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Abstract The petrology of base metal sulfides and associated
accessory minerals in rocks away from economically signifi-
cant ore zones such as the Merensky Reef of the Bushveld
Complex has previously received only scant attention, yet this
information is critical in the evaluation of models for the
formation of Bushveld-type platinum-group element (PGE)
deposits. Trace sulfide minerals, primarily pyrite, pyrrhotite,
pentlandite, and chalcopyrite are generally less than
100 microns in size, and occur as disseminated interstitial
individual grains, as polyphase assemblages, and less common-
ly as inclusions in pyroxene, plagioclase, and olivine. Pyrite
after pyrrhotite is commonly associated with low temperature
greenschist alteration haloes around sulfide grains. Pyrrhotite
hosted by Cr- and Ti-poor magnetite (Fe30,) occurs in several
samples from the Marginal to Lower Critical Zones below the
platiniferous Merensky Reef. These grains occur with calcite
that is in textural equilibrium with the igneous silicate minerals,
occur with Cl-rich apatite, and are interpreted as resulting from
high temperature sulfur loss during degassing of interstitial
liquid. A quantitative model demonstrates how many of the
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first-order features of the Bushveld ore metal distribution could
have developed by vapor refining of the crystal pile by chlo-
ride—carbonate-rich fluids during which sulfur and sulfide are
continuously recycled, with sulfur moving from the interior of
the crystal pile to the top during vapor degassing.

Keywords Bushveld Complex - Igneous sulfide - Platinum-
group element deposits - Chlorite—carbonate fluids

Introduction

The current debate on the origin of the major platinum-group
element (PGE) deposits of the Bushveld, Stillwater, and other
layered intrusions is unresolved; one group argues that the ores
form by contamination, magma mixing, and sulfide saturation
models (e.g., Campbell et al. 1982; Cawthorn 1999; Naldrett et
al. 2009); another group suggests that the PGE and S may have
been scavenged by upward-percolating fluids moving through
the underlying solidifying crystal pile (e.g., Stumpfl and
Tarkian 1976; Ballhaus and Stumpfl 1985, 1986; Boudreau
and McCallum 1992; Willmore et al. 2000). Much of this
debate has focused on a detailed understanding of the petro-
graphic, textural, and geochemical features of the ore zones
themselves or their immediately surrounding environment.
Away from the ore zones, most studies have attempted to use
bulk rock analyses of S, base and noble metals, and other
elements to infer whether or not the magma was sulfide-
saturated at the time these rocks were crystallizing (e.g.,
Maier and Barnes 1999; Barnes and Maier 2002; Barnes et
al. 2009). With few exceptions (most notably, Liebenberg
1970) the petrography of the sulfide assemblages and the
accessory minerals with which they may be associated is rarely
described, and even in these cases the authors focus on the
more sulfur-rich parts of the Bushveld Complex (e.g., Von
Gruenewaldt 1976; Li et al. 2004).
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Petrographic studies of the accessory sulfides and asso-
ciated minerals in the rocks stratigraphically above and
below the ore zones have the potential to elucidate when
the magma became sulfide saturated or if sulfur and the
other ore elements had been remobilized from these rocks
(e.g., Larocque et al. 2000; Andersen 2006). This study
reports a survey of the base-metal sulfide and associated
mineral assemblages in the rocks that make up the bulk of
the Bushveld Complex, stratigraphically away from the ore
zones. This work also presents evidence for the original
presence of a reactive high temperature chloride—carbonate
fluid in the rocks beneath the Merensky Reef.

Finally, a vapor-refining model is presented which
explains many of the first-order features of the PGE-
sulfide distribution of the Lower to Main Zones of the
Bushveld Complex. We have previously suggested that
metal transport during degassing of a solidifying crystal pile
can lead to the formation of PGE-rich rocks by a chromato-
graphic/zone refining process (e.g., Meurer et al. 1998;
Boudreau and Meurer 1999; Boudreau 2004). This earlier
work mainly looked at the effect of chromatographic effects
as S and the ore elements were moved entirely within the
crystal pile as the pile underwent degassing. Interaction of
fluid with the overlying magma column was suggested but not
explicitly accounted for. In addition, the fluid was ~100 %
effective at removing the ore elements if all sulfide was lost as
the crystal pile degassed. This new modeling allows some ore
components to remain behind. It also allows for fluid to drive
sulfide saturation in the lower part of the magma column
above a vapor-saturated crystal pile. This new model more
accurately reproduces the ore element stratigraphic distribu-
tion, particularly S and Pd.

Geology and previous work

The Bushveld Complex in the Republic of South Africa is
the most significant source of platinum in the world. As
summarized by Eales and Cawthorn (1996, and references
therein), the layered mafic—ultramafic intrusion formed
2,054 Ma ago and comprises approximately 66,000 km? of
the northern Kaapvaal craton. The complex crops out as
three distinct regions: the Western, Northern, and Eastern
lobes. The intrusion is 7-9 km thick and is also referred to as
the Rustenburg Layered Suite. It is subdivided into five
distinct zones from bottom to top based mainly on major
changes in mineral modes (Fig. 1): basal Marginal Zone,
Lower Zone, Critical Zone, Main Zone, and Upper Zone.
The Marginal Zone (MR) is developed as a chilled basal
norite, and is overlain by the ~1,200-m-thick Lower Zone
(LZ), which consists of mainly of orthopyroxenite and
harzburgite. This followed by the ~300-m-thick Lower
Critical Zone (LCZ), which consists predominantly of
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bronzitite and hosts the lower group of chromitites, and
the overlying ~750-m-thick Upper Critical Zone (UCZ),
which consists mainly of norites anorthosites and the upper
group of chromitites.

The Main Zone is ~3,300 m thick and is made up
largely of gabbronorite. Two marker horizons, the Upper
Mottled Anorthosite and the Pyroxenite Marker, subdi-
vide the Main Zone into subzones A, B, and C (Von
Gruenewaldt 1973). The reappearance of primary ortho-
pyroxene at the Pyroxenite Marker coincides with a
significant break in most geochemical parameters, includ-
ing the initial *’Sr/*°Sr ratio (Sharpe 1985), which
Kruger et al. (1987) proposed is the true magmatic boundary
between the Main and Upper Zones.

The ~1,500-m-thick Upper Zone consists mainly of fer-
rogabbro, anorthosite, and interlayered magnetitites. Iron-
rich olivine and apatite appear in the upper part of this
sequence (Von Gruenewaldt 1973). The rocks of the Upper
Zone also contain a considerable quantity of base metal
sulfides (Liebenberg 1970; Von Gruenewaldt 1976).

Although sulfides occur in minor quantities throughout all
of the layered mafic rocks of the complex, above-average
concentrations are restricted to a few layers or areas. Of these,
three very extensive deposits are of economic importance: the
Merensky Reef and the UG2 chromitite layer, both of which
occur towards the top of the Upper Critical Zone, and the
Platreef in the Potgietersrus area. Liebenberg (1970) consid-
ered that variations in the S content of the mafic magma were
responsible for varying concentration of sulfides. He pre-
sented evidence for a gradual decrease in the S content until
it became so low that a mainly Cu sulfide immiscible liquid
formed during the crystallization of the norite and anorthosite
below the Merensky Reef. The Cu content was insufficient to
remove all the sulfur with the result that the sulfur content of
the magma gradually increased.

As noted by Barnes et al. (2009), bulk rock sulfur in
barren rocks of the Bushveld Complex reaches its highest
abundance in the Upper Zone, in some cases exceeding
1.0 wt.%. In a section from the base of the Subzone A to
Subzone D of the Upper Zone, Von Gruenewaldt (1976)
found that pyrrhotite increased from ~55 % to 95 % as a
percentage of the of the sulfide minerals whereas chalcopy-
rite decreased from 40 % to 3 % and pentlandite decreased
from 6 to <l % toward the top of the Upper Zone. He
attributed the abundance of sulfide in the Upper Zone as
compared with the Main Zones as being due a number of
processes, including iron enrichment in the magma.

Apart from those rocks with economically viable concen-
trations, the data of Maier and Barnes (1999) and show that
all of the rocks in the lower part of the Bushveld Complex
are unusually enriched in PGE. As summarized by Naldrett
et al. (2009), the median values for Pt and Pd, respectively,
are 78 and 21 ppb in the Upper Critical Zone, 27 and 14 ppb
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Fig. 1 General geologic setting and stratigraphic subdivisions of the Bushveld Complex, South Africa

in the Lower Critical Zone, and 10 and 12 ppb in the Lower
Zone. These values contrast with median values of 5 ppb Pt
and 4 ppb Pd in the Main Zone. They are also higher than
the parent (marginal and sill rocks) magma concentrations
of ~30 ppb combined Pt + Pd reported by Davies and
Tredoux (1985). Furthermore, Barnes et al. (2009) interpret
the rocks below the Merensky Reef of the Bushveld
Complex to have a “cumulus” sulfide component based on
moderate enrichments in the PGE, although S contents are
too low for the magma to have been S saturated. They also
note that magmatic Se/S ratios preclude low temperature
loss of S, and they suggested three possible models to
explain the contradiction: (1) migration of sulfide out of
the crystal pile, (2) removal of sulfide suspended in a
sulfide-saturated magma prior to emplacement, and (3) loss
of S and Se to a high temperature degassing event.

Methods

Because the focus of the study was on complex-wide pro-
cesses, sampling concentrated on typical Bushveld rocks

that make up the bulk of the complex. Approximately two
hundred surface hand samples and drill cores were collected
throughout the Bushveld Complex, particularly concentrat-
ed on the Marginal to Main Zones. A sample of a marginal
sill type B2 (Sharpe and Hulbert 1985) was also investigat-
ed. A total of 50 samples from this collection were selected
to characterize the phase assemblages present in this barren
stratigraphy. These were chosen to be free of observable low
temperature alteration in hand sample.

Because of the small size of many of the sulfide grains,
sulfide identification was undertaken by compound petro-
graphic microscope and electron microprobe. Compositional
data on base metal sulfides, both by microanalyses of minerals
and X-ray composition mapping, was completed using a
Cameca CAMEBAX electron microprobe using a 4Pi energy
dispersive X-ray spectrometer (later upgraded to a silicon drift
detector) at the Department of Earth and Ocean Sciences at
Duke University. The analytical conditions were 15-20 keV
accelerating voltage and 15 nA beam current. Counting times
were approximately 120 s using a focused to 10 um beam
diameter. Pure metal standards were used for iron, nickel,
copper, cobalt, and zinc. In-house natural mineral standards
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include PY-1 (FeS,) for sulfur, ASPY (FeAsS) for arsenic,
STBW (Sb,S5) for antimony, and OLV74 (Mg,Fe),SiO, for
silicon and oxygen.

Petrology and geochemistry of the sulfide assemblages

Early-crystallized igneous minerals such as olivine, ortho-
pyroxene, clinopyroxene, and plagioclase are the dominant
silicate minerals, and chromite and magnetite are locally
common accessory oxide phases. Late-crystallized anhy-
drous minerals such as quartz and orthoclase are present as
minor interstitial minerals. High temperature volatile-
bearing minerals, which typically amount to <1 % (but in
some samples can be about 1 %), including biotite, apatite,
and calcite, the latter of which is discussed below. The major
disseminated sulfides occurring throughout the complex are
pyrite (Py—FeS,), pyrrhotite (Po—FeS), pentlandite (Pn—(Fe,

Plane Polarized Light Crossed Polars

Ni)ySg), and chalcopyrite (Ccp—CuFeS,), whereas millerite
(NiS), siegenite (Ni,C0);S,, and possibly troilite (FeS) are
more rarely observed. Examples of sulfide associations are
illustrated in Fig. 2.

Where fresh, single-, and poly-phase sulfide grains
occur as isolated interstitial grains at the contacts be-
tween unaltered grains of early-crystallizing plagioclase,
orthopyroxene, clinopyroxene, and olivine, and more
rarely as inclusions near the margins of the same miner-
als (e.g., sample LZ 216 in Fig. 2). Grains comprising a
single mineral species can also occur as inclusions along
cleavage planes and fractures of fresh igneous minerals.
The shape of individual grains are typically subhedral
and the sizes vary from 0.1 to 100 pm. Single grains
of sulfide and polyphase assemblages also commonly
occur with late-crystallizing quartz, biotite, apatite, and
locally calcite (e.g., sample 45-74 in Fig. 2).

Plane Polarized Reflected

Composite X-ray Map

Fig. 2 Three examples of base metal sulfide assemblages of the
Bushveld Complex. From /eft to right, the samples are shown in plane
polarized light, crossed polarizers, plane polarized reflected light, and a
composite X-ray composition map (512512 pixel resolution). Abbre-
viations: Bt biotite, Cc calcite, Ccp chalcopyrite, Mt magnetite, Opx
orthopyroxene, Pl plagioclase, Po pyrrhotite, Pn pentlandite, ¢ quartz.
In the X-ray maps, yellow is S (defining sulfides), blue is Ca (defining
calcite and/or clinozoisite), white is Si (defining quartz); other mixed
colored minerals are as labeled. Sample LZ 216 (Lower Zone
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orthopyroxenite): intergrown Ccp + Pn interstitial to pristine grains
of orthopyroxene. Sample 45-74 (Main Zone gabbro): Po + Py + Pn
with interstitial quartz and biotite. Note minor alteration in the ortho-
pyroxene and the calcite intergrown with the sulfide assemblage evi-
dent in the reflected light and composite X-ray map. Sample 06-168
(Main Zone gabbro): Py with alteration halo of mainly very fine-
grained clinozoisite, quartz, and disseminated Ccp grains in surround-
ing plagioclase
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Although all of the samples were chosen to be as fresh as
possible, under the microscope almost all samples show
some degree of localized, low temperature alteration that is
typically developed as a halo of alteration in the silicate
phases surrounding the sulfide minerals (e.g., sample 06-
168 in Fig. 2). The alteration assemblage, where present,
consists of typical greenschist assemblages including talc,
tremolite, epidote/clinozoisite, and chlorite, and is similar to
that described in the Merensky Reef by Li et al. (2004).
While larger sulfide grains that form the core of these halos
are similar in size to those in unaltered areas of the same
sample, finely disseminated sulfides can occur throughout
the alteration halo. Sulfide shapes are otherwise variable and
range from anhedral to euhedral. This association of sulfide
with variably developed halos of greenschist alteration is
generally more common than are pristine assemblages.

Pyrite is commonly associated with more extensive alter-
ation, indicating that it is a replacement of high temperature
sulfides. However, regions where alteration is absent or minor
may also have pyrite as part of the sulfide assemblage. This
leads to some uncertainty as to whether or not pyrite is
part of the original assemblage developed during crystalli-
zation and cooling of a high temperature sulfide solution
or if it formed subsequently (e.g., compare samples 45-74
and 06-168 in Fig. 2).

An association of very fine-grained pyrrhotite (<1 pm)
hosted by magnetite (Mt) occurs in some samples from the
Marginal, Lower, and Lower Critical Zones (Fig. 3). Both
pyrrhotite and magnetite commonly occur with calcite; the
calcite has an apparent equilibrium texture with the

Fig. 3 Example of pyrrhotite-
magnetite-calcite assemblages
in a leuco-orthopyroxenite from
the Lower Critical Zone of the
Bushveld Complex (sample
LCZ-105). Abbreviations: Opx
orthopyroxene, Cpx clinopyr-
oxene, Cc calcite, Po pyrrhotite,
Mt magnetite, P/ plagioclase, p
plucked region. a Plane polarize
light. b Crossed polarizers. ¢
Reflected polarized light showing
detail of pyrrhotite (bright phase)
hosted by magnetite (slightly
darker gray phase) associated
with the larger calcite grain
shown in a and b. d Composite
X-ray phase map (1,024 x

1,024 pixel resolution) for which
red is Mg (defining opx), gray is
Al (defining plagioclase), blue is
Ca (defining calcite), green is Fe
(defining magnetite), and yellow
is S (defining pyrrhotite). Note
the unaltered nature of silicates
surrounding the two calcite grains

surrounding igneous silicate minerals (pyroxene and plagio-
clase). The rocks also contain up to 1-2 % biotite, much
higher than the zero to trace amounts more commonly ob-
served. The presence of magnetite as part of the sulfide
mineral assemblage crystallizing or exsolving from a high
temperature immiscible sulfide liquid is not uncommon in
igneous rocks (Naldrett 2004). For example, magnetite is
observed in sulfide globules in MORB (Mathez 1976).
However, in the case of the MORB globules, the magnetite
is relatively minor (~8 %) and is hosted by modally dominant
S-rich phases, usually pyrrhotite. In the Bushveld samples, the
magnetite may comprise 50 % or more of the Po-Mt assem-
blage. In this regard, the mineralogy and textures of the Fe—S—
O assemblage are more similar to that observed in a variety of
igneous rocks as summarized by Larocque et al. (2000), who
interpreted it to be the result of preferential S loss during open
system magma degassing or circulating high temperature
hydrothermal fluids.

Qualitatively, the amount of sulfide observed in the strati-
graphic section is consistent with the whole rock S abun-
dance reported by others (e.g., Barnes et al. 2009). For
example, in the generally S-poor Critical Zone, only a few
grains of base metal sulfides, typically no larger than 10—
100 microns in size, are present in each thin section, and
many sections from the Critical Zone do not contain any
sulfide. Attempts to quantify modal proportions of the sul-
fide minerals were not made as they would likely be strong-
ly biased by the paucity of sulfide grains and the nugget
effect. However, it is qualitatively observed that chalcopy-
rite is the most commonly observed sulfide; it is found in 31
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of the 50 samples, although other sulfide minerals may be
locally dominant (ESM Table 1). Pyrrhotite is the second
most commonly observed sulfide, found in 18 of the 50
samples. Pyrite is found mainly in the Marginal and Main
Zones, and less commonly in the Upper and Lower Critical
Zones. The most common sulfide association is pyrrhotite
intergrown with chalcopyrite and/or pentlandite along the
margins. Intergrowths of two or more of the four sulfide
minerals Py + Po + Ccp + Pn are found in every zone.

Stratigraphic trends

Stratigraphic trends in the major base metal sulfide assemb-
lages are shown in Fig. 4. The results of this study broadly
agree with the major sulfide minerals and modes described
by Liebenberg (1970). The samples of the Marginal Zone at
the base of the intrusion are primarily composed of ortho-
pyroxenite and melanorite. Bent and broken pyroxenes and
plagioclase grains are common. Biotite, olivine, and chro-
mite are locally present as accessory interstitial phases.
Sulfide grains are typically anhedral to subhedral and very
fine- to fine-grained in size. Alteration is common in sample
MR 98, where the sulfide assemblages are clustered as rims
wrapping around subhedral-euhedral altered plagioclase
crystals. Most of the sulfide crystals in the Marginal Zone
(sample MR 77, MR 82, MR 86, MR 96, MR 97) are
observed as interstitial minerals at the contact zone of fresh
primary igneous minerals. A few crystals of chalcopyrite in

MR 77 and MR 97 are present as inclusions. Chalcopyrite is
the most abundant sulfide, whereas pentlandite is the least.
Several pyrrhotite crystals in sample MR 86 and MR 77 are
intergrown with grey magnetite grains as interstitial phases
between orthopyroxene and plagioclase. Very fine grained
(<1 um) pyrrhotite crystals hosted by magnetite are locally
present.

In the rocks transitional from melanorites of the Marginal
Zone to the ultramafic rocks of the Lower Zone, equigra-
nular orthopyroxenite and harzburgite become the main
rock types sampled. An- to subhedral grains of orthopyrox-
ene and olivine are the predominant minerals, whereas the
plagioclase content (5 % or less) is negligible. Biotite and
quartz are locally abundant as interstitial minerals. Anhedral
to euhedral chromite grains are present in samples LZ 214,
LZ 216, 13P, and C6. Sulfide minerals in this section of the
stratigraphy are largely present as interstitial phases at the
contacts between fresh primary igneous minerals.
Pentlandite is the most abundant sulfide and pyrrhotite is
the second. A few of the pyrrhotite crystals in sample LZ
216 and LZ 222 are also intergrown with magnetite grains
as described above. The shape of sulfides is mostly subhe-
dral and the size is smaller (typically <100 wm) than those in
the Marginal Zone.

Equigranular orthopyroxenite and mafic norite samples
of the Lower Critical Zone contain slightly more plagioclase
than the Lower Zone. Biotite is present in abundances as
high as 1 %, whereas the olivine content is present in only

Fig. 4 Distribution of base
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trace amounts. On the other hand, chromite becomes abun-
dant in this zone (samples 7, 6R, 5, 5P2, and 8P).
Chalcopyrite is the most commonly observed sulfide and
no pentlandite was observed. Micron-scale pyrrhotite grains
are intergrown with fine magnetite+calcite in samples LCZ
101, LCZ 105, and LCZ 133. A few very fine-grained pyrite
and chalcopyrite crystals occur as inclusions in orthopyrox-
ene and plagioclase, typically near the margins. However,
no sulfide minerals are observed in samples 7, 6R, 5, 5P2,
4R2, 4P, and 8P. The paucity of sulfur in chromitite has been
noted by Maier and Barnes (1999); the absence of sulfides
in chromitite-bearing rocks of the current study indicates
that this feature extend to rocks that have higher than normal
amounts of chromitite.

Plagioclase-rich rocks such as anorthosite and norite dom-
inate in the sampling of the Upper Critical Zone. Melanorite
and orthopyroxenite are also present. Orthopyroxene and
clinopyroxene contents drastically drop relative to those in
the previously described zones. Biotite, olivine, and quartz are
rarely observed accessory/interstitial minerals. The rocks
range from equigranular, spotted to mottled anorthosite and
norite. The primary igneous minerals are generally medium
grained, although some are coarse-grained. Chalcopyrite is the
most commonly observed sulfide and is largely interstitial to
(now altered) plagioclase and pyroxenes; a few are observed
as inclusions in altered primary igneous silicate minerals. The
paucity of sulfide minerals other than chalcopyrite in this
section was also noted by Liebenberg (1970). Chromite crys-
tals are rarely observed and no intergrowths between magne-
tite and pyrrhotite were found. Pentlandite was observed in
only one sample, continuing the Ni-poor nature of the assem-
blage in the Lower Critical Zone.

Samples from the Main Zone are mostly composed of
gabbronorite, melano- and leuconorite, and anorthosite.
Plagioclase, orthopyroxene, and clinopyroxene are present in
all samples with minor olivine and biotite scattered throughout
the zone. The sulfide assemblages of samples 45-74 and 06-
168 are associated with variable amounts of alteration in the
surrounding primary igneous minerals. Chalcopyrite and pent-
landite are common sulfide minerals and pyrrhotite and pyrite
may occur together. The sulfide crystals are generally very
fine-grained to fine-grained with subhedral to euhedral shape.
The sulfide assemblages occur as both interstitial minerals and
inclusions in fresh igneous silicate minerals.

The Upper Zone is dominated by plagioclase-rich rock
such as gabbro and norite. Except near the very top of the
intrusion, base-metal sulfide minerals are generally scarce in
the small number of thin sections studied. Pyrrhotite is the
major sulfide, occurring as in interstitial grains and as inclu-
sions in altered primary igneous minerals and magnetite.
The grains are typically fine-grained and anhedral to sub-
hedral in shape. The sulfides of this section have been well
described by Von Gruenewaldt (1976).

Sulfide mineral compositions

Selected microprobe analyses of sulfide minerals are listed
in ESM Tables 2 and 3 and are plotted in Figs. 4 and 5.
Measured variations in molar Fe—S in pyrrhotite ranges from
0.77 to 1.02 (Fig. 3), with less than 1 wt.% Ni. Some
compositions approach troilite (Fe—S=1), but in part this
may also reflect other elements substituting for Fe. The mole
ratio of Fe—S in pyrite ranges from (0.74—1.04):2, but gen-
erally is close to stoichiometric FeS, (Fig. 3). Within the
scatter of the data, there are no stratigraphic trends observed
in pyrrhotite or pyrite compositions. Chalcopyrite also
shows no systematic stratigraphic trends, with Cu—Fe-S
ranging from 1:1:2 to (0.62-1.10):(0.91-1.37):2 (Fig. 5).
Pentlandite (ideally (Fe,Ni)oSg) compositions are largely
variable with (Fe + Ni):S ratios ranging from 9:8 to (6.58-
10.76):8 There is a suggestion that Ni decreases and Fe
increases in pentlandite up section (Fig. 5), but the trends
are obscured by local scatter. Cobalt may also substitute for
iron.

Analyses of the pyrrhotite + magnetite mixed phase in
sample LCZ-105 from the Lower Critical Zone are listed in
ESM Table 3. The intergrowth is too fine grained to resolve
the different minerals using the electron microprobe, thus
the analysis are mixtures of Po + Mt. There is no significant
Ni, Ti, or Cr, but a few analyses contain more than 1 wt.%
Cu. With the exception of minor Cu, the bulk composition
can be approximated as a simple mixture of Po + Mt, as
shown in ESM Table 3.

9
olc| © FelS, mole ratio o Fe/S, mole ratio
. s ¢ Cu/S, mole ratio ¢ Ni/S, mole ratio
2| ;
> H
- (A H
7 e oim
c oo
H
59 I H
H
1
— gle &t .
E 5N H
=3 £ L i}
z 2| | ! . o
'% o ¢
I 44 H * o
*» m
3125 bt
Sk o e
=(8 o
29513 % * *
2
S £ &
1Y m * * o
o i
-8 o -2 4 *
o418 At O hwes
= ] | L1 40 | |
0.30 0.40 0.50 0.60 0.70 0.2 0.4 0.6 0.8
Fe/S and Cu/S, mole ratio Fe/S and Ni/S, mole ratio
Chalcopyrite Pentlandite
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chalcopyrite (left column) and the molar Fe/S and Ni/S ratios of
pentlandite (right column) from the Bushveld Complex
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Discussion

Bushveld base metal sulfides are dominated by pyrrhotite,
pyrite, chalcopyrite, and pentlandite (Liebenberg 1970).
There is also a general trend of decreasing pentlandite/chal-
copyrite modal ratio up to the level of the Merensky Reef.
Pentlandite again becomes common in the Lower Main
Zone, but is then rare or absent in the upper half of the
Main Zone and in the Upper Zone. Locally, the sulfides
show two main types of alteration (1) an apparently rela-
tively high temperature alteration of pyrrhotite to magnetite
and (2) a lower temperature alteration of pyrrhotite to pyrite
during localized greenschist-grade hydration events. The
former appears to be more common in rocks generally
below the Merensky Reef, whereas the latter may occur in
any rock. These are further discussed below.

Overall the types of minerals observed and the range in
sulfide mineral compositions are similar to those reported in
mid-ocean ridge gabbro (e.g., Miller and Cervantes 2002),
except that pyrite is more common and troilite less common
in the Bushveld suite. In contrast, the sulfide assemblages
are markedly different from those of the Skaergaard
Intrusion. Although both the Bushveld and the Skaergaard
are shallow crustal intrusions, the Skaergaard is much
smaller intrusion and was emplaced as a single injection of
magma, whereas the Bushveld is much larger and was most
likely emplaced as a series of multiple injections (e.g.,
Cawthorn 1998). Wager et al. (1957, 1958) note that sulfide
minerals in the Skaergaard Layered Series range from a Cu-
rich assemblage dominated by bornite, digenite, and chal-
cocite with minor chalcopyrite; at the very top of the
Layered Series the assemblage is Fe-rich and dominated
by pyrrhotite. They explained the Cu-rich and Ni-poor com-
position of the sulfide assemblage by late-stage sulfide
saturation and segregation.

Miller and Andersen (2002) suggest that the differences
between intrusions (such as the Bushveld and Skaergaard
intrusions) are largely a result of different liquid lines of
descent of the parent magmas. Crystallization of olivine and
magnetite removes Ni prior to sulfide saturation, whereas
Cu behaves incompatibly until sulfide saturation is
achieved. Because sulfide saturation in the Skaergaard was
achieved relatively late, this formed a Cu-rich sulfide as-
semblage. However, Andersen (2006) noted that Skaergaard
bulk rock S concentrations are lower than the expected
saturation values and suggested that the formation of Cu-
rich assemblages represent post-magmatic oxidation and S
loss. He suggested the conversion of pyrrhotite to Fe-oxides
and chalcopyrite to Fe-oxides and bormnite, digenite, chalcocite,
and (locally) native Cu by reaction with late hydrothermal
fluids.

The Bushveld suite is complicated by possible multiple
injections of one or more magma types as the intrusion
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expanded and crystallized. Thus, although olivine is abun-
dant in the Lower Zone and could readily remove Ni, new
injections of primitive magma at different stratigraphic lev-
els could explain why pentlandite is found into the Main
Zone. In contrast, the paucity of pentlandite compared to
chalcopyrite in the Critical Zone implies the Critical Zone
did not see significant influx of more primitive magma and
that the sulfides grew from magma or interstitial liquid that
was relatively depleted in Ni. However, a simple loss of Ni
to silicate minerals and increase in S and Cu during sulfide-
undersaturated fractional crystallization of the Lower and
Critical Zones should produce an approximately constant
Cu/S ratio (or ~constant Ccp/Po ratio) in the sulfides once
the trapped liquid reaches sulfide saturation, which is not
observed. Both this study and that of Liebenberg (1970)
have found that Ccp is the only sulfide mineral in much of
the Upper Critical Zone.

Evidence for high temperature ore element remobilization
in the Lower and Critical Zones

Several studies have shown that the sulfide-rich rocks of the
Merensky Reef and UG-2 have been locally modified by both
high and low temperature events (e.g., McLaren and De
Villiers 1982; Li et al. 2004). For example, Kinloch (1982)
notes that the Pt-Pd sulfides in both the Merensky Reef and
the underlying UG-2 chromitite are replaced by Pt-Fe alloys in
and around potholes. Kinloch attributed these features to late
loss of S to high temperature volatiles preferentially streaming
through the pothole structures. In another example, Peyerl
(1982) noted that the discordant Driekop pipe has evidently
modified the type and abundance of PGE minerals in the UG-
2 chromitite, changing from Pt—Pd sulfide minerals in normal
assemblages to Pt—Fe alloy and Pt-Pd—As—Sb minerals to-
wards the pipe over a distance of at least 1.3 km. He attributed
this change to volatiles migrating outward from the pipe. It
seems reasonable to conclude that, if the late fluids emanating
from the crystal pile and discordant pipes can affect the S-rich
reefs, they should also have some effect on the sulfide assemb-
lages in the rocks away from the ore zones that they presum-
ably migrated through.

Two lines of evidence indicate that the Bushveld sulfides
below the major reefs are likely to have been modified
during cooling and degassing of the intrusion. First, as noted
in the introduction, preferential S loss from the Lower and
Critical Zones can explain the otherwise puzzling the high
PGE and low S bulk rock concentrations of the these zones.
The observed replacement of sulfide by magnetite is con-
sistent with this S loss. Second, preferential loss of S and
enrichment in Cu, as suggested by Andersen (2006) in the
case of the Skaergaard mineral assemblages, can explain the
low bulk rock S and the relatively more common occurren-
ces of chalcopyrite in the Lower and Critical Zones.
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The lack of Ti and Cr in the magnetite of the pyrrhotite-
magnetite-carbonate assemblage in the rocks stratigraphi-
cally below the Merensky Reef suggests that the reactive
agent was a fluid and not a silicate liquid. In general, on
reaching sulfide saturation on cooling, the interstitial silicate
liquid is unlikely to become S-undersaturated with further
crystallization in the absence of an exsolving vapor phase.
This is because co-precipitation of silicates and oxides will
continue to keep S abundances at saturation levels and
falling temperatures will generally lead to lower S saturation
concentrations (e.g., Haughton et al. 1974; Li and Ripley
2009). Hence cooling and crystallization of the interstitial
silicate liquid should lead to more sulfide precipitation over
time. However, if the silicate liquid were to be heated,
perhaps by moving into hotter overlying rocks by compac-
tion or buoyant advective flow, the liquid could become
sulfide undersaturated and resorb/replace the earlier precip-
itated sulfides with magnetite. But even if this were the case,
one would expect a Ti or Cr signature in the magnetite,
perhaps similar to co-precipitating spinel as observed in
Uraguayan dikes (Prichard et al. 2004). Nor is this inter-
growth observed in the Main Zone where Fe—Ti oxides are
closer to becoming saturated in the magma. Instead, it is
suggested that the assemblage developed later and the pro-
cess may be broadly analogous to the formation of the
pothole reef assemblage of PGE- and Fe-alloys. The occur-
rence of pyrrhotite as isolated grains hosted by magnetite
suggests replacement of pyrrhotite and loss of S by a redox
reaction involving the degassing of the interstitial silicate
liquid and loss of a vapor phase, perhaps as follows:

9FeS + 10H,0 + SO, — 3Fe;04 + 10H,S (1)
Po Liquid Liquid Mt Vapor

The above reaction is similar that proposed by Larocque
et al. (2000) to explain magnetite-sulfide intergrowths ob-
served in a variety of plutonic rocks.

Although one should not discount the possibility that low
temperature minerals may polymorph an original high tem-
perature mineral phase, several lines of evidence point to a
relatively high-temperature origin for the calcite—magnetite—
pyrrhotite assemblage. While it has long been known that
fluids exsolved from the Bushveld Complex have a carbon
component and precipitate graphite (e.g., Mathez et al.
1989), specific evidence that carbonates may also be pre-
cipitated by these fluids include the following:

(1) The calcite grains in Fig. 3 occur with pyroxene and
plagioclase that are typical of a higher temperature
paragenesis and are texturally in equilibrium with no
evidence of replacement of the surrounding igneous
silicate minerals. In some cases, the calcite appears to
be present as inclusions along the margins of the
silicate minerals; evidence that that the calcite was
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present before the growth of the pyroxene rim.
Although calcite- and magnetite-bearing assemb-
lages have been described with sulfide alteration in
the Merensky Reef and elsewhere in the Bushveld
Complex (e.g., Li et al. 2004 and sample 45-74 in
Fig. 2), these typically also include other low tem-
perature (greenschist) minerals such as actinolite,
tremolite, chlorite, talc, and epidote. In contrast,
the silicates in Fig. 3 do not contain any of these
low temperature minerals. The textural equilibrium
of calcite with the igneous assemblage and the lack
of greenschist minerals that otherwise readily form
at low temperatures implies that the fluid infiltrated
at a relatively high temperature.

Although the sulfide is being replaced by magnetite,
there is no evidence that this fluid is otherwise strongly
reactive. As noted previously, when there is some
alteration in a rock, it is the sulfide minerals that tend
to be the loci for the halo of greenschist assemblages in
the surrounding silicates, implying that the presence of
sulfide can enhance silicate susceptibility to alteration
by greenschist-grade fluids. Acids formed by reaction
of infiltrating fluids with sulfides (e.g., H,SO,) at low
temperature are more likely to dissociate and result in
fluids with high H" concentrations that attack the im-
mediately surrounding silicates. In contrast, higher
temperature fluids have a larger proportion of neutral
associated complexes owing to a lower dielectric con-
stant of water (cf. Walther 1997, and references there-
in), and hence a more neutral pH, than fluids of the
same composition at a lower temperature. In addition,
the work of Mathez and Webster (2005) and Hanley et
al. (2008) suggest that early Stillwater fluids where
hypersaline and may have contained very little free
H,O, further diminishing the ability of acids to disso-
ciate. The textural equilibrium of calcite with the an-
hydrous igneous assemblage and the lack of
greenschist minerals that otherwise readily form at
low temperatures is consistent with fluid infiltration
and S-loss occurred at a relatively high temperature in
the presence of a H,O-poor fluid.

There are examples in other an intrusion in which
calcite has been observed as part of a high temperature
assemblage. For example, calcite, pyroxene and an Fe-
oxide (in this case hematite) have been described as
part of the mineral assemblage found in Cl- and CO,-
bearing fluid inclusions in quartz in gabbronorite peg-
matoids from the Stillwater Complex (Hanley et al.
2008). These pegmatoids occur in roughly similar
stratigraphic positions as the Bushveld calcite-bearing
samples, and is consistent with formation from an
igneous, CO,/carbonatitic fluid. Hanley et al. describe
the Stillwater calcite inclusions as “accidental,” with
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the implication that the fluid was precipitating calcite
prior to or simultaneously with the formation of the
fluid inclusion. This “late magmatic” precipitation of
calcite is also consistent with the presence of calcite
grains interstitial to the coarse silicate minerals ob-
served in the Stillwater pegmatoids (J.S. Scoates, per-
sonal communication, 2011). More recently has been
the discovery of high-temperature carbonates in asso-
ciation with sulfides below the platiniferous J-M Reef
of the Stillwater Complex. The carbonate assemblage
consists of dolomite with exsolved calcite and is found
in contact with sulfide minerals: chalcopyrite and pyr-
rhotite in the Peridotite Zone; and pyrrhotite with pent-
landite, pyrite and chalcopyrite in Gabbronorite Zone I
of the Lower Banded Series (Aird and Boudreau
2012).

(4) Newton and Manning (2002) note that calcite solubil-
ity in NaCl-H,O solutions at magmatic and mantle
conditions increases greatly with increasing salinity
and temperature and less so with pressure. The
Bushveld calcite occurs in that part of the complex
where the apatite is unusually Cl-rich (Fig. 4),
approaching chlorapatite endmember compositions in
many samples. These Cl-rich compositions imply un-
usually high CI/F and CI/OH activity/fugacity ratios
from any silicate liquid or fluid from which they may
have precipitated (e.g., Boudreau and Simon 2007).
Inferences from experimental studies (e.g., Mathez
and Webster 2005; Safonov et al. 2007—the latter of
which is done at higher pressure than applicable to
crustal intrusions but is consistent) indicate that the
presence of chlorapatite would require the presence of
late stage (igneous) carbonate-saline fluids.

(5) Barnes et al. (2009) noted that the average Se and S
contents in rocks from the Lower Zone and Critical
Zones below the UG-1 chromitite are 0.03 and 99 ppm,
respectively, and that the average S/Se ratio (3,300) is
similar to the mantle ratio (3,400). They also note that
any low temperature S loss event would increase this
ratio, given the more soluble nature of S relative to Se
in low temperature fluids (e.g., Dreibus et al. 1995). In
contrast, Barnes et al. noted the study of Wulf et al.
(1995), who heated meteorites above ~1,050 °C and
found that S and Se were equally depleted. Regardless,
the magmatic S/Se ratio is consistent with the S loss
observed in the Lower Critical Zone being a relatively
high temperature event.

Figure 6 shows two semi-quantitative pathways by which
an “initial sulfide” (labeled) may be altered by both low and
high temperature fluids. The upper path shows the case
illustrated by sample 06-168 of Fig. 2, in which pyrite is
associated with greenschist-grade assemblages replacing the
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Fig. 6 Semi-quantitative interpretation of Bushveld assemblages plot-
ted on Fe—S—O system as a function of Temperature (°C). The Po-Mt
boundary is calculated for f{O,) defined by the QFM buffer. Initial
sulfide (labeled), with two possible cooling paths shown: a low tem-
perature pyrrhotite to pyrite alteration event (upper path) and a high
temperature S-loss event leading to replacement of pyrrhotite by mag-
netite (lower path). Temperatures shown are approximate and illustra-
tive only. See text for additional discussion

original igneous minerals in surrounding silicates. Prior to
the introduction of the low temperature fluid, cooling of the
original sulfide to lower temperature allows the sulfide to
stay within the pyrrhotite field. However, interaction with a
low temperature fluid to produce the greenschist assemblage
in the surrounding silicate minerals allows an increase in
sulfur fugacity to stabilize pyrite over pyrrhotite. It is sug-
gested that hydration of the silicates to form the greenschist
assemblages decreases H,O and consequently increases S
and fS, such as to drive the conversion of pyrrhotite to
pyrite. The observation that the alteration occurs as haloes
about the sulfide suggests that the presence of sulfide enhan-
ces the formation of the greenschist assemblage by the local
production of sulfuric acid as the infiltrating fluid reacts
with sulfide:

31;:eS +H,0+ 30, — FeS; + H" + HSO4 ™ + 2FeO

0 Fluid ~ Fluid Py Fluid Fluid silicate

minerals
(2)

The incorporation of the H' ions produced by the above
reaction into hydrous alteration minerals would drive the
reaction to the right, producing more pyrite with increasing
alteration in surrounding silicates.

In contrast, the lower path shown in Fig. 6 shows the high
temperature S loss implied by reaction (1). Loss of S during
open system degassing of the interstitial silicate liquid low-
ers local fS, and drives the pyrrhotite to the pyrrhotite—
magnetite boundary. On cooling (and in the absence of late,
low temperature alteration) the pyrrhotite—-magnetite assem-
blage avoids intersection with the pyrite field.

These two paths represent the high and low temperature
extremes, and it is likely that these reactions occur on a
continuum as the Bushveld Complex cooled. Indeed, the
low grade assemblages could have developed at any time
after the complex cooled to ambient temperature.
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A phase diagram interpretation that is broadly compatible
with the presence of high temperature calcite and Cl-rich
apatite in the Lower and Critical Zones is shown in Fig. 7. A
calcite-saturated fluid starting at point A would begin with a
relatively low NaCl content. On cooling and precipitating
calcite the fluid would eventually intersect the two-fluid field
at the point F,. The fluid would then split into two fluids, one a
carbonatitic liquid (F;) and the other a NaCl-rich aqueous
solution (F;). The former would become slightly more
carbonate-rich on further cooling while the aqueous solution
would become less saline and less carbonate. These two fluids
would continue to precipitate calcite until the carbonate fluid
is used up. Once the carbonatitic fluid is exhausted, the
remaining aqueous solution continues to precipitate calcite
until the fluid reaches halite saturation, at which point the
fluid precipitates both calcite and halite and continues to
become richer in H,O. The presence of increasingly H,O-rich
fluids that remain in the rocks to lower temperature would also
lead to the formation of the hydrous, greenschist-grade assem-
blage. However, the low temperature alteration could have
formed at any time after the intrusion cooled as well.

Although not shown in Fig. 7, an alternative is that the
fluid starts in the halite saturation field. The fluid would then
precipitate halite until the fluid became saturated in calcite,
at which time the fluid would precipitate calcite and halite
and also become richer in H,O. This implies that that halite
could be a high temperature interstitial phase, but is lost
during thin section manufacture. A study of samples pre-
pared without water might resolve this possibility.

Implications for the PGE distribution in the Bushveld
Complex

Recent experimentally determined (volatile fluid)/(silicate
liquid) partition coefficients for Pt can range across more

CaCo,

calcite

fluids

H,0 NaCl

Fig. 7 The calcite-H,O—NaCl system, showing a possible crystalliza-
tion path for a Bushveld carbonatitic liquid. See text for details.
Modified after Newton and Manning (2002)

than four orders of magnitude (<10' to ~10% Simon and
Pettke 2009; Blaine 2010; Blaine et al. 2011), with values of
10° to 10* favored by more Cl-rich fluids and by more mafic
over more felsic silicate liquid compositions. Blaine (2010)
reports a partition coefficient of 1,100 for Ir partitioning into
Cl- and COs-rich fluids. These studies suggest that chlo-
ride—carbonate fluids can be more effective for moving both
the PPGE (Rh, Pt, Pd) and the IPGE (Ir, Ir, Ru) than can
more dilute H,O-dominant fluids.

The unusually high PGE concentrations in the rocks
below the Merensky Reef and UG-2 indicate that they are
a potential source rock for the metals in these zones. The
PGE content of the Merensky Reef has a near-constant
grade (5-8 g/t total PGE) over a thickness of 40-120 cm
in both the Western and Eastern Limbs, and those of the
UG-2 are broadly similar (Wagner 1929; Vermaak 1976;
Lee 1996; Barnes and Maier 2002; Cawthorn et al. 2002).
Using the compiled data summary of Barnes and Maier
(2002) for the Western Limb, one can calculate how much
higher the observed footwall noble metal concentration need
to have been to account for the metals now in the Merensky
Reef and the UG-2 chromitite (ESM Table 4 and Fig. 8).
The calculation assumes a conservative value for the noble
metal concentration in ore rocks of twice observed values.
Adding the ore metals back into 1,000 m of average footwall
would increase the footwall concentrations from 8 % to
28 %, with the higher values for the PPGE. Put another
way, any fluid migrating through the footwall would only
need to be from 8 % to 28 % efficient at removing the noble
metals from the footwall to form the UG-2 and the
Merensky Reef, assuming all transported metals were de-
posited in the ore zones. If the metals came from a thinner or
thicker footwall section these numbers would change pro-
portionally. The greater loss of the PPGE relative to the
IPGE required to form the ore zones is consistent with the
higher vapor/(silicate liquid) partition coefficients for Pt
relative to Ir noted above. The preferential loss of the
PPGE from the footwall also can explain the flatter
mantle-normalized patterns of the footwall rocks compared
with either the reefs or high-Mg basaltic andesite parent
liquid.

The evidence that the sulfide assemblage of the Bushveld
Complex has been affected by both low temperature and
especially high temperature alteration events has implica-
tions for the bulk rock S and PGE abundances of the
Bushveld Complex. As noted above, the high PGE concen-
trations in the Lower and Critical Zones indicate that the
rocks had a “cumulus” sulfide component; however, the S
contents of the rocks are too low for the magma to have
been S saturated (e.g., Barnes et al. 2009). It is possible that
the magmas that formed the Lower and especially the
Critical Zones were abnormally enriched in the PGE (and
became more so with height in the intrusion). If so, these
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PGE-rich compositions are not seen in the sills and chilled
marginal rocks that are thought to be samples of the magma
(s) that were involved in the crystallization of the Bushveld
Complex. As noted above, Davies and Tredoux (1985)
found that the magnesian basaltic andesites and a tholeiitic
suite rocks most likely to represent Bushveld liquid compo-
sitions generally fall into the range of basalts and chilled
margins of other layered intrusions, although the magnesian
basaltic andesites are on the high end for a magma (contain-
ing an average 17 ppb Pt and 12 ppb Pd; Fig. 8.). These
concentrations are too low to account for the Pt and Pd
concentrations beneath the major reefs, as the trapped liquid
component of the bulk rock would be about an order of
magnitude lower than these values.

It has also been suggested that new magma injections
carried in a partly-resorbed, PGE-enriched sulfide (e.g.,
Barnes et al 2009). If so, these transported sulfides would
necessarily not have carry in significant Ni, as the
pentlandite-poor sulfide assemblage in the rocks of the
Lower and Critical Zones are generally consistent with an
early loss of Ni to silicate minerals (e.g., olivine) and en-
richment in Cu during the crystallization of these zones and/
or preferential S loss to degassing. The results of this study
point to the second possibility, viz: the rocks lost sulfur to a
high temperature carbonate- and chloride-rich fluid. Sulfide
saturation during crystallization of the Lower and Critical
Zones with a later S loss (and some of the PGE) could
explain the observed relatively high PGE and low S con-
centrations of these rocks.

1000

100 UG-

Merensky

Footwall + reefs

" High-Mg basaltic andesite

o, ¥ ; i ;
Os Ir Ru Rh Pt Pd Au

Fig. 8 Mantle-normalized noble metal concentrations illustrating the
change in the average footwall assuming the footwall was the source of
the reef metals. “Footwall” = thickness-normalized average concen-
trations of the Lower and Critical Zones. “Footwall + reefs” = average
footwall + 2x (UG-2 + Merensky Reef) added to 1,000 m of footwall
rock. “High—-Mg basaltic andesite” (dash line) = average composition
of the high-Mg basaltic andesite from the Bushveld marginal sill-dike
suite, shown for reference. All data are for the Western Limb of the
Bushveld Complex from data compiled by Barnes and Maier (2002);
mantle values are from McDonough and Sun (1995)
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The Bushveld Complex represented the crystallization of
a system open to magma gain or loss. Thus, one cannot
categorically exclude the possibility that a PGE-rich magma
evolved elsewhere prior to its introduction into the chamber.
In the following, however, a model is proposed by which the
ore element distribution profile could have arisen solely by
processes happening within the Bushveld magma chamber.

A model

The quantitative vapor refining model of Boudreau and
Meurer (1999) and Boudreau (2004) has been modified to
account for the broad features of the Bushveld PGE-S con-
centrations and is shown schematically in Fig. 9. At some
point during the solidification of the crystal pile, a vapor is
exsolved from the crystallizing interstitial liquid. The sepa-
ration and loss of this vapor removes sulfur and, if present,
can result in partial resorption of any preexisting sulfide and
removal of some of the metals they contain. This vapor will
migrate upward where it will encounter hotter, vapor under-
saturated silicate liquid. If the fluid is composed predomi-
nately of a low solubility component like CO,, then the
redissolution of vapor will quickly drive the small amount
of interstitial liquid to become vapor-saturated, leading to a
rapid upward migration of the vapor-saturation front in the
crystal pile. Eventually the vapor saturation front may reach
the top of the crystal pile.

Owing to its larger mass, the magma above the pile can
readily absorb the relatively small amount of vapor escaping
from the crystal pile without becoming vapor saturated.
However, the increase in S concentration as the fluid redis-
solves in the magma can drive a thin layer of magma just
above the top of the pile to sulfide saturation. The precipi-
tation of sulfide can then lead to modest enrichments of the
PGE being incorporated into the growing pile. As the pile
grows sulfur is continuously recycled, moving from the
interior of the crystal pile to the top to produce a thin,
ephemeral zone of sulfide-saturated magma. On solidifica-
tion what is produced are rocks that are relatively enriched
in the PGE but with lower than cotectic sulfide abundance.
An advantage of this model is that it does not require the
entire Bushveld magma to be sulfide saturated during the
crystallization of the Lower and Critical Zones.

A modified version of the PALLADIUM program
(Boudreau 2004) was used to quantify the model. The pro-
gram models the growth and compaction of a crystal pile and
also allows for vapor separation and migration through the
pile. It uses simple portioning behavior between silicate lig-
uid, vapor, immiscible sulfide liquid, Pd metal, and silicate
minerals, coupled with heat and mass transport equations. The
major modifications include (a) the inclusion of sulfide min-
eral modes (pyrrhotite, pentlandite, chalcopyrite, and chalco-
cite), (b) the option of allowing the vapor-induced sulfide
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Fig. 9 Cartoon of the ore
element transport and sulfur
recycling in a growing crystal t.,
pile at the two time steps #; and
t,. See text for discussion

Magma
Chamber

Addition of S and
PGE induces local
sulfide saturation
and PGE enrichment
at top of pile

saturation at the top of the pile to equilibrate metals from some
thickness of magma at the bottom of the magma column, and
(c) the program allows a “vapor trap” to develop within the
pile that can trap upward-migrating vapor.

In regards to the first modification, the program calculates
sulfide mode based on element partitioning. For example, if
sulfide liquid/silicate liquid partition coefficient for Cu is 1,000
and the silicate liquid has 100 ppm Cu, the sulfide liquid will
contain 100,000 ppm (or 10 %) Cu. This would be the equiv-
alent of a sulfide assemblage containing ~29 % chalcopyrite.
In regards to the stratigraphic vapor “trap,” this is accomplished
in the model by keeping the water concentration of the inter-
stitial liquid at zero at and above the level of the trap to prevent
vapor separation. This mimics a real permeability trap in the
crystal pile in which vapor comes into a zone faster than it can
leave. However there are other possible traps as well. As note
previously (e.g., Boudreau and Meurer 1999), the “trap” could
also be the top of the crystal pile if the escaping vapor, on
mixing with the resident magma, causes a significant lowering
of the solidus such that the magma temporarily ceases to
crystallize. In this case, the crystal pile may degas more or less
completely without significant growth of the pile.

Values for the many variables one can set in the program
are shown in ESM Table 5. In brief, the program uses the
“slow compaction” values from Shirley (1986). Partition coef-
ficients are similar to those in the literature (e.g., Boudreau
2004; Naldrett 2009). For example, as noted above PGE
vapor/(silicate liquid) partition coefficients can vary widely
as a function of fluid and melt composition. A value of 1,000

@ S-, PGE-rich sulfide

Bulk rock PGE
Concentration

@ S-poor, PGE-rich sulfide
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Chamber

Late S and PGE
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Pile

Bulk rock PGE
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was taken for the Pd vapor/(silicate liquid) partition coefficient
under the assumption that the higher values of 10°~10* noted
by Blaine et al. (2011) for Pt partitioning between a Cl- and
CO,-rich fluid, and a basaltic silicate liquid are appropriate for
the Bushveld. Finally it is noted that the program does not
consider that the exsolved vapor might be a mixed CO,—H,0O
vapor whose solubility may vary as degassing continues.
Instead, the solubility of a mixed fluid (denoted “H,O” for
simplicity) is assumed constant and the amount of H,O has
been adjusted so that not all sulfur is lost during degassing of
the interstitial liquid in the crystal pile.

The model results are shown in Fig. 10 for the crystalli-
zation of a 1-km-thick magma column at the four model
times, from bottom to top, of 615, 1,839, 2,358, and
6,344 years. The two profiles of most importance to the
following discussion are the weight fraction mineral modes
(leftmost column at each time step) and the bulk ore element
concentrations (second column from the right).

615 years At this time, crystallization of the magma has
produced a crystal pile about 150 m in thickness, of which
the lowermost ~70 m has already solidified, leaving a mush
zone about 80 m thick. In terms of the vapor and sulfide
history of the pile, it can be divided into two parts as well.
Below about 80 m, including the completely solidified part
of the crystal pile and the lower part of the still-partial liquid
mush, the sulfide abundance reflects mainly that which
crystallized from the “trapped liquid,” after some loss of S
to degassing.
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Fig. 10 PALLADIUM model results for the crystallization and
degassing of a 1-km-thick magma column at the four model times,
from bottom to top, of 615, 1,839, 2,358, and 6,344 years. The six
columns at each time step shows, from lefi to right: (1) the weight
fraction (f) of silicate liquid (solid line), sulfide liquid (dashed line),
and vapor (heavy dotted line; the values for the latter two are defined
on the lower scale). The straight vertical light dotted line is the cotectic
sulfide mode for a sulfide-saturated magma, shown for reference. (2)
The compaction velocity of the solid matrix (solid line) and the liquid
(dashed line) in the compacting part of the mush. (3) The temperature
profile. (4) The “H,0” concentration in the bulk rock and of the liquid.
(5) The concentrations of Ni (dash—dot line), Cu (dotted line), Pd (solid

Prior to this time, degassing of the pile resulted in the
vapor-saturation front first reaching the top of the mush pile

@ Springer

line), and S (dashed line). Metal concentrations are shown relative to
starting bulk composition, whereas S is plotted relative to sulfur
concentration as sulfide liquid saturation. (6) The calculated wt.% of
pentlandite, chalcopyrite, and pyrrhotite in the sulfide assemblage. The
region labeled “mush zone” at each time step is the region of silicate
liquid + crystals; below this zone, the rocks have solidified completely
and above this zone the system is all liquid. A volatile “trap” (labeled)
initially develops at the top of the mush zone when the crystal pile is
400 m thick after ~2,100 years (not shown); at 2,358 and 6,344 years

compaction has caused this “trap” to move to a stratigraphically lower
position

when the pile was about 80—100 m thick. Vapor redissolving
into the vapor-undersaturated silicate liquid at the top of the
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pile enriches the silicate liquid in S to the point it becomes
sulfide saturated. This leads to an increase in the strongly
chalcophilic Pd such that rocks in the upper part of the mush
have concentrations about twice that of the original magma.

Sulfide abundance in the upper part of the crystal pile is a
function of three competing processes: (1) compaction,
which leads to an increase in the wt.% of immiscible sulfide
but a decrease in S-saturated silicate liquid, (2) degassing of
interstitial liquid, which leads to S-loss and a decrease in
sulfide liquid as it re-dissolves to maintain the liquid at
saturation concentrations, and (3) heat loss, which leads to
crystallization of silicate minerals, and increase in S con-
centration in the liquid and the precipitation of more sulfide
liquid. Loss of silicate liquid to compaction and solidifica-
tion leads to less and less vapor generated as a function of
depth within the mush zone (and is zero in the fully solid-
ified portion). As shown in the plot of sulfide mode and the
plot of S/Sg,; concentration, sulfide mode increases down-
ward in the upper part of the crystal mush but never reaches
the expected bulk saturation values because some sulfur is
always lost from the lower part of the pile and transported to
the top of the pile.

1,839 years At this time, the top of the crystal pile has
reached about 375 m and the mush zone is about 160 m
thick. The vapor refining of the mush zone continues, with
sulfur leached from the mush leading to sulfide saturation at
the top of the pile. Note the slight decrease in bulk Pd in the
pile as Pd-depleted liquid from the bottom of the magma
column mixes with the rest of the magma above.

2,358 years Just prior to this time, the upward-migrating
vapor has encountered the vapor “trap” which prevents the
vapor from rising higher in the column. This trap, originally
at 400 m, has moved down to ~375 m as a result of
compaction of the solid matrix. Because all sulfur and
vapor-transported metals are eventually precipitated at this
level, a pronounced peak in the concentrations of all of these
elements occurs at the trap.

6,344 years The solidification front has now moved past the
trap and the bottom of the liquid + crystal mush is now at
~525 m. Below this one can see the final metal profile in the
fully solidified rock. S and sulfide modes both above and
below the peak at the trap are always less than the expected
values for a S-saturated magma. The same is generally true
for a chalcophile element like Cu with an intermediate D
sulfide liquid/silicate liquid partition coefficient. In contrast,
Pd has a very high D sulfide liquid/silicate liquid partition
coefficient, is two to three times its initial concentration
below the trap but then falls to relative concentrations sim-
ilar to the other elements. Ni, which in the model is assumed
to be the only element that significantly partitions into the

silicate minerals host (e.g., olivine), is largely defined by
fractional crystallization of the silicate solids.

The Pd concentrations at the peak reach about 2 orders of
magnitude higher than the original magmatic concentra-
tions. This is actually reduced somewhat by an uncorrected
numerical diffusion artifact in the model that causes peaks—
which should be one node or 1 m thick—to spread across
several nodes during compaction. A visual integration of the
peak area to one node suggests an actual enrichment of
about 3 orders of magnitude. In other words, a magma
initially containing a few to several tens of ppb Pd can form
a deposit with a bulk concentration of a few to several tens
of ppm over 1 m.

A comparison of the general trends of the model profile
with that of the Bushveld Complex of Fig. 4 shows a
number of first-order similarities and differences:

(1) Modeled bulk rock sulfur distribution shows that back-
ground S concentrations are generally below expected
saturation levels, except at the trap. This is similar to
that of the Bushveld, where S below and above the
reefs of the Upper Critical Zone are generally low.
Indeed the low S concentrations of the Main Zone
generally continue the low (~100 ppm) values in much
of the Lower and Critical Zones. There is no expected
jump if the magma had become sulfide saturated at the
level of the Merensky Reef.

(2) Modeled Cu concentrations parallel S concentration
trends. Although Bushveld Cu trends are not shown
in Fig. 4, this is also observed in the Bushveld
Complex (e.g., Maier and Barnes 1999). Also, except
for a modest increase in modeled chalcopyrite mode as
a proportion of the sulfide assemblages associated with
the run-up of the degassing front near the base, chal-
copyrite mode varies only modestly with stratigraphic
position. In contrast, Ni can partition into the silicate
minerals and is depleted from the liquid as the pile
grows. This broad trend of decreasing pentlandite/chal-
copyrite mimics the trend in Bushveld sulfides up to
the Main Zone, although in the Bushveld Complex
new injections of magma can cause a more erratic
appearance of pentlandite (e.g., at the base of the
Main Zone).

(3) Incontrast to S and Cu, modeled Pt values below the trap
are about a half-order of magnitude higher than the parent
magma concentrations. This mimics the high background
Pt concentrations in the Bushveld Complex. Again, the
exception is near the base when the model degassing
front has not yet reached the top of the pile. Above the
trap, Pt concentrations drop off to lower values reflecting
the amount of trapped liquid in the final rock. Because the
model does not incorporate new influxes of magma, the
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Pt concentration does drop slightly towards the trap (ow-
ing to Pt depletion from the magma). In contrast back-
ground Pt concentrations in the Bushveld Complex
increases from the Lower Zone into the Critical Zone. If
the high Pt concentration are due to the mechanism
proposed here, this may reflect either more extensive
scavenging with height in the Bushveld (e.g., sulfide
equilibrates with a thicker magma layer above the top
of the pile) or new magma inputs that replenish the PGE,
or both.

(4) In the model, vapor is present at and below the vapor
trap, but not above. Using the CI concentration in
apatite as a proxy for the presence of fluids (e.g.,
Boudreau et al. 1986; Mathez and Webster 2005), the
Bushveld apatite shows a similar break to more F-rich
compositions above the Merensky Reef.

Conclusions

This work largely confirms the Bushveld trace sulfide distri-
bution as described by Liebenberg (1970). It expands this
earlier study by documenting evidence for high temperature
S-loss in rocks below the Merensky Reef and replacement by
magnetite. The finding of calcite as a high temperature (igne-
ous) phase was an unexpected result and has not been reported
in the Bushveld Complex before, as far as we are aware. In
regards to possible ore element mobility during solidification
and degassing, the presence of carbonates in the part of the
Bushveld stratigraphic section also characterized by Cl-rich
apatite is consistent with experimental studies (e.g., Blaine
2010) that Cl- and CO,-rich fluids can be effective at trans-
porting the PGE. Quantitative modeling of a growing and
degassing crystal mush illustrates how the stratigraphic distri-
bution of the ore elements in the Bushveld Complex could
have developed as S is continuously recycled from the interior
of the mush to the top of the crystal pile.

If one grants the possibility that PGE can be effectively
moved by such fluids, then variations in fluid composition
potentially can explain variations in the PPGE/IPGE ratio of
different deposits. For example, the PGE zones of the Lac
des Iles (e.g., Hanley and Gladney 2011 and references
therein) and the Wengeqi (e.g., Su and Lesher 2012) show
a much stronger IPGE/PPGE fractionation than do the
Bushveld or Stillwater Complexes. In the Lac Des Iles,
Hanley and Gladney (2011) have described primary
carbonic-rich fluid inclusions in pegmatoids, but also note
that they do not appear to contain appreciable Cl. This is in
contrast to fluid inclusion data from the Stillwater Complex
where carbonate-brine inclusions occur in pegmatoids be-
neath the platiniferous J-M Reef and halide inclusions occur
within olivine from the Ultramafic Series (Hanley et al.
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2008). It is suggested that Cl- and CO,-rich nature of the
Stillwater and Bushveld fluids produced much less fraction-
ation of the PPGE from the IPGE as compared with the Lac
des Iles. Future work focusing on detailed descriptions of
the trace mineral assemblages in these and other intrusions
could further elucidate their degassing history, fluid compo-
sitional evolution, and the possibility of significant remobi-
lization of the ore elements.
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