus,
some phase(s) have collected all of the PGE, and in addition,
IPGE and Rh have been preferentially enriched.

Various lines of evidence suggest that chromite could be
the phase collecting the IPGE and Rh. The chromite layers are
richer in IPGE and Rh than the silicate layers (Figs 2, 8, and 9,
Table E6); and experimental work (Righter et al. 2004; Brenan
et al. 2012) has shown that these elements can partition into
chromite. Furthermore, chromite phenocrysts from volcanic

rocks have been shown to be enriched in IPGE and Rh
(Locmelis et al. 2011; Pagé et al. 2012; Pagé and Barnes
2013; Park et al. 2012). Plots of Cr2O3 versus the IPGE and
Rh at Stillwater show a strong positive correlation between
IPGE, Rh, and Cr2O3 (Fig. 12). In spite of this in situ analysis
of chromite grains found that the concentrations of IPGE and
Rh in the chromite are less than the detection levels and that
chromite accounts for less than 15 % of the IPGE and Rh
budget in the Stillwater chromite layers (Pagé et al. 2012).
Thus, although IPGE, Rh appears to have accumulated in
the chromite-bearing rocks; these elements are not in the
chromite.

The phase controlling the IPGE could be laurite. Inclusions
of laurite are commonly observed in chromites from layered
intrusions and ophiolites (González-Jiménez et al. 2013;
Maier et al. 1999; Prichard et al. 2008), and as described
above, Stillwater chromites are no exception. The Stillwater
laurite contains IPGE and, in some cases, Rh (ESM 4). If we
consider the G chromite layers (because most samples contain
<10 ppb Pd, ESM 6, and thus probably do not contain a
cumulate sulfide component), then we can estimate the num-
ber of laurite grains required to accommodate the Ru present
in the rock by:

concentration of Ru in rockð Þ
area PGM grain=area polished sectionð Þ � density laurite=density chromiteð Þ � wt % Ru in laurite=100ð Þ½ �

Ru
0.01

0.1

1

10

100

1000
a) Bushveld lower chromite layers LG 1 to 4

Stillwater G-chromite layers

b) Bushveld lower chromite layers LG 5 to 7

Other Stillwater chromite layers 

0.01

0.1

1

10

100

1000
c) Bushveld middle chromite 
layers mg 1 to 3

Other Stillwater chromite layers 

Ru

Ni Os Ir Rh Pt Pd Au Cu

Ni Os Ir Ru Rh Pt Pd Au Cu

Ni Os Ir Ru Rh Pt Pd Au Cu

Ni Os Ir Rh Pt Pd Au Cu
0.01

0.1

1

10

100

1000 d) Bushveld upper 
chromite layers 
ug 1 to 3

Other Stillwater chromite layers 

0.01

0.1

1

10

100

1000

ro
ck

/m
an

tle
ro

ck
/m

an
tle

Fig. 10 Whole rock mantle-
normalized metal patterns for
chromite layers of the Bushveld
Complex compared to the Still-
water Complex chromite layers.
The Stillwater chromite layers
most closely resemble the lower
group chromite layers of the
Bushveld. Data for the Bushveld
chromite layers from Barnes and
Maier (2002) and references
therein and Naldrett et al. (2009)

Miner Deposita (2016) 51:25–47 35



Assuming that the diameter of a laurite grain is ~5 μm
(based on the SEM observations, ESM 4), this is equivalent
to ~7 grains of laurite per thin section similar to the number of
grains observed (31 grains were observed in 7 thin sections of

the G-chromite, ESM 4), which suggests that laurite is indeed
themajor host of Ru. It should bementioned that this method of
estimation is a rough approximation because a thin section only
samples a small volume of material. For example, based on the
tables from Potts (1987) for a grain size of 5 μm and 200 ppb
Ru, one would need to examine five polished section before a 1
sigma error on the estimation would be less than 20 relative
percent. If the grain size was 10 μm, then 20 polished sections
would be required to achieve the same precision. In other
words, if the PGM grain size is large and the concentration of
the element low, then the thin section will not necessarily con-
tain a representative number of grains (Godel 2013). Nonethe-
less, considering the ubiquitous presence of laurite in the chro-
mite layers (in total 143 grains of laurite were observed in the
29 polished sections that were examined), we consider that the
conclusion that laurite is the major host of Ru is justified.

If laurite is also the major host for Os, Ir, and Rh, then the
ratios of Ru/Os, Ru/Ir, and Ru/Rh of the whole rock should be
similar to that of the laurites. The Ru/Ir ratio of the laurites and
the G chromite layers are similar, in the 8 to 16 range, and thus
laurite could be the major host for Ir in these layers (Fig. 13a).
However, in the other layers, the Ru/Ir ratio is lower than that
of the laurites, and thus, in addition to being present in laurite,
Ir must be present in another phase. The Ru/Os and Ru/Rh
ratios of the whole rocks are distinctly lower than those of the
laurites (Fig. 13a, b), especially in the case of Rh where the
ratio of the laurites is four times that of the whole rock. This
suggests that another phase is required to accommodate some
of the Os and much of the Rh.

The inclusions contain a few grains of Rh-bearing sulfide.
Two grains of ~5 microns in diameter were large enough to
analyze and appear to be Rh-richmalanite (CuPt2S4) (ESM 5).
Some of the samples plot close to tie lines between laurite and
malanite on a triangular plot of Pt–Rh–Ir (Fig. 13c). However,
malanite and laurite alone are insufficient to account for the
Rh enrichment found in samples because many of the G chro-
mite layers and the E pyroxenites plot above the laurite–
malanite tie line towards the Rh pole. Furthermore, the num-
ber of malanite grains observed (a total of 5 in 31 polished
sections, ESM 5) is insufficient to account for the Rh. If the Rh
had been largely hosted in malanite grains, ~64 grains should
have been observed. Base metal sulfides in layered intrusions
have been shown to contain most of the PGE (with the excep-
tion of Pt). Small amounts of pentlandite and millerite are
present in the Stillwater samples, and these minerals have
been shown to accommodate both Rh and Pd in other mafic
intrusions, supporting the idea that sulfides could be the car-
rier for some of the PGE. Preliminary analyses of the sulfide
grains from layers B, G, and J (these layers contain grains
large enough for analysis by laser ablation) show that, on
average, they contain PGE in 20 to 400 ppm range (ESM 3).

A mass balance has been carried out (ESM 3, Fig. 14) for
the average whole rock concentrations of the chromite layers.
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To do this, we used the average composition of the base metal
sulfides and assumed that the amount of laurite present in the
average chromite sample is similar to that in G layer. We
believe this assumption to be justified because the number
and size of laurite grains is similar in most layers. It should
be stressed that this calculation is only an approximation.
Nonetheless, it gives an idea of which minerals are controlling
each element. The mass balance shows that most of the Ru, Ir,
and Os are present in laurite, with approximately 10 % in base
metal sulfides. In contrast, Rh is largely present in the sulfides
with only 12 % in laurite. The majority of the Pd is present in
the sulfide.

As has been found in previous studies of magmatic sulfides
(Djon and Barnes 2012; Godel and Barnes 2008; Smith et al.
2014), very little of the Pt is accommodated in the base metal
sulfides. As mentioned above, small (<2 μm) grains of Pt
minerals are present both in the inclusions (Fig. 5b) and in
association with the interstitial base metal sulfides. We con-
clude that Pt is hosted by these minerals.

To summarize, the chromite layers are generally enriched
in all of the PGE, in particular in IPGE and Rh. Ruthenium,
Os, and Ir are accommodated largely by laurite, with minor

amounts in base metal sulfide. Rhodium is accommodated in
base metal sulfide with minor amounts present in laurite. Pal-
ladium is present mainly in basemetal sulfides. The hosts of Pt
are the Pt minerals present associated with the base metal
sulfides.

Most of the pyroxenites and peridotites have mantle-
normalized metal patterns which are not as enriched in PGE
as the chromite layers, but nonetheless show similar charac-
teristics with enrichment in IPGE and Rh, which suggests that
they too contain a small amount of laurite and base metal
sulfide.

Models for the enrichment of PGE in chromite layers

Any model for the origin of the distribution of PGE in the
Ultramafic series of Stillwater must explain: (a) why the chro-
mite layers are enriched in IPGE and Rh, (b) why some layers
are enriched in Pd and Pt and some are not, and (c) how the
IPGE became to be largely present in laurite, Pd, and Rh in
base metal sulfides and Pt (in Pt minerals). Also, given the
similarity in the composition of the Bushveld and Great Dyke
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chromite layers, the model should also be applicable to these
intrusions. Three models to do this are considered.

Collection of PGE by a base metal sulfide liquid followed
by S, Pd, and Pt loss

Given the high partition coefficients of the PGE between sul-
fide and silicate liquids (Peach et al. 1990; Crocket and Fleet
1997; Mungall and Brenan 2014), it is reasonable to consider
the possibility that the PGE was collected by a base metal
sulfide liquid. However, the rocks contain too little S for cu-
mulate sulfides to be present, and the PGE and Cu do not
show positive correlations with S (Cu and Pd illustrated in
Fig. 15a, b, correlation matrix in ESM 7). One possible expla-
nation for this is that more sulfides were originally present in
the rocks, but subsequently, S has been removed from the
rocks. As mentioned in the mineralogy section, the sulfide
grains are partly altered to magnetite and (or) the assemblage
of sulfides contains minerals such as bornite and millerite,
which suggests the sulfide assemblage has been altered from
a primary igneous assemblage. Similar observations have
been made in the Bushveld rocks (Kanitpanyacharoen and
Boudreau 2013; Li et al. 2004). The hypothesis of S loss
may be considered by investigating the S/Se ratios. Primary
magmas generally have S/Se ratios close to mantle values
(~3000, McDonough and Sun 1995). Selenium is considered
to be less mobile than S; thus, S loss leads to low S/Se values.
On a plot of Se versus S (Fig. 15c), rocks with >100 ppm S
have S/Se ratios close to mantle and rocks with <100 ppm S
have values much less than mantle and plot on the S depleted
side. Based on the low S/Se ratios, many of the samples from
the chromite layers have experienced substantial S loss.

Assuming that Se is immobile, it can be used as a proxy for
S to determine whether a sulfide liquid collected the
chalcophile elements. A plot of Cu versus Se shows a positive
correlation and consistent with collection by a sulfide liquid
(Fig. 15d). A plot of Pd versus Se (Fig. 15e) shows two trends.
One defined by the chromite layers which have high Pd/Se
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ratios (~3) and a second trend with lower Pd/Se (0.3) ratios
defined mainly by the pyroxenites. These trends could repre-
sent mixing of sulfide liquid with a cumulate of silicate min-
erals and chromite (both of which would have contained very
little of either element). The presence of two trendsmay reflect
the presence of sulfide liquids with different Pd contents. The
reason for the sulfide liquids having different Pd contents is
that the partition coefficient of Pd into sulfide liquid is very
high andmuch higher than that of Se (Patten et al. 2013; Peach
et al. 1990). Consequently, Pd is much more readily

influenced by the segregation of a sulfide liquid than Se, and
thus, sulfides that form first are much richer in Pd than the
sulfides that segregate from the more fractionated liquid. The
concentration of Se in the silicate liquid does not change a
great deal. Therefore, the Pd/Se ratio decreases as the magma
fractionates. If these trends do indeed represent control by a
sulfide liquid, then after crystallization, much of the S in the
chromite layers were removed.

Whereas collection by sulfide liquid followed by S loss
may account for the distribution of Cu and Pd, it is
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insufficient to account for the distribution of the other PGE.
If a sulfide liquid alone controlled the PGE, then the shape
of the metal patterns would resemble that of the silicate
liquid from which it segregated because all the partition
coefficients of all the PGE between sulfide and silicate liq-
uid are very high (Barnes et al. 1988). In addition, if sulfide
liquid was the only phase controlling the collection of the
PGE, they should show a positive correlation with Se,
which the IPGE and Rh do not (Rh vs Se illustrated in
Fig. 15f).

Many of the studies on Stillwater favor a model where
fluids have a role in collecting the PGE (Boudreau et al.
1986; Hanley et al. 2008; Aird and Boudreau 2013). Building
on their suggestions, one could postulate that all of the PGE
initially were collected by a base metal sulfide liquid and
deposited on the cumulate pile (Fig. 16a). The sulfide liquid
concentrated with the chromite due to their high densities
relative to the silicates. Subsequently, the magma became sat-
urated in hydromagmatic fluid which partly dissolved the

sulfides and partly removed Cu, Pd, and, to a lesser extent,
Pt (Fig. 16b) leaving the rocks showing variable depletion in
these elements. Aird and Boudreau (2013) examined the sul-
fides in three samples from the Ultramafic series and report
that they are associated with carbonates which led them to
propose that the fluid was carbonate rich. The fluid rose
through the cumulate pile and dissolved into the overlying
fluid-undersaturated magma enriching this magma in Pd rela-
tive to all the other PGE.

The partial removal of Pd from the cumulate could also
explain the observation that the Pt/Pd ratios of the rocks of
the Ultramafic series vary considerably from 1 to 10 (Fig. 17).
Using the fluid model, it could be argued that variable propor-
tions of Pd have been removed from the rocks by the
hydromagmatic fluid. The mobility of Pd is of particular in-
terest because the JM reef is Pd-rich with Pd/Pt ratio of ap-
proximately 3 (Zientek et al. 2002), whereas both the reefs of
the Bushveld and Great Dyke generally have Pd/Pt ratios in
the 0.5 to 1.5 range (Barnes and Maier 2002; Oberthür 2002).
The high Pd/Pt ratios in the JM reef could be due to the mag-
ma being becoming progressively enriched in Pd which was
contributed from the hydromagmatic fluid.

The presence of laurite inclusions in chromite and the con-
centration of Rh and Pd in base metal sulfide can be explained
as follows. Experimental work demonstrates that the loss of S
from magmatic sulfides leads to the exsolution of PGM from
the sulfides (Ballhaus et al. 1994; Peregoedova et al. 2006). As
the base metal sulfides in the chromite layer were dissolved by
the fluid, laurite and Pt minerals exsolved from the sulfides.
Rhodium and any Pd are not dissolved by the fluid concentrat-
ed into remaining sulfide. The inclusion of the PGM and some
base metal sulfides within chromite grains could be the result of
their inclusion during sintering of the chromite grains during
cooling. Essentially, the residual base metal sulfides and asso-
ciated PGM are caught at triple junctions formed between
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chromite grains during post-cumulate growth (Fig. 3e). As the
small chromite grains combine to form larger grains, the sulfide
and PGM were included in the new large grains.

The changes in the mantle PGE-normalized patterns of the
Great Dyke and the Bushveld chromite layers suggest that
there is some stratigraphic control on the processes that con-
centrated the PGE in these two intrusions. For the Great Dyke
chromite layers, the peak in the mantle-normalized patterns is
at Ru in the lower chromite layers and at Rh in the higher
layers (Fig. 11). Palladium enrichment is only evident in the
uppermost layer. In the case of the Bushveld chromite layers,
the lowermost layers (LG1 to 4) are enriched in both Ru and
Rh. The enrichment shifts to Rh in the LG5 to 7 (Fig. 10). The
amount of Pt and Pd increases up in section, and in the middle
and upper group chromite layers, Rh, Pt, and Pd are present in
sub-equal amounts, resulting in flat mantle-normalized pat-
terns (Fig. 10). The fluid model has been considered for the
Bushveld (Kanitpanyacharoen and Boudreau 2013) and may
also apply to the Great Dyke chromite layers. One difference
between the Stillwater Ultramafic series and the ultramafic
rocks of both these intrusions is that there appears to be an
evolution in the PGE patterns with increasing stratigraphic
height. The lower chromite layers are depleted in Pt, Pd, and
Cu relative to the IPGE and Rh, and the upper layers show
increasing amounts of Pt, Pd, and Cu (Figs. 10 and 11). The
fluid model would require that the amount of Pt, Pd, and Cu
dissolved by the fluid was at the maximum in the lower layers
and decreased up section. Whereas at the Stillwater rocks, the
maximum dissolution was in the middle of the Ultramafic
series in the G layers.

One difficulty with this model is that it requires a relatively
high solubility of Pd and Pt in high temperature magmatic
fluids. Tagirov et al. (2013) reported that at 600 °C and at
geologically reasonable pHs, near-neutral solutions can trans-
port up to several ppm of Pd. However, mobility of Pd in
higher temperature fluids at reasonable pHs has yet to be dem-
onstrated (Bazarkina et al. 2014).

Another problem is that the IPGE and Rh do not show a
positive correlation with Se. If these elements were initially
collected by a base metal sulfide liquid and if Se is immobile,
then one should expect to see a correlation. Finally, Pd and Cu
do show positive correlations with Se (Fig. 13d, e). Thus, this
model requires that Pd, Cu, and Se were mobilized to a similar
degree.

Collection of the PGE by PGM and sulfide liquid followed
by S loss

The enrichment of chromite-rich rocks in IPGE has noted in
many environments, and the Bushveld chromite layers have
received particular attentionMerkle (1992). Recently, Naldrett
et al. (2009) reported that in these chromite layers, Os, Ir, Ru,
and Rh show positive correlations with each other, but not

with Pt and Pd. The classic model for enrichment of PGE in
chromite layers is that PGM, in particular laurite, crystallize in
the presence of chromite (Hiemstra 1979; Kinloch 1982;
Brenan and Andrews 2001). These small crystals are included
chromite and collect on the cumulate pile together with chro-
mite. Laurite is observed both in the Stillwater and Bushveld
chromite layers; thus, collection of IPGE by laurite is consid-
ered a reasonable model. The behavior of Rh and Pt is not
generally closely considered, but implicit in this model is that
these elements also crystallize early as PGM.

Experimental work on simple basalt analogues consisting
of SiO2, Al2O3, MgO, and CaO (CMAS) has shown that the
solubilities of the PGE are critically dependent on the fugacity
of oxygen and temperature. At oxygen fugacities close to the
fayalite–magnetite–quartz (FMQ) buffer and the temperature
of crystallization of chromite (1200–1300 °C), the solubilities
of Ir, Ru, and Pt are in the 1–20 ppb range (Blaine et al. 2005;
Borisov 2005). These concentrations are similar to the con-
centrations of PGE in mafic magmas, and thus, it seems
plausible that the melt could have crystallized PGM rich in
IPGE and Pt. However, recent experiments by Laurenz et al.
(2013) included FeO and S in the experiments and found that
the Ru solubility was four times greater in the presence of FeO
and orders of magnitude greater in the presence of S than in
the CMAS basalt, which would mean the magma would not
attain laurite saturation under equilibrium conditions.
Finnigan et al. (2008) carried out experiments that may pro-
vide a solution to this and explain why the PGM is found in
chromite. They showed that IPGM could crystallize in the
boundary layer of chromite grains because this boundary layer
is slightly reduced due to the preferential removal of Fe+3 from
the silicate liquid by chromite.

As mentioned above at Stillwater, the samples have vari-
able Pt/Pd ratios in the range 1 to 10 (Fig. 17). In the samples
with high Pt/Pd ratios, it could be argued that Pt-rich mineral
has crystallized. Furthermore, chromite phenocrysts from vol-
canic rocks has been shown to contain small Pt–Fe inclusions
(Park et al. 2012) which may be the product of Pt–Fe alloys
crystallization. In this model, Pt minerals crystallized in the
boundary layer of some of the chromite and are included in the
chromite. However, at Stillwater, although most of the chro-
mite layers are enriched in Pt, unlike the IPGE and Rh, Pt does
not show a strong correlation with Cr2O3; therefore, crystalli-
zation of a Pt-rich mineral in the chromite boundary layer is
not the only process controlling Pt. Possibly, there are two
processes which influenced Pt, namely in rocks formed when
the magma was undersaturated in base metal sulfide liquid, a
small amount of Pt crystallized as a Fe–Pt alloy, but when the
magma was saturated in sulfide liquid, Pt was controlled by
the sulfide liquid. Thus, in magma undersaturated in sulfide
liquid, Pt was collected by Fe–Pt alloy and this enriched the
cumulate in Pt over Pd. However, once sulfide saturation oc-
curs both Pt and Pd partitioned into the sulfide liquid,
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collected on the cumulate pile and the cumulates have Pt/Pd
ratio similar to the magma. In this model, the erratic crystalli-
zation of a Pt alloy in the chromite boundary layer is the
reason that many, but not all, of the Ultramafic series samples
have Pt/Pd ratios greater than one (Fig. 17).

Collection of IPGE by laurite and Pt by a Pt alloy cannot
account for the all the PGE found in the Stillwater rocks. As
can be seen in Figs. 8, 9, and 18, most of the rocks contain
more Pd and Rh than can be accommodated by the trapped
silicate liquid fraction and laurite. The Bushveld and Great
Dyke rocks also contain too much Rh and Pd to be accommo-
dated by laurite (Figs. 10, 11, and 18). The solubility of Pd and
Rh in a basaltic magma is high, in the 1–10 ppm range
(Borisov 2005; Ertel et al. 1999; Laurenz et al. 2013); thus,
the excess Pd and Rh in the rocks cannot be to due crystalli-
zation of Pd or Rhminerals. The host of these elements now is
pentlandite which leads to the conclusion that they were col-
lected by sulfide liquid. The magma would only have become
saturated with the sulfide liquid after the crystallization of
laurite and other PGM because laurite does not crystallize in
the presence of sulfide liquid in natural systems (Brenan and
Andrews 2001). The reason for which laurite does not crys-
tallize in the presence of sulfide liquid is because the concen-
trations of Ru are required to bring about laurite saturation in
both the sulfide liquid and silicate liquid at the same time are
much higher than found in natural rocks.

When a magma becomes saturated in a sulfide liquid, the
sulfide occurs as small (1–10 μm) dispersed droplets such as
those observed in MORB basalts (Patten et al. 2012). In order
for the Pd to be introduced into a chromite layer, the sulfide
liquid would have to have percolated through the partially
consolidated cumulate pile to the chromite layer. Provided that
the sulfide droplets were smaller than narrowest interconnect-
ed interstitial pore space, the sulfide droplets could migrate
downwards while displacing silicate liquid (Chung and
Mungall 2009). The grain size of the cumulate silicates (1–
10 mm) is such that the diameter of the interstitial pore space
prior to compaction of the cumulate pile would have been
much larger than that of the migrating sulfide droplets (assum-
ing the current size of the sulfides, <0.01 to 0.1 mm, represents
the size of the sulfide droplets). In contrast, the size of the
chromite grains (0.1 mm) is such that the interstitial space
between chromite grains was small, and thus, the sulfide drop-
lets could have migrated through the silicate part of the cumu-
late until they were trapped in the small pore spaces in chro-
mite layers, thereby enriching the chromite layers in PGE.

The idea that most chromite layers from the Bushveld,
Stillwater, and Great Dyke complexes contain a sulfide liquid
component is difficult to reconcile with the very low S content
of the chromite layers, <300 ppm (Naldrett et al. 2009; this
work, Oberthür 2002). Naldrett and Lehmann (1988) sug-
gested a model to account for this, and Naldrett et al. (2009)
expand on this in more detail. They argue that during cooling,

Fe from the sulfides diffused into the chromite to fill vacancies
in the chromite. The loss of Fe from the sulfide led to a release
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of S, and hence, the amount of sulfides now observed in the
chromite layers does not reflect the original amount of S pres-
ent. We presented evidence above that at Stillwater, the sulfide
mineralogy and the low S/Se ratios of many of the chromite
layers support the idea that S has been lost from the Stillwater
chromite layers; this could be the result of Fe loss to the chro-
mite followed by S loss from the sulfide.

This model has problem in modelling the Rh contents of
the chromite layers. Rhodium correlates with the IPGE and
Cr2O3, suggesting the same process collected Rh, IPGE, and
Cr2O3. Some of the laurite contain a little Rh (ESM 5), but the
laurites have a much higher Ru/Rh ratio than the whole rock
(Fig. 13b), i.e., the laurites do not contain enough Rh to ac-
commodate all the Rh in the chromite layers. Collection by
another PGM Rh-rich PGM is not a viable solution because
Rh is fairly soluble in basalt (Ertel et al. 1999; Fortenfant et al.
2003). Finally, our observations suggest that Rh is nowmainly
hosted by base metal sulfide rather than a PGM.

Collection of IPGE and Rh by chromite, followed by base
metal sulfide addition and S loss

Despite the strong correlations between the IPGE, Rh, and
Cr2O3 (Fig. 12, ESM 7), the hypothesis that IPGE and Rh
partitioned into chromite and chromite acted as a collector
does not appear to be viable because these elements are not
now present in chromite, but rather are found in laurite and
basemetal sulfide. However, the idea deserves re-examination
in light of: the significant correlation between Rh and Cr2O3,
the lack of correlation of Rh with Se, and the recent observa-
tion that chromites phenocrysts from volcanic rocks and chro-
mites from the sills in the Bushveld margins are enriched in
IPGE AND Rh (Pagé et al. 2012; Pagé and Barnes 2013; Park
et al. 2012). Empirical partition coefficients calculated from
most of these phenocrysts are generally similar for Os, Ir, and
Rh and in the 10 to 100 range (Pagé et al. 2012; Pagé and
Barnes 2013). The partition coefficients for Ru are slightly
higher in the 50 to 140 range. The chromite phenocrysts form
oxidized magmas from arc settings give high partition coeffi-
cients in the 200 to 1000 range (Park et al. 2012). Experimen-
tal work confirms that the IPGE and Rh partition into chromite
with partition coefficients in the range 40 to 200 at fO2 around
Ni–NiO and at higher fO2, the values can approach 1000
(Brenan et al. 2012; Righter et al. 2004).

Collection of the IPGE and Rh by chromite would better
explain the tendency of the chromite layers to show peak
mantle-normalized concentrations at Rh rather than Ru. A
comparison of the metal patterns of chromite from the Bush-
veld chilled margins (Pagé and Barnes 2013) shows many
similarities with the G-chromite layer (Fig. 18a). Assuming
that the G chromite layers do not contain any added sulfide
component and that the PGE content of the magma is similar
to the B-1 magma, we can also calculate the partition

coefficients required to produce the G layer chromites as 44
for Ir, 32 for Rh, and 115 for Ru (ESM 8), which are similar to
the experimental determined partition coefficients. On the
plots of IPGE and Rh vs Cr2O3 (Fig. 12), the samples, in part,
plot along mixing lines between this theoretical chromite and
the B-1 magma. Some samples, containing less than 1 %
Cr2O3, plot below the mixing line possibly because of the
dilution effect of the silicate cumulate minerals. Some samples
plot above the mixing line, possibly these samples contain a
sulfide component.

If the IPGE and Rh were originally collected by chromite,
how did these elements now come to be present in laurite
and base metal sulfides? We suggest that IPGE and Rh
partitioned into chromite from a magma that was not yet
saturated in a base metal sulfide liquid and the chromite
collected on the cumulate pile (Fig. 19a, b). The magma
later became saturated in base metal sulfide liquid, and Cu,
Pd, Se and the remaining PGE partitioned into the base
metal sulfide liquid which settled onto the cumulus pile
among the chromite grains (Fig. 19c), much as described
in the PGM collection model.

Chromite has undergone post-cumulus growth and recrys-
tallization. Evidence for sub-solidus growth of chromites is
provided by the triple junctions between chromites of the
chromite layers (Fig. 3e) and a crystal size distribution study
of some chromite layers (Waters and Boudreau 1996). During
this growth, some interstitial material including sulfide min-
erals was enclosed by the chromite grains (Fig. 19d). The PGE
that was present in the chromite could have diffused into the
sulfide minerals by exchange of Fe and PGE between the
sulfide and the chromite (Fig. 19d). Ruthenium would have
been the PGE that was present in the greatest abundance in
chromite, and thus, the most common PGM that formed from
the base metal sulfide was laurite. Much of the Os and Ir and
some of the Rh from the chromite diffused into laurite. The Rh
that could not be accommodated in laurite diffused into the
base metal sulfides. The loss of the Fe from the sulfide min-
erals resulted in the base metal sulfides now consisting mainly
of Ni and Cu sulfides.

We can estimate the volume of chromite required to make
one laurite grain of 5 μm3 as 0.64 mm3, assuming that the
chromite originally contained 300 ppb Ru [similar to the value
found in most chromite phenocrysts (Park et al. 2012; Pagé
and Barnes 2013 )] and assuming that the laurite contained
50 % Ru.

The Bushveld and Great Dyke chromite layers show peaks
at Ru in the lower chromite layers (Figs. 10 and 11). The lower
chromite layers in both of intrusions have patterns similar to
the chromite from the Bushveld chills. To explain the shift in
the peak of the patterns to Rh in the middle chromites, we
argue that a little base metal sulfide was added. The peak in
the patterns moves to Rh because sulfides add more Rh than
IPGE, but not enough Pt and Pd to overcome the effect of Rh
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in the chromite. In the upper chromite layers, there has been a
larger addition of a metal sulfide liquid component, and hence,
the peak moves to Pt and Pd.

A weakness of this model is that the diffusion coefficients
for the IPGE and Rh from chromite to sulfides are unknown,
and thus, whether diffusion of the IPGE and Rh is possible is
unknown at present.

Summary and conclusions

Like the ultramafic rocks of the Bushveld Complex and Great
Dyke, the Ultramafic series of the Stillwater Complex show
enrichment in all the PGE. The chromite layers show the
greatest degrees of enrichment with preferential enrichment
in IPGE and Rh over Pt and Pd.

The most common PGM present is laurite, which hosts
most of the Ru and, to a lesser extent, the Os and Ir in the
rocks. The base metal sulfides are mainly pentlandite, chalco-
pyrite, millerite, and bornite. Preliminary analyses show that
they are rich in Pd and Rh and are probably the main host for

these elements. The major carrier of Pt is assumed to be the
μm-sized Pt minerals associated with the base metal sulfides.

The S content of all of the rocks is very low—in most cases
<100 ppm—which would normally be considered too low for
the PGE to have been collected by a base metal sulfide liquid.
However, the S/Se ratios of many of the rocks are very low
(<1500), which combined with the textural observations, sug-
gesting that rocks have lost much of their original S; thus,
collection of the PGE by a base metal sulfide liquid followed
by S loss could have occurred.

However, collection of PGE by a base metal sulfide liquid
will not account for the preferential enrichment of IPGE and
Rh in the chromite layers. One possible model to account for
this is that as the intrusion cooled a hydromagmatic fluid dis-
solved much of the sulfide and preferentially re-mobilized Pd
and some Pt from the layers. As a result of S loss, laurite and
other PGM exsolved from sulfides. The laurite and other PGM
were then included in the chromite during post-cumulus
growth. Because Pd, Cu, and Se correlate with each other
for this model to be viable, Se must be mobilized along with
Pd and Cu. The weakness of this model is there is not
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sufficient experimental data to say with any certainty whether
a magmatic fluid could transport Pd and Pt.

The classic model of crystallization of laurite (which col-
lected the IPGE) and chromite together, followed by addition
of a Pd–Pt–Rh bearing base metal sulfide liquid to the cumu-
late pile followed by S loss was considered. This model sat-
isfies the IPGE distribution, but will not account for the en-
richment of Rh relative to Pd and Pt on most the mantle nor-
malized patterns. It also does not explain why Rh shows a
positive correlation with Cr2O3 and does not show a positive
correlation with Se.

Experimental work has shown that IPGE and Rh partition
into chromite, and IPGE and Rh are homogeneously distrib-
uted in chromite phenocrysts from volcanic rocks and chro-
mites from the Bushveld marginal sills. We suggest that at
Stillwater, the IPGE and Rh partitioned into chromite. The
Pd and the balance the PGE were added by base metal sulfide
liquid. During post-cumulus sintering of the chromite grains,
some the base metal sulfide grains were included in the chro-
mite. The Fe in the sulfide and PGE in the chromite exchanged
resulting in the replacement of pyrrhotite by laurite and en-
richment of Rh in the residual base metal sulfide. Subsequent-
ly, many of the samples lost some S either during metamor-
phism or late magmatic processes. In this model, the shape of
the PGE patterns are the result of mixing of chromite rich in
IPGE, Rh, and Pd–Pt-bearing base metal sulfide liquid.
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