Chapter 9

Platinum-Group Element Deposits in
Layered Intrusions: Recent Advances in the
Understanding of the Ore Forming Processes

Bélinda Godel

Abstract The major deposits of platinum-group elements (PGE) of the Earth are
associated with ultramafic and mafic igneous rocks. The bulk of current PGE pro-
duction is extracted from narrow stratiform horizons referred to as reefs located
in the lower to central portions of large layered intrusions and is dominated by
the Bushveld Complex in South Africa. The PGE-mineralized horizons occur in
most case as laterally continuous and uniform layers that can extend over hundreds
of kilometres along strike. The origins of these extensive PGE-rich layers remain
controversial and subject to debate. Over the past ten years, technological develop-
ments have allowed the acquisition of multidisciplinary dataset at spatial resolution,
detection limits and precisions that were impossible to achieve in the past. The
results obtained provide additional insights into the complexity of the ores and the
variability both within and between different ore deposits and highlight the neces-
sity of adapting (for each deposit) models of formation based on all of the informa-
tion available. Models of formation of PGE-reefs need to consider and integrate the
superimposition of both physical and geochemical processes, over a range of scales
and over a wide range of temperatures.

Keywords PGE - Cumulates - Bushveld - Reef - Ultramafic

Introduction

The platinum-group elements (PGE: Pt, Pd, Ir, Os, Rh and Ru) are highly-siderophile
elements used in a range of applications including the automobile industry (e.g. au-
tocatalysts), jewellery, medicine (e.g. pacemakers, dental alloys, cancer treatments)
and the high technology sector (e.g. electric contacts and production of glass fi-
bres). Over the past ten years, the demand for PGE has continued to increase, result-
ing in a boom in mineral exploration to find new resources. Currently, most of the
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Fig. 9.1 Average world’s platinum-group elements supply by country for the period 2007-2011.
Data are extracted from Johnson—Mattheys (2011) and presented by commodity
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Fig. 9.2 World’s map showing the main economic PGE-deposits and PGE occurrences in mafic
and ultramatic rocks. The locations of PGE deposits and occurrences are extracted from the USGS
PGE-Ni—Cr deposit and occurrence bibliographic database (Causey et al. 2009)

world’s supply of PGE is provided by only few countries (Johnson-Matthey 2011):
South Africa, Zimbabwe, Russia, Canada and the U.S.A (Fig. 9.1). There are many
occurrences of PGE in the world (Fig. 9.2) with three main groups of mineralization
(Cawthorn et al. 2005; Maier 2005; Naldrett 2004) occurring as: (i) stratiform PGE
mineralization within mafic-ultramafic intrusions (referred to as “reefs”); (ii) a
by-product of major Ni—Cu sulfide deposits and; (iii) placers.

The major deposits of PGE are associated with ultramafic and mafic igneous
rocks (e.g. layered and unlayered intrusions and zoned ultramafic complexes) that
usually occur in tectonically stable arcas (Eales and Cawthorn 1996; Maier and
Groves 2011; Wager and Brown 1968). Platinum-group element mineralization has
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been identified in various rock types and stratigraphic levels in layered intrusions
of any age, size and origin (Maier 2005). However, most of the PGE resources
on Earth are currently mined from narrow stratiform reefs located in the lower to
central portions of large layered intrusions. These intrusions are Archean to early
Proterozoic in age and have parental magmas with magnesian compositions (e.g.
the Bushveld Complex in South Africa (Chap. 12), the Great Dyke in Zimbabwe
(Oberthiir 2002; Wilson and Tredoux 1990) and the Stillwater Complex in the
U.S.A (McCallum et al. 1980; Raedeke and McCallum 1984, Zientek, 2002). Other
PGE-rich zones have been observed in the upper portions of layered intrusions and
are associated with sulfur-poor and Fe—Ti-rich rocks (e.g. Skaergaard intrusion in
West Greenland (Andersen et al. 1998; Nielsen 2001), the Stella intrusion in South-
Africa (Maier et al. 2003), the Rio Jacaré intrusion in Brazil (Sa et al. 2005), the
Rincon del Tigre in Bolivia (Prendergast 2000), the Sonju Lake intrusion in the
Duluth Complex in the U.S.A (Miller et al. 2002) or the Kotelainen intrusion in
Finland (Mutanen 1997)). Platinum-group element mineralization observed in the
upper part of the intrusion is in most cases uneconomic with only a few exceptions
(e.g. the Stella and the Skaergaard intrusions). Significant PGE mineralization is
also observed in poorly-layered (e.g. Noril’sk—Talnakh in Russia, (Arndt et al.
2005)) or unlayered intrusions (e.g. the Lac des Iles intrusion in Canada (Lavigne
and Michaud 2001)).

Several schools of thoughts for the origin of PGE mineralization in layered
intrusions have emerged over the years, with some authors suggesting that: (i) the
PGE crystallize directly from the magma in the form of platinum-group miner-
als (PGM) that accumulate on the crystal pile (Hiemstra 1979); (ii) the PGE were
collected by a sulfide liquid that segregated from the magma and accumulated on
the cumulate pile (Campbell and Naldrett 1979; Campbell et al. 1983; Naldrett et al.
1986); or (iii) the PGE were collected by a fluid migrating upwards through the
cumulate pile during compaction (Boudreau 1999; Boudreau 2008; Boudreau and
Mc Callum 1992b; Willmore et al. 2000). Although research on the PGE deposits
has increased in the past twenty years, the processes that controlled the PGE enrich-
ment in layered intrusions remain controversial and vigorously debated as none
of the models named above have successfully explained the structure, petrology,
geochemistry and mineralogy of the PGE-rich horizons (e.g. Cawthorn et al. 2005;
Mungall and Naldrett 2008).

Recent technological developments (e.g. laser ablation inductively coupled mass
spectrometry (LA-ICP-MS), high-resolution X-ray computed tomography, iso-
tope-ratio mass spectrometers, or automated scanning-electron microscope) have
allowed the acquisition of multi-disciplinary datasets at spatial resolution, detection
limits and precisions that were impossible to achieve in the past. These new results
have provided additional insight into the genesis of the PGE deposits. This contri-
bution presents short descriptions of selected layered intrusions hosting significant
PGE mineralization and reviews the main type of PGE deposits observed. This is
followed by a discussion on the residency of PGE in the rocks and the processes that
may occur during ore genesis, from the partial melting of the Earth’s mantle to the
post-cumulus redistribution of the PGE.



382 B. Godel

Geology of Selected Layered Intrusions

Current production and future reserves of Pt, Pd and Rh are overwhelmingly domi-
nated by deposits associated with the Bushveld Complex in South Africa (Fig. 9.1).
Consequently, a large proportion of the research effort in the last ten years has been
undertaken to provide additional insights into the genesis of economic PGE-reefs fo-
cussed on the Bushveld Complex. In comparison, a relatively limited number of stud-
ies published in the literature have focussed on the genesis of other significant PGE-
deposits hosted within layered intrusions (e.g. the Great Dyke, the Stillwater Complex,
the Penikat or the Skaergaard intrusions). The geology and the petrography of these
intrusions are summarized below to provide a basis for the descriptions of mineraliza-
tion types and characteristics of PGE reefs occurring in these layered intrusions.

Bushveld Complex

The Bushveld Complex in South-Africa (Eales and Cawthorn 1996; Chap. 12;
Wager and Brown 1968) was intruded at 2057. 7+ 1.6 Ma (Olsson et al. 2010) into
the Kaapvaal craton subparallel to the sedimentary layering of the Transvaal Su-
pergroup (Fig. 9.3). It is by far the largest layered intrusion in the world (Eales and
Cawthorn 1996) and extends over 450 km east-west and 350 km north-south. The
ultramafic and mafic rocks of the Bushveld Complex are referred as the Rustenburg
Layered Suite (South African Committee For Stratigraphy 1980). The 6.5-8.7 km
thick Rustenburg Layered Suite has undergone little deformation or metamorphism
after its solidification (Eales et al. 1993). It comprises four outcropping areas re-
ferred to as limbs (Fig. 9.3): the western limb, eastern limb, the far western limb,
the northern limb. A fifth limb (referred to as “the Bethal limb”, in the south crops
out as a small inlier of granophyre and comprises only Upper Zone stratigraphy
that is covered by Karoo sediments (Buchanan 1979; Kruger 2005). Seismic and
gravity data suggested that the Eastern and Western Limbs originally formed a con-
tinuous intrusion (Cawthorn and Webb 2001; Cole et al. 2014; Webb et al. 2004).
The northern limb is separated from the other limbs by the Thabazimbi—Murchi-
son regional fault zone that formed around 2.9 Ga and is a terrane boundary that
separates the southern Archean crust and lithospheric mantle of the Kaapvaal Shield
from the Pietersburg Block to the north (McDonald and Holwell 2011 and refer-
ences therein). The ultramafic and mafic rocks of the Rustenburg Layered Suite
have been sub-divided on the basis of cumulus mineral assemblages into five major
zones (South African Committee for Stratigraphy, 1980): the Marginal zone mainly
formed of fine-grained norite; the Lower Zone consisting of cyclic units of orthopy-
roxenite, minor harzburgite, and minor chromitite); the Critical Zone formed by
pyroxenite, norite, anorthosite and chromitite; the Main Zone consisting mainly of
gabbronorite and; the Upper Zone formed by anorthosite, diorite and magnetitite
(Fig. 9.3 and Fig. 9.4). Although there are a number of layers enriched in PGE
within the intrusion (Barnes and Maier 2002a; Naldrett 2004) only three are suf-
ficiently enriched in PGE, and continuous enough, to be called reefs: the Upper
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Fig. 9.3 Simplified geological map of the Bushveld Complex (South Africa) and stratigraphy of
the Rustenburg Layered Suite. The geological map is adapted from Von Gruenewaldt 1979 and
the stratigraphy for the Eastern and Western Limbs are modified after Cawthorn et al. ((2005). LZ
Lower Zone; CZ Critical Zone, MZ Main Zone; UZ Upper Critical Zone; Px pyroxenite, Hz harz-
burgite; No Norite; Gn gabbronorite; 4D Apatite Diorite

Group Chromitite 2 (UG-2), the Merensky Reef, and the Platreef (Fig. 9.3). These
reefs represent the world’s three largest PGE horizons (Cawthorn 1999; Naldrett
2011; Naldrett et al. 2011a). The Platreef is situated at the base of the intrusion in the
Northern Limb. In contrast, the UG-2 chromitite and the Merensky Reef are located
in the upper part of the Critical Zone some 2 km above the base of the intrusion and
crop out both in the Western and Eastern Limbs (Fig. 9.3).

Stillwater Complex

The 2705+/— 4 Ma old (Premo et al. 1990) Stillwater Complex is a layered ul-
tramafic to mafic intrusion that is located in southwestern Montana in the U.S.A.
(Fig. 9.5). The base of the Stillwater complex is in contact with middle to late Ar-
chean metasedimentary rocks, whereas the uppermost part of the complex is uncon-
formably overlain by Phanerozoic sedimentary rocks. The original size of the com-
plex is unknown as only a part (~44 km along its WNW strike length and ~6 km in
thickness) of the complex is exposed along the Beartooth uplift (Page and Zientek
1985). Detailed descriptions of the petrography and stratigraphy of the complex
were provided by Zientek et al. (2002 and references therein). To summarise, the
layered rocks of the complex have been divided into five series (Fig. 9.5), from
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Fig. 9.4 Photographs of field exposures showing different lithologies from the Bushveld Complex
in South Africa, modified after Godel (2007). a View of lithological variations from the floor rocks
to the Upper Critical Zone in the Olifants River Trough in the Eastern Limb of the Bushveld Com-
plex. This section is referred to as the “Cameron section”. b Field exposure of the UG1 chromitite
layers and interlayered plagioclase-rich rocks (Upper Critical Zone) at Dwars River, Eastern Limb
of the Bushveld Complex. ¢ Field exposure showing the contact between the Lower and the Upper
Critical Zones (“Cameron Section”) with pyroxenite overlain by a thin layer of undulating chro-
mitite overlain by anorthosite. d and e Examples of field outcrop of Merensky Reef in the Eastern
Limb of the Bushveld Complex

bottom to top (Barnes and Naldrett 1986; McCallum et al. 1980; Page and Zientek
1985; Zientek et al. 1985): the Basal series consists of norites and bronzitites which
contain minor amounts of base-metal sulfide minerals; the Ultramafic series is
formed essentially of harzburgite and bronzitite, with minor chromite seams; the
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Fig. 9.5 Simplified geological map and stratigraphy of the Stillwater Complex (Montana). The

geological map and the stratigraphy are modified after Zientek et al. (2002, 1985)
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Lower, Middle, and Upper Banded series contain mainly norite, gabbronorite, ol-
ivine gabbronorite, troctolite and anorthosite. Several layers enriched in PGE are
hosted within the complex, amongst them the Johns-Manville Reef (J-M Reef) and
the Picket Pin deposit (Fig. 9.5). In contrast to the Bushveld Complex, the complex
has been affected by several metamorphic and/or hydrothermal processes which
have triggered alteration of the silicate and the sulfide minerals (Czamanske and
Loferski 1996; Godel and Barnes 2008a; Godel and Barnes 2008b; Lechler et al.
2002; Page 1976; Polovina et al. 2004). The alteration commonly observed in the
Stillwater Complex may notably be related to: (i) the initial crystallisation or cool-
ing of the complex; (ii) the intrusion of quartz monzonite near the base of the com-
plex (Nunes and Tilton 1971); (iii) the intrusion of mafic dikes and sills that crosscut
the complex (Czamanske and Zientek 1985); (iv) greenschist facies metamorphism
at 1.7 to 1.6 Ga (Nunes and Tilton 1971; Page 1977) or (v) the Creteaceous Rocky
Mountains Laramide uplift (Polovina et al. 2004).

Great Dyke

The Great Dyke is a linear layered mafic-ultramafic intrusion that cuts across the
Archean and early Proterozoic granites and greenstone belts of the Zimbabwe cra-
ton (Fig. 9.6). The 2575.4+0.7 Ma Great Dyke (Oberthiir et al. 2002) has a highly
elongated shape that makes it distinctly different to other large layered intrusion
hosting PGE deposits such as the Bushveld and the Stillwater Complexes (Fig. 9.6).
The Great Dyke is after the Bushveld Complex, the second largest single resource
of PGE on Earth. The Great Dyke aligns along ~550 km in the NNE direction
and is ~11 km wide (Worst 1960). It was emplaced as a series of initially isolated
magma chambers that became linked at their highest levels during later stages of
intrusion. The presence of satellite dykes located parallel to the intrusion are inter-
preted to reflect craton wide fractures that controlled the emplacement of the Great
Dyke (Wilson and Prendergast 1989). The aspect ratio of the intrusion profoundly
affected the rock types, layering style, the mineral composition and the mineralized
ore bodies (Wilson 1996). Magma chambers and sub-chambers have been defined
based on the style and continuity of the layering and the structure and comprise
(Fig. 9.6) the North Chamber (subdivided into the Musengeiz, Darwendale and Se-
bakwe Subchambers) and the South Chambers (subdivided into the Selukwe and
Wedza Subchambers). The Great Dyke stratigraphy (Fig. 9.6) is formally subdivid-
ed into a lower Ultramafic Sequence and an upper Mafic Sequence. The dynamic
interplay between magma emplacement and crystallization gave rise to the succes-
sion of cyclic units within the Ultramafic Sequence (Wilson 1982). These cyclic
units (Fig. 9.6) consist in the top of the sequence of a lower dunite or harzburgite
layer overlain by a pyroxenite layer whereas, in the lower part the cyclic units are
defined by chromitite layers intercalated within dunite (Wilson 1982). The PGE-
mineralized zones (Oberthiir 2011) are associated with the uppermost portion of the
Ultramafic Sequence and those associated with sulfides represent by far the most
important PGE concentrations (e.g. the Main Sulfide Zone).
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Fig. 9.6 Simplified geological map and stratigraphy of the Great Dyke of Zimbabwe. The geolog-
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Penikat Intrusion

The 2440 Ma old (Alapieti and Lahtinen 1986) Penikat intrusion belongs to a group
of intrusions forming the 300 km long Tornio—Nardnkévaara Belt that extends from
east Sweden to south-west Finland. The Penikat intrusion is located ~70 km south
of the Arctic Circle on the northern side of the Gulf of Bothnia (Fig. 9.7). The
original shape of the intrusion is uncertain but its present surface is ~23 km long
and 1.5 to 3.5 km wide. The original intrusion has been fragmented into five blocks
(referred to as Sompujarvi, Kilka, Yli-Penikka, Keski-Penikka, and Ala-Penikka
blocks, Fig. 9.7) during the Svecokarelidic orogeny. The mafic Loljunmaa Dyke
located east of the Kilka block is co-magmatic to the intrusion and may repre-
sent a part of its feeder channel. The intrusion has been divided into three main
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Fig. 9.7 Simplified geological map and stratigraphy of the Penikat intrusion. The geological map
is modified after Alapieti and Lahtinen (1986) and the stratigraphy is modified after Halkoaho
etal. (1990)

units: the Marginal series, the Layered series and the granophyres (Alapieti and
Lahtinen 1986). The Layered series consists of cyclic units of ultramafic, gabbroic,
and anorthositic rocks which have further been divided, based on the variation in
occurrence of cumulus minerals, into five megacyclic units referred to as Mega-
cyclic Unit I to V (Fig. 9.7), from base to top. The basal units (Megacyclic units
I to IIT) consist mainly of ultramafic rocks with minor mafic rocks where the up-
per units (Megacyclic units IV and V) are mainly formed by mafic rocks with mi-
nor ultramafic rocks (Alapieti and Lahtinen 2002). The PGE-rich mineralization is
found in three distinct layers (SJ, AP and PV reefs) within the Megacyclic unit [V
consisting, from bottom to top, of a 10 to 20 m thick layer of ultramafic cumulates
overlain by a thick sequence of gabbroic and anorthositic cumulates (Alapieti and
Lahtinen 1986). The Penikat Intrusion underwent complex deformation and meta-
morphism during the Svecokarelian Orogeny resulting in pervasive alteration of
the cumulate rocks (Alapieti and Halkoaho 1995). The majority of the magmatic
minerals have been altered to varying extents however augite grains are relatively
well preserved (Alapieti and Halkoaho 1995).
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Skaergaard Intrusion

The 55.65+0.3 Ma old (Hirschmann et al. 1997) Skaergaard Intrusion in East
Greenland formed during the continental break up in the North Atlantic and was
emplaced within the Tertiary East Greenland plateau basalts (Nielsen 1975). The
intrusion is in a plan view ~11 km long and ~8 km wide (Fig. 9.8). The intrusion
was originally interpreted to have formed by single event of magma injection into
a magma chamber that crystallized and fractionated under generally closed-system
conditions (McBirney 1996; Wager and Brown 1968). Holness et al. (2007) showed
that several pulses of tholeitic magmas were involved in the formation of the Skaer-
gaard Intrusions and that intrusion cooled in a closed system after the magmas had
homogenised into the chamber. The internal structure of the intrusion is divided
into three series: the Layered Series (LS), the Marginal Border Series (MBS) and
the Upper Border Series (UBS). Details of the stratigraphy, petrography and geo-
chemistry of the intrusion are detailed in Tegner et al. (this volume) and are not
repeated here. Palladium and gold mineralization are observed in the uppermost
past (~ 100 m) of the Middle Zone (Andersen et al. 1998; Holwell and Keays 2014;
Nielsen 2001). This stratiform group of layers rich in Pd and Au is referred to as the
Platinova Reef (Bird et al. 1991).

Characteristics of the Different Deposit Types

Platinum-group element mineralization classification have mainly been proposed
based on the types of parental magmas from which the rocks crystallized (Naldrett
2004) or based on the stratigraphic setting of the mineralization and the rock types
they are associated with (Maier 2005; Maier et al. 2013). Based on a simplified
version of Maier’s (2005) classification, the PGE-deposits associated with layered
intrusions can mainly be classified into: (i) “Contact-type” PGE mineralization;
(i) PGE-mineralization associated with large chromitite layers at or near the base
of macrorhythmic cycles; (iii) PGE-mineralization located in the lower- to middle
part of layered intrusions and; (iv) PGE-mineralization located in the upper part of
layered intrusions and associated with Fe—Ti oxide-rich rocks (Fig. 9.9).

“Contact-Type” PGE-Mineralization

The “contact-type” PGE mineralization owes its name to its location at or near
the base or the sidewall of layered intrusions (Fig. 9.9). The mineralized zones are
characterised by the presence of disseminated to massive base metal sulfides. De-
posits of this type comprise the Platreef of the Bushveld Complex in South Africa
(McDonald and Holwell 2011 and references therein) layered intrusions in north-
ern Finland such as the Portimo complex (Alapieti and Lahtinen 2002), and the
Feodorov-Panski instrusion in Russia (Dubrovsky and Rundqvist 2009). Typically,
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Fig. 9.9 Schematic diagram showing the location of selected PGE-horizons in ultramafic-mafic
layered intrusions. The figure is modified after Maier (2005)

the sulfide abundances are higher than other PGE reef types with proportions com-
monly averaging 5 to 10 volume percent. The sulfides are in most cases associated
with hetereogeneous mafic rocks and less commonly with ultramafic rocks except
for the Platreef. The textures of the host rocks vary widely in terms of mineral abun-
dances and crystal size and are referred to as “taxitic” or “variably textured” rocks.
Xenoliths of the country rocks and veins of felsic rocks are commonly observed.
Although the base metal sulfides are more abundant, the platinum-group elements
tenors are usually lower (typically in the order of 10’s ppm combined PGE) than
those observed in reefs located in the middle portion of the intrusions.

The Platreef of the Bushveld Complex (due to its large size and attractive metal
tenors) is currently the only contact-type PGE mineralization mined. The Platreef
is defined as “a lithologically variable unit dominated by pyroxenite, which is ir-
regularly mineralized with PGE, Cu and Ni, between the Transvaal metasedimentary
footwall or the Archean basement and the overlying Main Zone gabbronorite” (Kin-
naird et al. 2005; Manyeruke et al. 2005; McDonald and Holwell 2011; Yudovskaya
et al. 2012). The mineralization is hosted within vari-textured pyroxenites, norites
and gabbros with rare peridotites and chromitites. The reef thickness (10 to 400 m
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thick) varies from south to north with largest thickness observed in the south. Its
overall geometry appears to be controlled by irregular floor topology. The mineral-
ized zone is relatively enriched in sulfur compared to other PGE-reef deposit. Sulfide
minerals may reach >30 modal percent over several meters in some intersections.
The sulfides are mainly composed of pyrrhotite, with lesser amounts of pentlandite,
chalcopyrite and minor pyrite. The massive sulfides are mostly localized towards the
contact with metasedimentary rocks of the footwall. Disseminated to net-textured
sulfides are associated with intergranular plagioclase or quartz feldspar symplectites
and observed as interstitial phases between rounded orthopyroxenes. The Platreef
(Fig. 9.10) differs from the UG2 chromitite and the Merensky Reef in terms of thick-
ness (from few centimetres to several tens of meters), PGE grade (lower, ~3 ppm
Pt + Pd + Rh), Pt/Pd ratios vary from 0.2 to 1 and higher Cu and Ni (0.1-0.25%
and 0.15-0.36 %, respectively). The cumulate rocks of the Platreef are enriched in
incompatible trace elements and have compositions distinct from the cumulate rocks
from the Bushveld Complex. The rocks are also enriched in initial Sr, eNd and yOs
isotopes and exhibit heavy S isotopic signatures suggesting crustal contamination
(Barnes and Maier 2002a; Holwell et al. 2007; Penniston-Dorland et al. 2008). Re-
cent, multi-sulfur isotope analysis (Sharman et al. 2013) indicated that a restricted
stratigraphic horizon in the Platreef footwall (the Duitschland formation) contributed
to the crustal sulfur isotopic signature of the ore. The addition of crustal sulfur lead
to an apparent dilution of pre-existing PGE-rich sulfide melt (Sharman et al. 2013).

PGE-Mineralization Associated With Large Chromitite Layers

The enrichment of chromitites in Ir, Os and Ru (referred to as IPGE) is almost uni-
versal whereas enrichment in the other PGE, Pt, Pd and Rh (referred to as PPGE)
are rarer. Chromitite layers observed in layered intrusions are usually enriched in all
PGE compared to their silicate hosts (Hiemstra 1979; Lee and Parry 1988; Naldrett
et al. 2011b; Teigler and Eales 1993; Von Gruenewaldt 1986). Another example is
the sub-economic Panton Sill in Western Australia (Fig. 9.2). All chromitite layers
of the Bushveld Complex are enriched in PGE with concentrations varying from
0.1 to 40 ppm. However, to date only one layer is currently of grade sufficient to be
mined, the UG-2 chromitite. It is the second stratiform chromitite layer within the
upper group of chromitite layers (Upper Critical Zone). The UG-2 sequence (60 to
120 cm thick) consists of thick chromitite overlying a pegmatoidal feldspathic py-
roxenite and, more rarely anorthosite that extends over several hundred kilometres
of strike length (Davey 1992). The chromite content varies between 60 to 90 modal
percent with Cr/Fe ratios of the chromites ranging from 1.26 to 1.4 (Lee 1996 and
references therein; Mondal and Mathez 2007; Naldrett et al. 2011b). The UG-2
contains major PGE-mineralization that represents the largest PGE resource in the
world (Cawthorn et al. 2005; Lee 1996; Mungall and Naldrett 2008). The PGE
concentrations average 5 ppm with zones hosting up to 10 ppm (Gain 1985; Hiem-
stra 1986; Maier and Barnes 2008; McLaren and De Villiers 1982; Naldrett et al.
2011b; Von Gruenewaldt 1986). The PGE (Figs. 9.10 and 9.11) tend to be more
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Fig. 9.10 Whole-rock base-metal and platinum-group element concentrations from various PGE
deposits represented as mantle-normalized spectras a Base-metal and platinum-group element
concentrations of chromitite layers in the Merensky Reef (Lower and Upper chromitites) and the
UGQG?2 chromitite. The data are extracted from Godel et al. (2007), Maier and Barnes (2008), Barnes
and Maier (2002b). b Base-metal and platinum-group element concentrations of coarse-grained
(i.e pegmatoidal) melanorite and melanorite from the Merensky Reef. The data are extracted
from Godel et al. (2007), Barnes and Maier (2002b), Naldrett et al. (2009b) and Osbahr et al.
(2013). ¢ Base-metal and platinum-group element concentrations of pyroxenite from various
localities within the Platreef. The data are extracted from Holwell and McDonald (2006, 2007)
and Manyeruke et al. (2005). d Base-metal and platinum-group element concentrations across the
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Fig. 9.11 Stratigraphic variation of sulfur, PGE and base-metal concentration across the UG2
chromitite layer. The data are extracted from Maier and Barnes (2008). Chr chromitite; Peg Px
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concentrated towards the base and the upper contact of the layer (Maier and Barnes
2008; Von Gruenewaldt 1986). The sulfur concentration within the chromitite is
less than 0.1 weight percent in most cases (Barnes et al. 2009; Maier and Barnes
2008) with exceptional sulfide abundance of up to 2.5 volume percent observed the
Messina Mine (Von Gruenewaldt et al. 1990). Cawthorn et al. (2005) reported that
the Pt/Pd ratios are significantly different from the Eastern to the Western Limb.
However, no systematic variations in Pt/Pd ratios have been observed between the
Northwest and Eastern Limbs (Naldrett et al. 2011b).

Main Sulfide Zone of the Great Dyke. The data are extracted from Wilson and Prendergast (2001).
e Base-metal and platinum-group element concentrations in mineralized horizons from the Penikat
intrusion in Finland. The data are extracted from Alapieti and Lahtinen (2002). f Base-metal and
platinum-group element concentrations in the JM-Reef of the Stillwater Complex. The data are
extracted from Godel and Barnes (2008b) and Barnes and Naldrett (1986). The coloured areas
represent the range of concentrations observed. The concentrations have been normalized to the
primitive mantle values from McDonough and Sun (McDonough and Sun 1995)
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PGE-Reef Types Located in the Lower to Middle Parts of Layered
Intrusions

Platinum-group element rich mineralization may occur in the lower part (<1000 m
above the base) of layered intrusions. Deposits of this type are usually characterized
by the presence of tens to hundreds of meters of disseminated base metal sulfides
with sulfide abundances usually less than 5 volume percent. The base metal sulfides
(in most case pyrrhotite, pentlandite and chalcopyrite) are hosted within peridotites
and pyroxenites. Deposits of this type include the Santa Rita zone within the Mirabe-
la intrusion (Barnes et al. 2011), the Kevitsa intrusion in Finland, and the Kapalagulu
intrusion in Tanzania (Maier et al. 2008), and tend to have low PGE tenors. Platinum-
group element mineralization observed higher (~1 to 2 km) in the stratigraphy are
also characterized by the presence of disseminated base-metal sulfides (<5 volume
percent). The PGE reefs usually occur in stratigraphic intervals where lithological
and compositional changes occurred and where interlayering of ultramafic and mafic
rocks is present (Barnes and Maier 2002a; Cawthorn et al. 2005). The host rocks may
have various compositions from harzburgite, pyroxenite, troctolite, norite or anor-
thosite. Deposits of this type include the Merensky Reef of the Bushveld Complex,
the JM Reef of the Stillwater Complex, the Main Sulfide Zone in the Great Dyke of
Zimbabwe and the PGE reefs of the Penikat intrusion described below.

The Main Sulfide Zone of the Great Dyke

The Great Dyke of Zimbabwe hosts the world’s second largest reserve of PGE
(Oberthiir 2011). The principal PGE resources of the Great Dyke are located in
the Main Sulfide Zone (MSZ) and the Lower Sulfide Zone (LSZ) hosted within
the P1 Pyroxenite of the uppermost Ultramafic Cyclic Unit (Fig. 9.6). The MSZ
contains a higher abundance of sulfide and PGE than the LSZ and represent, by
far the main PGE resource of the Great Dyke. The large majority of PGE resource
(~75%) found in the MSZ is located in the Sebakwe and Darwendale Subcham-
bers (Oberthiir 2011). The PGE mineralization occurs in a narrow (1 to 2 m thick)
zone towards the top of the ultramafic sequence. Disseminated base-metal sulfides
composed of intergrowths of pyrrhotite, pentlandite, chalcopyrite and minor py-
rite are hosted within mesocumulates composed mainly of orthopyroxene, augite,
plagioclase, biotite, alkali feldspar and quartz (Wilson and Prendergast 2001). The
base-metal sulfides represent 0.5 to 10 volume percent of the rock and occur as
elongated blebs interstitial to silicate minerals. The MSZ is characterized by a par-
ticular distribution of the base-metal sulfide and the PGE referred to as “offset” reef
in which the peaks both the Pt and Pd concentrations and the PGE and base metal
sulfides are separated from each other stratigraphically (Fig. 9.12). The PGE miner-
alization has been defined into two main subzones with a lower Pd-rich (i.e Pd > Pt)
and an upper Pt-rich (i.e. Pt > Pd) subzones. The average PGE concentrations from
various localities are presented in Fig. 9.10. Recent studies have shown that a large
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proportion of Pd and Rh are hosted in pentlandite whereas Pt is dominantly present
in the form of platinum-group minerals (Oberthiir 2011).

Merensky Reef of the Bushveld Complex

The Merensky Reef is a narrow PGE reef that constitutes, after the UG-2 chro-
mitite, the second largest PGE resource in the world. It occurs 15 to 400 m above
the UG-2 chromitite (Lee 1996). The Merensky Reef lies at the base of a specific
and very laterally persistent cyclic unit that contains thin basal chromitite layers
(Vermaak 1976). The base of the Merensky Reef was used by some workers to
define the boundary between the Upper Critical Zone and the Main Zone (Kruger
2005). The PGE- mineralization and the vertical succession are variable depending
on the localities considered but are consistent across the entire intrusion in compris-
ing a package of thin chromite stringers and locally pegmatoidal orthocumulate
orthopyroxenite overlain by norite (Cawthorn 2002; Naldrett et al. 2009b; Viljoen
1999). Details of all the different reef types are presented in several studies (Kinloch
1982; Naldrett et al. 2009b; Viljoen 1999) and are not detailed in this contribution.
The mineralized zone has a thickness that rarely exceeds 1 m with average PGE
concentrations varying from 5 to 10 ppm and Pd/Pt ratios of ~0.6 (Barnes and
Maier 2002b; Cawthorn et al. 2005; Godel et al. 2007; Naldrett et al. 2009b; Wilson
and Chunnett 2006). The so-called “normal” Merensky Reef (Fig. 9.13) consists,
from the bottom upwards of (Barnes and Maier 2002b; Godel et al. 2006; Godel
et al. 2008b; Naldrett et al. 2009b; Vukmanovic et al. 2013): (i) a footwall anor-
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Fig. 9.13 Typical normal Merensky Reef, Rustenburg Platinum Mine, Western Limb of the Bush-
veld Complex. Modified after Godel (2007)

thosite, pyroxenite or norite; (ii) a lower layer of chromitite that undulates at the
centimetre scale and ranges from 2 to >40 mm in thickness containing euhedral to
amoeiboidal chromite crystals; (iii) a coarse-grained melanorite of varying thick-
ness (from few centimetres to 10 m), with in some areas harzburgite and dunite;
(iv) a thin (2 to 15 mm thick) upper chromitite layer containing euhedral chro-
mite crystals overlain by (v) melanorite of thickness varying from 30 to 225 cm.
Sulfide mineral proportions vary from 0.5 volume percent (in the chromitite lay-
ers) up to 10 volume percent in localized areas above the lower chromitite with
average sulfide abundance of 3 volume percent over the reef (Barnes and Maier
2002b; Godel et al. 2007; Godel et al. 2008; Naldrett et al. 2009b). X-ray com-
puted tomography and 3D image analysis reveal that in the pyroxenite, the sulfides
are located at the boundaries of pyroxene and plagioclase crystals and form up to
10 cm interconnected networks. The sulfide networks fill paleovertical dilatancies
formed during compaction, which facilitated the downward migration of sulfide
liquid in the cumulate (Godel et al. 2006). These sulfide networks stop at the level
of underlying chromitite layers where changes in sulfide wettability occur. The PGE
concentrations are higher in the chromitite layers, vary at the centimetre scale and
can reach locally 15 ppm total PGE (Figs. 9.14 and 9.10). Within both chromitite
layers, high-resolution X-ray computed tomography combined with 3D quantitative
image analysis and mineralogical analysis indicates that platinum group minerals
occupy preferential sites at triple points between chromite, sulfide and silicate min-
erals at the edges of sulfide blebs (Godel et al. 2010). This observation implies that
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Fig. 9.14 Stratigraphic variation of sulfur, PGE and base-metal concentration across the Meren-
sky at the Impala and Rustenburg Platinum Mines. The data from Impala Mine are extracted from
Barnes and Maier (2002b) and the data from the Rustenburg Pt Mine are from Godel et al. (2007).
LC lower chromitite; CGM coarse-grained melanorite; UC upper chromitite and M melanorite

platinum-group minerals nucleated in preferred sites subsequent to accumulation of
the sulfide droplets (Godel et al. 2010).

J-M Reef of the Stillwater Complex

The Johns-Manville (J-M) Reef is the main PGE-rich layer within the complex
and it is hosted within troctolite, olivine gabbronorite or anorthosite of the olivine-
bearing cumulate zone I (OB-1) within the Lower Banded Series (Barnes and Nal-
drett 1986; Todd et al. 1982; Turner et al. 1985; Zientek et al. 2002 and references
therein). Disseminated base metal sulfides (pyrrhotite, pentlandite, chalcopyrite and
minor pyrite) locally represent 0.5 up to 5% by volume of the rock and form sulfide
networks interconnected over distances of few centimetres. Where the cumulate
rocks have been altered, secondary silicates (mainly chlorite, tremolite and actino-
lite) are closely associated with the sulfides, forming alteration haloes around them.
In the altered olivine gabbronorite, the sulfides are altered to secondary magnetite
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that form corona around the sulfides. Secondary chalcopyrite is also present and is
associated with secondary silicates. The J-M Reef has the highest average Pt + Pd
grade (~18 ppm with an average Pd Pt ratio of 3) of all known PGE ore deposits
(Zientek et al. 2002). The whole-rock concentration of Pd and Pt can reach values
of several hundred ppm (Fig. 9.10) at the hand sample scale (Barnes and Naldrett
1986; Godel and Barnes 2008a; Godel and Barnes 2008b; Keays et al. 2012; Zien-
tek et al. 2002). The Pd/Pt ratios are independent of the host rock type.

The SJ, AP and PV Reefs of the Penikat Intrusion

The Sompujarvi Reef (referred to as SJ Reef) is located in the basal part of the
Megacyclic Unit IV and is characterized by extremely low sulfide abundance and
high PGE concentrations (up to tens of ppm PGE) associated with finely dissemi-
nated sulfides and chromite (Halkoaho et al. 1990). The Ala-Penikka Reefs (re-
ferred to as AP I and II Reefs) are observed ~ 200 to 400 m above the base of the
Megacyclic Unit IV in the basal bronzitic portion and consist of narrow (0.4 to 1 m
thick) PGE-rich mineralization associated with disseminated sulfides (4 volume
percent). The AP I Reef is 2—70 cm thick and contains heterogeneous PGE con-
centrations associated with disseminated sulfides. The AP II Reef is found above
the AP I Reef and exhibits similar characteristics. The Paasivaara Reef (referred
to as PV Reef) is located at the transition between the Megacyclic Units IV and V
(~700-1000 m above the AP Reefs) and is hosted within anorthosite (Alapieti and
Lahtinen 1986; Huhtelin et al. 1990). Similarly to other reefs at Penikat, the PV
PGE-mineralized zone is erratic in thickness and PGE concentration but contain
the highest Pt/Pd ratios of all the reefs observed in the intrusion (Fig. 9.10). The
PGE are associated with disseminated sulfides in the PV Reef (Alapieti and La-
htinen 1986; Huhtelin et al. 1990).

PGE Reef Types in the Upper Parts of Layered Intrusions

Occurrence of platinum-group element and gold mineralization have been described
in the upper portion of layered intrusions (e.g. the Skaergaard Intrusion in west
Greenland (Andersen et al. 1998), the Rio Jacaré complex in Brazil (Sa et al. 2005),
the Sonju Lake and Birch Lakes intrusions in the Duluth complex in the U.S.A.
(Miller et al. 2002), the Rincon del Tigre intrusion in Bolivia (Prendergast 2000),
the Stella intrusion in South Africa (Maier et al. 2003), or the Kotalainen intrusion
in Finland (Mutanen 1997)). In contrast to the other PGE-types, the mineraliza-
tion is often hosted in gabbro-diorite and Fe—(Ti) oxide-rich layers. The deposits
are relatively enriched in Cu, Pd, Au and Pt with considerably smaller Ru, Ir, Os
concentrations. This is illustrated by the large Pd/Ir and Cu, Ni ratios of the rocks
(e.g. average Pd/Ir ratios of ~ 150 and 250 for and Cu/Ni ratios of 2.45 and 3.122
for the Rio Jacaré and Stella intrusions, respectively. In most of the intrusions, the
PGE grades are too low (typically 0.5 to 2 ppm) to be economic. The Skaergaard
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and Stella intrusions contain higher grades (ca. 5 to 15 ppm) over thin interval and
feasibility studies are under way potentially to mine the PGE and Au.

The Platinova Reef'is associated with tens-of-meter scale modal layers referred to
as the Triple Group, formed by oxide-rich tholeitic gabbros (Wager and Brown 1968).
The Reef occurs in repeated meter-thick layers of sulfide-poor gabbros located in
the lower part of the Triple Group consisting of three conspicuous plagioclase-rich
leuco-gabbro layers within plagioclase-pyroxene-oxide melanogabbros (Andersen
et al. 1998; Nielsen et al. 2005). The Platinova Reef is inferred from compilation
of drillcore data to comprise 8 continuous Pd-rich horizons, named from base to
top: Pd5, Pd4b, Pd4a, Pd3b, Pd3a, Pd2b, Pd2a and Pd1 (Nielsen 2001). The PGE
mineralization horizons are perfectly concordant with the layering in the host rocks
and internal variations correlate throughout the intrusion (Nielsen et al. 2005). The
number of Pd-enriched layers and the combined total PGE and Au contents increase
toward the centre of the mineralization (Andersen et al. 1998; Holwell and Keays
2014; Nielsen et al. 2005). The main PGE reef (Pd5) of the Platinova Reef is a
4-5 m (at a cut off of 0.7 ppm) thick mineralized horizon with maximal grade reach-
ing 5 ppm PGE (Nielsen et al. 2005). In contrast to other PGE reef types, the base-
metal sulfides in the Pd5 layer are entirely dominated by bornite (Cu,FeS,) with
exsolution lamellae of chalcocite (Cu,S) and digenite (Cu,S;). These Cu-sulfides
represent less than 0.05 modal percent of the samples. In 3D, the Cu-rich sulfides
(bornite + chalcocite assemblage) occur either as sub-spherical (sphericity >0.9)
globules that are mainly observed entirely enclosed within Fe—Ti oxides or as more
irregular Cu-rich sulfide blebs that are either located at the boundaries between
silicates (pyroxene or olivine) and Fe—Ti oxides or located between silicates grains
(Godel et al. 2014). More than 75 % (by volume of PGM) are associated with base-
metal sulfides. Palladium, the main element that can potentially be mined, is almost
entirely hosted by skaergaardite (PdCu) (Rudashevsky et al. 2009). Most of the
Skaergaardite (PdCu) occurs (in 3D) as globular to elongated grains found attached
to subspherical (sphericity >0.9) Cu-rich sulfide blebs enclosed within large ilmen-
ite grains (Godel et al. 2014).

Hosts of the Platinum-Group Elements

As described above, all the PGE-reefs currently mined consist of narrow mineral-
ized zones associated with based-metal sulfides disseminated within silicate and/or
chromite crystal matrices or chromitites containing trace amounts of sulfides. Over
the past ten years, multi-disciplinary studies (e.g. X-ray computed tomography,
whole-rock geochemistry, in situ mineral analysis by laser ablation ICP-MS, and
the detailed analysis of platinum-group minerals and their textural charasteristics)
have been carried out on various reefs hosted within layered intrusions. The results
of these studies have brought additional insights into the residency of the PGE in the
mineralized rocks with important implications for ore genesis.
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Oxides

Chromitites in mafic-ultramafic layered intrusions are often enriched in PGE rela-
tive to their silicate host lithologies (e.g. Great Dyke, Bushveld Complex, Rum in-
trusion). Two mechanisms have been proposed to explain the relationship between
chromite and the PGE and the Ir-group PGE (referred to as IPGE and comprising Ir,
Os and Ru) in particular: (i) the IPGE could partition into chromite crystals and be
present in solid solution or ii) the IPGE could exhibit low solubility in mafic magma
and crystallise in the form of IPGE-rich minerals or alloys during chromite crys-
tallization. The first hypothesis is based on experimental studies that have shown
that Ir, Ru, Rh and Pd could partition into spinel phases (Brenan et al. 2012; Capo-
bianco and Drake 1990; Capobianco et al. 1994; Righter et al. 2004; Sattari et al.
2002). Recently, homogeneous Ru laser ablation ICP-MS spectra in chromite from
komatiites have been interpreted as evidence of partitioning of the IPGE in solid
solution within natural chromite crystals (Locmelis et al. 2011; Pagé et al. 2012).
Several laser-ablation ICP-MS analyses have been carried out on chromite crystals
from the Merensky Reef of the Bushveld Complex (Ballhaus and Sylvester 2000;
Godel et al. 2008; Osbahr et al. 2013), and on chromite and secondary magnetite
grains of the J-M Reef of the Stillwater Complex (Godel et al. 2008), in order to
test whether the PGE partitioned into natural spinel phases in sulfide-rich PGE-reef
environments. The results of all of these studies indicate that none of the PGE are
present in detectable (i.e. in the range of 10s ppb) amounts in chromite (Fig. 9.15) or
secondary magnetite observed within the reefs. In these minerals, the PGE are only
found as discrete PGE-rich phases mainly Pt-rich in the Merensky Reef (Ballhaus
and Sylvester 2000; Godel et al. 2008; Osbahr et al. 2013), Pd-rich in the J-M Reef
(Godel and Barnes 2008a) with minor Ru, Os, Ir (probably laurite) in both cases.
Although to date no data are available for other deposit, it seems improbable that
chromite and spinel in general contribute significantly to the PGE mass balance in
PGE reefs.
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Base-Metal Sulfides

Over the past ten years, the development of laser-ablation ICP-MS allowed the de-
termination of trace element concentrations at ppb to ppm levels in base metal sul-
fides (pentlandite, pyrrhotite, chalcopyrite and pyrite) and provided a means for the
evaluation of the contribution of base-metal sulfides to the overall PGE mass bal-
ance in PGE ore deposits. A large body of data now exists on the concentrations of
PGE and semi-metals in sulfide minerals from different PGE-mineralization hosted
within layered intrusions including the Merensky Reef (Ballhaus and Sylvester
2000; Godel et al. 2007; Osbahr et al. 2013); the Platreef (Holwell and McDonald
2006; Holwell and McDonald 2007; Hutchinson and McDonald 2008) and the UG2
(Osbahr 2012) of the Bushveld Complex; the JM-Reef of the Stillwater Complex
(Godel and Barnes 2008b); the Main sulfide Zone of the Great Dyke (Barnes et al.
2008); and the AP and PV reefs of the Penikat intrusions (Barnes et al. 2008).

In the Bushveld (Merensky Reef, Platreef and UG2) and Stillwater (JM Reef)
Complexes, pentlandite is the main carrier of PGE in solid solution followed by
pyrrhotite (Fig. 9.16a—d). In contrast, in the Great Dyke (Main Sulfide Zone) and
the Penikat Intrusion (AP and PV reefs) pentlandite and pyrrhotite contain similar
amounts of PGE in solid solution (Figs. 9.16¢ and f). In all cases, chalcopyrite is al-
most entirely devoid of PGE in solid solution (Fig. 9.16). Overall, the shape of man-
tle normalized metal patterns of pentlandite (Fig. 9.17) and pyrrhotite (Fig. 9.18) are
comparable from one deposit to the other. Palladium is the principal PGE hosted in
the base-metal sulfides with concentrations in pentlandite from the JM Reef reach-
ing several weight percent (Cabri et al. 1984; Godel and Barnes 2008b; Polovina
et al. 2004) as illustrated in Fig. 9.17. The contribution of pentlandite on the Pd bud-
get in the whole-rock varies between reefs, with values reaching average of 75 %
in the Merensky Reef (Figs. 9.16a and b). Osmium, Ir, Ru and Rh concentrations
in pentlandite (and to a lesser extent pyrrhotite) are broadly similar in the different
reefs including the Merensky Reef chromitite layers and the UG2. The contribution
of base-metal sulfide to the IPGE budget is smaller in the chromitite layers (e.g.
UG?2, Fig. 9.16¢) than in sulfide-dominated PGE mineralization (Fig. 9.16). The
similarity of IPGE patterns for all the deposits suggest that the processes that lead
to the concentrations of these elements in the base-metal sulfides are comparable
and would indicate that the concentrations have not significantly been influenced
by post-magmatic processes such as alteration and metamorphism. Platinum con-
centrations in pentlandite and pyrrhotite are extremely low as illustrated by the
strong negative anomalies observed on all the mantle-normalized metal patterns
of pentlandite (Fig. 9.17) and pyrrhotite from the JM Reef (Fig. 9.18b). Only a
small proportion (<5 %) of the whole-rock Pt budget is accounted by the base-metal
sulfides. Based on the results described above, it is clear that although PGE in the
whole-rocks are correlated to their sulfur contents in most cases, base-metal sulfides
are not the main host of PGE in the rocks.
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Fig. 9.16 Average mass balance of platinum-group elements between whole-rock, base-metal
sulfides and other phases in various PGE reefs. a Merensky Reef (Western Limb of the Bushveld
Complex). The data are extracted from Godel et al. (2007) and Osbahr et al. (2013). b Merensky
Reef (Eastern Limb of the Bushveld Complex). The data are extracted from Osbahr et al. (2013). ¢
UGQG?2. The data are extracted from Osbahr (2012). d JM Reef of the Stillwater Complex. The data
are extracted from Godel and Barnes (2008b). e Main sulfide Zone of the Great Dyke. The data
are extracted from Barnes et al. (2008). f AP and PV Reefs of the Penikat intrusion. The data are
extracted from Barnes et al. (2008)

Platinum-Group Minerals

The detailed LA-ICP-MS analysis and PGE-mass balances carried out on various
deposits described above revealed that in a vast majority of cases, most of the PGE
budget in the whole rock is controlled by platinum-group minerals (Fig. 9.16). The
increased availability of scanning electron miscroscope (SEM), the development of
SEM-based automated mineral liberation analyser (SEM-MLA), high-resolution X-
ray computed tomography and image processing techniques have made it possible
to constrain the location, composition, size and textural relationships in both 2D
and 3D of the platinum-group minerals at the sample scales (Figs. 9.19 and 9.20). A
large number of recent studies have reported platinum-group mineral (PGM) analy-
ses for major PGE deposits (Barnes et al. 2008; Godel 2013; Godel and Barnes
2008a; Godel and Barnes 2008b; Godel et al. 2007; Godel et al. 2010; Holwell
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Fig. 9.17 Mantle-normalized base-metal and platinum-group element spectras of pentlandite anal-
ysed from various PGE deposits. a Pentlandite from the Merensky Reef coarse-grained melanorite
and melanorite (Godel et al. 2007; Osbahr et al. 2013) and pentlandite from the Platreef pyroxenite
(Holwell and McDonald 2007) b Pentlandite from the Lower and Upper chromitite layers from the
Merensky Reef (Godel et al. 2007) and the UG2 chromitite (Osbahr 2012). ¢ Pentlandite from the
Ap and PV Reefs of the Penikat intrusion and from the Main Sulfide Zone of the Great Dyke (Barnes
et al. 2008). d Pentlandite from the JM Reef of the Stillwater Complex (Godel and Barnes 2008b)

and McDonald 2007; Holwell et al. 2006; Locmelis et al. 2010; Oberthiir et al.
2003; Osbahr 2012; Osbahr et al. 2013; Rudashevsky et al. 2009; Rudashevsky
et al. 2004; van der Merwe et al. 2012; Yudovskaya et al. 2012). These studies
complemented the extensive literature available (e.g. Alapieti and Lahtinen 1986;
Cawthorn et al. 2002; Kingston and El-Dosuky 1982; Kinloch 1982; Kinloch and
Peyerl 1990; Lee 1996; McLaren and De Villiers 1982; Prichard et al. 2004). A wide
range of PGM has been reported in various deposits and localities around the world
(see Cabri (2002) and references therein for details) and included notably PGE-rich
sulfides, tellurides and bismuthotellurides, arsenides, antimonides or alloys. Over-
all, the PGM assemblages and their textural relationships with other phases vary
from one deposit to the other and might vary from one location to the other within
the same deposit (Figs. 9.21 and 9.22). It is out of the scope of the present contri-
bution to discuss all the details of PGM mineralogy in various deposits. The PGM
are predominantly, if not exclusively, formed at low temperatures after the PGE
have reached their present sites of accumulation within homogeneous droplets of
sulfide liquid. Hence their identities are of secondary importance in the discussion
of petrogenesis of PGE mineralization. For further information the reader is invited
to consult the references given.
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Fig. 9.18 Mantle-normalized base-metal and platinum-group element spectras of pyrrhotite anal-
ysed from various PGE deposits. a Pyrrhotite from the Merensky Reef coarse-grained melanorite
and melanorite (Godel et al. 2007; Osbahr et al. 2013) and pyrrhotite from the Platreef pyroxenite
(Holwell and McDonald 2007). b Pyrrhotite from the Lower and Upper chromitite layers from the
Merensky Reef (Godel et al. 2007) and the UG2 chromitite (Osbahr 2012). ¢ Pyrrhotite from the Ap
and PV Reefs of the Penikat intrusion and from the Main Sulfide Zone of the Great Dyke (Barnes
et al. 2008). d Pyrrhotite from the JM Reef of the Stillwater Complex (Godel and Barnes 2008b)

Ore Forming Processes

The formation of PGE ore deposits requires that the PGE be concentrated about three
to four orders of magnitude relative to Earth’s mantle and crust concentrations, and
two to three orders of magnitude over concentrations in inferred parent magmas to
reef-bearing intrusions. This is a similar degree of concentration to that involved in
other magmatic ore layers such as chromite seams and vanadiferous magnetite layers.

The PGE concentrations within a given orebody are influenced by a combination
of processes that may occur at various stages of its history during: (i) mantle melt-
ing; (ii) the magma ascent and its emplacement into the crust; (iii) the crystallization
of the magma to form a layered intrusion and; (iv) late to post-magmatic events
such as hydrothermal alteration and metamorphism. One of the main challenges
is the evaluation of the influence of each of the above factors in the control of ore
genesis. In most of the deposits, the processes are complex with superimposition of
physical and geochemical processes over a large range of temperature. The main
factors that have been considered as controlling the genesis of PGE deposits in
layered intrusion are reviewed and discussed below.
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Fig. 9.19 3D distribution of
chromite, base-metal sulfides,
platinum group mineral

and silicates inclusions in a
sample of Lower Chromitite
layer from the Merensky
Reef. The 3D distribution

of the minerals has been
determine using high-
resolution x-ray computed
tomography and dedicated
image analysis workflow.

In most case, the platinum-
group minerals are located at
the triple junction between
sulfide, chromite and silicate
minerals. A detailed descrip-
tion of the platinum-group
minerals textural relationship
with sulfides and chromite

is provided in Godel et al.
(2010). The origin of the
different chromite morpholo-
gies and silicate inclusions
are discussed in Vukmanovic
etal. (2013) 1mm
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Mantle Processes and Parental Magmas

Platinum-Group Elements in the Earth’s Mantle

Platinum-group elements concentrations in the Earth’s primitive mantle vary from
~1to 7 ppb (McDonough and Sun 1995). The PGE are typically hosted by micron-
scale base-metal sulfides and alloys that represent an extremely minor volume pro-
portion (typically less than 0.1%) of the mantle (Lorand et al. 2008b). Detailed
mineralogical investigation coupled with in situ mineral geochemistry of peridotite
samples provided information on the residency of PGE in the lithospheric mantle
(Alard et al. 2000; Lorand and Alard 2001; Lorand et al. 2008a; Lorand et al. 2008b;
Luguet et al. 2007). These studies have revealed that more than 90% of the PGE
in mantle lherzolites are hosted by base-metal sulfides. Alard et al. ((2000) iden-
tified two different populations of sulfides: (i) Fe—Ni monosulfide solid solution
(mss) observed as inclusions within olivine and (ii) Fe—Ni sulfide (pentlandite) and
Cu—Fe sulfides (chalcopyrite and cubanite) observed at olivine contact boundaries.
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ine cumulate from the JM Reef Stillwater. In 3D, the platinum-group minerals are observed either
at the contact between base-metal sulfides and silicates or in most cases in alteration haloes around
the base-metal sulfides. In that cases, the platinum-group minerals are not touching the sulfide
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Fig. 9.21 Examples of platinum-group minerals observed within the Merensky Reef, Rusten-
burg Platinum Mine (Bushveld Complex). a Backscattered electron and analysed d images show-
ing symplectites of Pt—Fe alloy and base-metal sulfide minerals (pyrrhotite) at the contact with
orthopyroxene (silicate). The image is modified from Godel et al. (2007). b Backscattered electron
and analysed e images of euhedral Pt—Fe alloy in contact with chromite, sulfide and silicate. ¢
Backscattered electron and analysed f images of Pt(+Pd) sulfide located at the contact between
sulfide and silicate
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Fig. 9.22 Examples of platinum-group minerals observed within the JM Reef, East Boulder Mine
(Stillwater Complex). a Backscattered electron and analysed d images showing the association
between Pd telluride, base metal sulfides and silicates. b Backscattered electron and analysed e
images showing the complex associated between base-metal sulfide, Pt-Fe alloy and secondary
magnetite. The primary Pt—Fe alloy and base-metal sulfides are crosscut by secondary magnetite
(e.g. white tie line on e. The figure is modified after Godel and Barnes (2007). ¢ Backscattered
electron and analysed f images showing the complex association between base-metal sulfides,
secondary magnetite and Pd—Cu alloy and minor Pd sulfides. In this sample, the Pd—Cu alloy
is observed crosscutting the base metal sulfide over a distance of several millimetres and is also
observed associated with the secondary magnetite,

Osmium, Ir, Ru and Rh were concentrated in the Fe-Ni mss whereas Pd and to
a lesser extent Pt was enriched in the interstitial sulfides. The particular textural
characteristics, mineralogy and geochemistry of these sulfides influences the com-
position of melts derived from lithospheric mantle as presented below. However,
no information is available on the PGE residency in asthenospheric mantle sources,
such as mantle plumes, that are widely regarded as the likely sources of magmas
for large intracratonic layered intrusions (Arndt 2013), notwithstanding arguments
for a dominantly lithospheric source for Bushveld magmas (Richardson and Shirey
2008). The argument about the nature and PGE content of mantle sources is likely
to continue.

Platinum-Group Elements Behaviour During Partial Melting of the Mantle

Partition coefficients of PGE between sulfide and silicate melts are in the order
of 10*-103(Barnes and Lightfoot 2005 and references therein), and possibly much
higher (Fonseca et al. 2009, Mungall and Brenan, 2014). Hence, at equilibrium the
concentration of a given PGE in a sulfide melt is typically at least four orders of
magnitude larger than in coexisting silicate melt. Hence, the igneous geochemistry
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of sulfur, and in particular the mass balance of equilibrating silicate and sulfide
liquid (Campbell et al. 1983) strongly controls the behaviour of the PGE. Primary
mantle-derived magmas show PGE concentrations ranging from 0.2 to ~40 ppb
(Crocket 2002) with concentrations mainly depending on the behaviour of base-
metal sulfides during partial melting of the mantle (Barnes et al. 1985) and subse-
quent sulfide liquid saturation history of the silicate magma. The solubility of sulfur
in mantle-derived melts mainly depends on pressure (i.e. depth) and temperature of
melting (Mavrogenes and O’Neill 1999). Sulfur solubility in typical basalts broadly
ranges from 500 to 1000 ppm with sulfur solubility of ~800 ppm at temperature
of 1400°C and a depth of 120 km. Low to moderate degrees of partial melting
of typical mantle, thought to contain about 200-250 ppm sulfur, cannot led to the
entire dissolution of the sulfides (Barnes et al. 1985; Hamlyn and Keays 1986). In
that case, residual Fe—Ni sulfides sequestrating some PGE remains in the mantle
(Bockrath et al. 2004a). As a result, magma derived from low to moderate degrees
of partial melting (i.e <20%) of the mantle (e.g. mid-ocean ridge basalts) have low
PGE concentrations and exhibit poor potential for forming subsequently economic
PGE deposits. In contrast, at high degree of partial melting (generating komatiites
or picritic continental flood basalts) all the sulfur present in the mantle is dissolved
and all the PGE are transferred to the silicate melt. The PGE concentration in the sil-
icate magmas are dictated by the partition coefficient of host mineral and melt and
fractionation of Pt and Pd relative to Ir, Os, Ru and Rh may be observed (Mungall
and Naldrett 2008). All of the major known PGE-deposits on Earth originated from
high-degree of partial melting of the mantle and are related to intraplate picritic, or
possibly komatiitic magmatism (Wilson 2012). However at high oxygen fugacity
(/0,), sulfides in the mantle may (partially or entirely) convert to sulfate leading to a
strong increase in sulfur solubility in the melt (Jugo 2009; Jugo et al. 2005; Mungall
2002b; Mungall et al. 2006). In that case, even a small degree of partial melting
may result in the consumption of all the sulfur present in the mantle (Dale et al.
2012). Hence, magmas formed under these oxidizing-conditions may have potential
to generate economic PGE deposits, provided that the dissolved sulfur can subse-
quently be reduced to sulfide. In addition, several events of melting can occur and
complicate the predictions of PGE behaviours in the magma. To date, little is known
about the form of the PGE in the melt and whether they are completely dissolved or
form nano-to micro particles enriched in Ir, Os and Ru that may be transported by
the melt upon its ascent into upper crustal level (Bockrath et al. 2004a).

Fractionation of Platinum-Group Elements and Parental Magmas

Fertile magmas form under sulfide-undersaturated conditions. Once a fertile silicate
magma is formed it needs to ascend from the mantle to the upper level of the crust
where it can potentially form a PGE deposit. During its ascent the magma becomes
strongly undersaturated in sulfide (i.e. sulfide liquid are unlikely to form and collect
PGE) as a result of decreasing pressure (Mavrogenes and O'Neill 1999; Wendlandt
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1982). Fractionation (mostly resulting from the process of fractional crystallization
of olivine) may potentially lead to a change in PGE concentrations. Experimental
studies of the solubility and partitioning of PGE between olivine and silicate melt
(Brenan et al. 2005; Brenan et al. 2003) suggested that olivine-silicate melt parti-
tion coefficients for Rh, Ru, and Ir increase with decreasing oxygen fugacity (/O,)
to reach value of ~2 at fO, relevant to mafic and ultramafic igneous systems. In
contrast, Pt and Pd behave incompatibly during olivine fractionation. The differ-
ence in behaviour between the IPGE (Ir, Os, Ru,) and the PPGE (Pt, Rh, Pd) during
olivine fractionation may account for some of the observed variation in IPGE/PPGE
ratios variation in primitive high MgO, sulfur poor magmas (Puchtel and Humayun
2000). Overall the solubility of IPGE in silicate melt is very low suggesting that
IPGE-rich alloys may form and be included with olivine and chromite (Brenan
et al. 2005a). The incorporation of IPGE-rich alloys in chromite was demonstrated
experimentally and justified with thermodynamic models by Finnigan et al. (2008).
That hypotheses was confirmed Barnes and Fiorentini (2008), based on the analysis
of a large body of data on komatiites. Many other studies have also documented
the occurrence of PGE alloys in mantle peridotite (Kogiso et al. 2008; Lorand et al.
2010; Luguet et al. 2007). Recent work by Park et al. (2013) suggested the existence
of Pt alloy in some arc magma sources.

Proposed parental magmas to most of the layered intrusions hosting PGE-depos-
its (e.g. Bushveld Complex, Stillwater Complex, and Great Dyke) are in equilibrium
with high-magnesian olivine (~F090) and probably represent primary magmas that
have not been significantly affected by fractionation during their ascent (Cawthorn
et al. 2005). Hence, their PGE concentrations may be similar to those present in pri-
mary magma. The estimation of parental magma of a layered intrusion is relatively
difficult as several issues arise in the estimation of the parental magma from the
chilled margins or the fine-crystallized rocks spatially associated with an intrusion
as they may not necessarily be representative of the parental magma of the intrusion
that they are associated with (Godel et al. 2011 and references therein). Current
estimates of the composition of the Bushveld Complex parental magmas (Barnes
et al. 2010 and reference therein) indicate that Pt and Pd concentrations vary from
10 to 25 ppm ppb and 3 to 15 ppb, respectively (Fig. 9.23). Recently, Mungall and
Brenan (2014) demonstrated, based on new experiments and modelling, that this
unremarkable PGE concentrations in the parental magmas are enough to explain the
occurrence of high grade ore occurences providing suitable conditions are reached.

Role of Base-Metal Sulfide Liquids

With the rare exception of some PGE-rich chromitites, most of the PGE deposits
observed within layered intrusions presented above are associated with the presence
of magmatic base- metal sulfides (typically forming intergrowths of pyrrhotite,
pentlandite and chalcopyrite). These sulfides represent the accumulation of primary
immiscible sulfide liquid that segregate from the silicate magma.
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Fig. 9.23 Estimate of 1
platinum-group element
concentrations in the inferred
parental magmas of the
Bushveld complex. The
concentrations for various
magma types are extracted
from Barnes et al. (2010) and
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Sulfur Solubility

The sulfur concentration in a silicate melt depends on parameters (total pressure,
temperature, oxidation state and melt composition) that control the sulfur speciation
and solution mechanisms (see detailed review in Mungall (2014) and Ariskin et al.
(2013) for further information). The sulfur concentration at sulfide saturation (SCSS)
depends mainly on the melt composition (particularly the Fe content), temperature,
pressure and oxygen fugacity (fO,). In addition to Fe, chalcophile elements such as
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Ni and Cu (Ariskin et al. 2009; Ariskin et al. 2013; Ariskin et al. 2010; Evans et al.
2008) and some of the PGE (Laurenz et al. 2013) may also play a significant control
on sulfur solubility in ultramafic and mafic magmas. Over the past few years, em-
pirical (Ariskin et al. 2009; Ariskin et al. 2010; Li and Ripley 2009; Li and Ripley
2005) and experimental (Liu et al. 2007) models have been developed to predict the
sulfur concentration at sulfide saturation. Typical basaltic magmas can dissolve or
contain ~800—-1000 ppm sulfur and are typically sulfide undersaturated in the crust.

Sulfide saturation may be provoked by external factors such as magma cooling
and crystallization, mixing of magma with different compositions and the assimila-
tion of crustal rocks by the primitive magmas as described below.

PGE Collection by Sulfide Liquid

During cooling and crystallization, sulfur is incompatible in the crystallising phases
and hence, its concentration increases progressively as the magma fractionates. Ul-
timately, the sulfur concentration in the magma may reach the value at which im-
miscible sulfide liquid forms (i.e SCSS described above). In the absence of external
factors favouring sulfide saturation, a large degree of crystallization may be required
before that sulfide liquid form. Hence, the sulfide liquid may segregate from highly
evolved silicate magma with ferrobasalt composition (e.g. after ~60-70% crystal-
lization at Skaergaard or Sonju Lake intrusions). In general, the sulfide saturation
will occur after Ni has been depleted as a result of olivine crystallization (Jenner
et al. 2010; Ripley and Li 2013). Platinum, Pd and Cu are incompatible in the sili-
cate and oxides crystallizing and hence their concentrations in the magma increase
(Wohlgemuth-Ueberwasser et al. 2013). Lowering of Fe?* activity as a result of ex-
tensive magnetite crystallization may lead to sulfide saturation. In that case, the
sulfide that form are Cu—Fe and potentially PGE-rich (e.g. bornite-chalcocite- skaer-
gaardite assemblage in the Platinova Reef of the Skaergaard intrusion). At low de-
grees of supersaturation, the immiscible sulfide droplets that form are expected to be
widely spaced and will grow by diffusion processes (Mungall and Su 2005). Once
the droplets have grown pass a certain diameter, they will sink toward the bottom
of the magma chamber, a process similar to fractional crystallization of the silicate.
The first immiscible sulfide to form will be highly enriched in the PGE with PGE
concentrations depending mainly on their partition coefficients and their diffusion
rate in growing sulfide droplets (Mungall 2002a). The variability in degree of su-
persaturation, diffusivity rates and to a lesser extent partition coefficients between
different PGE may lead to an offset in sulfide abundance and concentrations of dif-
ferent PGE (Mungall 2002a; Mungall 2007) as observed for the Great Dyke (Wilson
and Prendergast 2001) and the Munni Munni intrusion in Australia (Barnes 1993).
The most popular model of formation of PGE reef is a model whereby the PGE
are collected by an immiscible sulfide liquid (Figs. 9.24a, b and c) that form as a re-
sult of magma recharge and mixing (Barnes and Maier 2002b; and Naldrett 1979a;
Campbell et al. 1983; Godel et al. 2007; Maier and Barnes 1999; Mungall and
Brenan 2014; Naldrett et al. 2009a). Li and Ripley (2009) tested that hypothesis and
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showed that mixing of two different magmas may result in the attainment of sul-
fide saturation in the hybrid magma. An important prerequisite is that each magma
should have sulfur concentration sufficiently high to be close to their concentration
at sulfur saturation. Small to moderate degree of saturation in the hybrid magma
will lead to the formation of a small amount of sulfide liquid. In contrast, assimila-
tion of crustal sulfur by the magma may enhance the sulfur saturation process and
lead to the formation of large amounts of sulfides and a potentially to the dilution
of preexisting PGE-rich sulfide melt (e.g. the Platreef (Hutchinson and McDonald
2008; Sharman et al. 2013). In all cases, once sulfide droplets have formed they will
interact with their surrounding environment in a manner that mainly depends on
physical properties and constraint. In a layered intrusion, the newly formed drop-
lets are expected to grow and settle and accumulate to the bottom of the magma
chamber when their size is large enough to overcome gravity constraint. Under par-
ticular conditions (Chung and Mungall 2009; Mungall and Su 2005 and Chap. 8),
the sulfide droplets may coalesce to form 3D networks of interstitial sulfide liquid
that may percolate downwards into the crystallizing cumulus mineral pile until it
reaches an area where no further migration is possible (Godel et al. 2006).

The base-metal and PGE concentrations in the sulfide liquid (Cj,,) is mainly
depending on the partition coefficient between sulfide and silicate melt and the bulk
metal concentration and is best described, in a closed system, by Campbell and
Naldrett (1979) equation:

R+1

C R+ DSu[/Sil

= CO DSuI/S/l
where Co is the concentration of a given metal in the original silicate liquid, DS"/5" is
the partition coefficient (for each metal) between the sulfide and the silicate liquids,
and R is the mass ratio of silicate to sulfide liquid. Hence, if small amounts of sulfide
form in a magma chamber (i.e. high R-factor) their PGE concentration will be large,
typically those found in PGE reef deposits (Campbell et al. 1983). In contrast, if the
amount of sulfide that forms is significant relative to the host magma (i.e. low R-fac-
tor), the PGE concentration in the sulfide will be diluted and may not be sufficient to
make economic PGE ore grades. However, if a large amount of sulfide is available,
it may represent an interesting target for Ni and Cu deposit where PGE will be a
byproduct. In rare case such as the Platreef, suitable parental magma combined with
various amounts of assimilation of crustal sulfur may lead to the formation of an
exceptional PGE-deposit (Sharman et al. 2013 and references therein).

The equation of Campbell and Naldrett (1979) has successfully and widely been
applied to model metal concentrations observed in a variety of magmatic ore depos-
its (Naldrett 2004 and references therein). Notably, the application of this equation
to the silicate rocks of the Merensky Reef (Barnes and Maier 2002b; Godel et al.
2007) indicates that the PGE present in solid-solution of the base-metal sulfide and
observed as platinum-group minerals closely associated with the sulfide can be ac-
commodated in a sulfide liquid. This sulfide liquid interacted with a large volume
of magma with metal compositions similar to that suggested for the Bushveld
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Fig. 9.24 Schematic diagram illustrating proposed model of formation of platinum-group element
deposits in silicate rocks (modified after Godel, 2007). a, b and ¢ Model of PGE collection by an
immiscible magmatic sulfide liquid that segregate from the magma and then percolate downwards
in the interstices between cumulus minerals. See text for further explanation and reference. d, e,
and f) Model of PGE collection by an aqueous fluid that percolates upwards into the cumulate
pile as it crystallises. ZFU zone of fluid undersaturation, ZF'S zone of fluid saturation. See text for
further explanation and reference

Complex (Barnes et al. 2010). During cooling, the PGE and Pt in particular may
exsolved from the sulfide as platinum-group minerals or in some case partition into
a semi-metal and sulfarsenide melt that subsequently crystallize as platinum-group
minerals (Fig. 9.25). This combination of processes accounts for the range of geo-
chemical and textural features observed in the silicate rocks of the Merensky Reef.

In contrast, the PGE (mainly Pt, Ir, Os and Ru) concentrations observed in
PGE-rich (often sulfide poor) chromitite layers of the Merensky Reef (Barnes and
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Maier 2002b; Godel et al. 2007) and large PGE-rich chromitite layers (Maier and
Barnes 2008; Naldrett et al. 2011b; Naldrett 2004) are too high to be solely ex-
plained by a process of PGE collection by an immiscible sulfide liquid, unless par-
tition coefficients are at the extreme limit of the range that has been determined on
experimental evidence (Fonseca et al. 2009), and R-factor values are at the upper
limit of plausibility. Cawthorn et al. (2005) have argued that this combination of
circumstances is unlikely, although Kerr and Leitch (2005) have proposed a mecha-
nism of multi-stage dissolution and re-enrichment of sulfide liquid that could ac-
count for extreme PGE enrichment. Application of this model to the Merensky Reef
was presented in Godel et al. (2008a) and Naldrett et al. (2012).

PGE-Enrichment in Chromitite Layers

Several processes have been proposed to explain the particular PGE enrichment and
metal ratios observed in chromitite layers and the predominance of platinum-group
minerals on the PGE-budget. Naldrett and Lehmann (1988) suggested that primary
PGE-rich magmatic sulfide trapped within the chromitite could react with chromite
to produce a Fe-rich chromite and remove sulfur from the system according to the
reaction:

4/3 Fe,0, (Chromite)+4/3 FeS = Fe,0, (Chromite)+1/6 FeS

Consequently, this reaction lowers the sulfur fugacity (f5,) and could have result-
ed in the partial desulfurization of the sulfide leading to the formation of residual
monosulfide solid solution, Fe—Pt alloys and Cu—Pd rich sulfide melt (Peregoedova
et al. 2004). This model can explain the fact that the sulfides in the chromitite layers
of the Bushveld Complex exhibit high PGE/ sulfur ratios and are generally enriched
in Cu and to a lesser extent Ni. By considering this hypothesis, the chromitite layers
should have originally contained at five to ten times more sulfides than they do now
and all the PGE were originally hosted in the sulfide liquid. The model does not
explain the reason why the chromitite layers exhibit Pd concentrations lower than
those of the other PGE. Two other possibilities have been envisaged to explain the
particular features observed in chromitite layers and are related to the early formation
of platinum-group minerals. Evidence of the direct crystallization of laurite (RuS,)
from a sulfide-undersaturated silicate melt has been provided experimentally and
thermodynamically (Andrews and Brenan 2002; Bockrath et al. 2004b; Brenan and
Andrews 2001). Based on PGE mass balance and geochemical modelling in the
Merensky Reef chromitites, Barnes and Maier (2002b) and Godel et al. (2007) pro-
posed that some of the PGE may crystallise as platinum-group minerals (mainly
laurite and Pt alloy) before an immiscible sulfide liquid forms, and these PGMs are
collected by crystallizing chromite. Subsequent, sulfide liquid formation collected
the remaining PGE. Finnigan et al. (2008) carried out experiments involving the
growth and reequilibration of chromite crystals in a silicate melt. In these experi-
ments, platinum-group minerals (mainly laurite and IPGE alloys) formed at the in-
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Fig. 9.25 Schematic diagram summarizing the behaviour of platinum-group elements, base metal
and other chalcophile elements during the formation of a base metal sulfide liquid and its cooling
(modified after Barnes et al. 2006). a Immiscible sulfide liquid droplets form and collect the PGE
and other chalcophile elements. b On cooling, the sulfide liquid fractionates leading to the forma-
tion of monosulfide solid solution (MSS) and fractionated Cu-rich sulfide liquid. ¢ Further cooling
lead to the crystallization of intermediate sulfide solid-solution (ZSS) and Ni-rich MSS from the
fractionated sulfide liquid. In some cases, sulfosalt melts (i.e. As, Sb, Te or Bi bearing) may formed
and collect some of the PGE. These melts may migrate along sulfide/silicate boundaries. d At
temperature <At tC, pyrrhotite and pentlandite exsolve to form the MSS and chalcopyrite from the
1SS and platinum-group minerals crystallized from the sulfosalt melt

terface between the chromite crystal and the silicate melt. Based on their results, the
authors proposed that the platinum-group minerals may precipitate as a result of lo-
cal reduction around chromite crystal, probably caused by the preferential uptake of
Fe’* and Cr** by the chromite crystal relative to the melt. During the crystallization
of the chromite, the local reduction triggers a decrease (by few percent) of the metal
solubility at the crystal/melt interface leading to the formation of the platinum-group
minerals that are subsequently trapped by the growing chromite. To date no con-
sensus exists on the origin of PGE enrichment in chromitite layers and it remains a
controversial topic. An alternative model was proposed by Latypov et al. (2013 and
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references therein) to explain the lithological and textural relationships observed. In
this model, the chromitites are interpreted to have formed by in situ growth directly
at a crystal-liquid interface and the PGE are scavenged by sulfide droplets from
fresh magma continuously brought towards the base by convection. The convection
allows the sulfide to equilibrate with picritic magma of thousands to million times
their own volume, resulting in sulfide high PGE tenor.

Role of Fluids on PGE Distribution and Redistribution

Experimental studies have shown that the base metals and the PGE may be trans-
ported by fluids of various compositions and within a large range of temperature
(Baker et al. 2001; Hanley et al. 2005; Peregoedova et al. 2006; Wood 2002 and
references therein). Details of the geochemistry of the PGE in low-to high tempera-
ture hydrothermal and magmatic fluids are presented in Hanley (2005) and a recent
review by Barnes and Liu (2012). Evidence of PGE transport and reprecipitation
has been observed at various scales and in different geological settings (Augé et al.
2005; Bursztyn and Olivo 2010; Cabral et al. 2002; El-Ghorfi et al. 2006; Molnar
etal. 2001; Moroni et al. 2001; Olivo et al. 2001).

Platinum-Group Elements Collection by Deuteric Fluids

The common observation of pegmatoidal textures, the presence of fluid and hy-
drous melt inclusions and the presence of Cl-rich apatites (i.e. having high CI/F
ratios) associated with PGE mineralization has led some authors to propose that
the PGE-rich horizons observed in layered intrusions resulted from the percola-
tion of Cl-rich aqueous fluid that carried and redeposited the PGE (e.g. Ballhaus
and Stumpfl 1986; Boudreau 2008; Boudreau and McCallum 1986; Boudreau and
Mc Callum 1992a, b; Kanitpanyacharoen and Boudreau 2013; Vermaak and Hen-
driks 1976; Von Gruenewaldt 1979; Willmore et al. 2000). In this type of model
(Figs. 9.24d, e and ), H,O dissolved in silicate magmas and intercumulus fraction-
ated silicate liquid becomes progressively saturated in aqueous Cl-rich fluid as the
crystal pile solidifies. The Cl-rich aqueous fluid collects the base-metals and the
PGE as it migrates upward through the compacting cumulate pile. The base-metal
and PGE are transported in solution until it reaches the interface where the intercu-
mulus silicate liquid is not saturated in Cl-rich aqueous fluid. At this interface, the
fluid dissolves in the intercumulus silicate liquid and PGE-rich base-metal sulfides
with a mineralization front moving upwards as the limit of fluid saturation in the
intercumulus silicate liquid migrates, ultimately forming a base-metal and PGE-rich
sulfide horizon (Boudreau 1999; Boudreau and Mc¢ Callum 1992b). However, the
application of this model to explain the entire complexity of the PGE-reefs remains
controversial (Barnes and Maier 2002b; Cawthorn et al. 2005; Godel et al. 2007,
Keays et al. 2012; Maier et al. 2013; Naldrett et al. 2009b; Osbahr 2012). The main
arguments against this model are from the literature:
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(i) No anomalously-poor PGE concentrations or PGE-depletion are observed in
the rocks below the mineralized horizons of the Bushveld Complex (Barnes
and Maier 2002a; Barnes and Maier 2002b; Naldrett et al. 2009b) and the Still-
water Complex (Keays et al. 2012);

(il) PGE-reefs, in most of the cases, can be traced over large distances (100’s km in
the Bushveld Complex) and directly overly a magmatic unconformity. Upward
migration of fluids would lead to discordant features that are not related to
magmatic stratigraphy.

(iii) Iridium and Ru are considered to be insoluble in aqueous hydrothermal/
magmatic fluids, hence it is difficult to reconcile this with the concentration
observed in the reefs;

(iv) In the Bushveld Complex, the mantle-normalized base-metal and PGE patterns
of the mineralized horizons (e.g. Merensky Reef, Fig. 9.10) show shapes iden-
tical to those of the BI magma (Fig. 9.23), suggesting that the same process
concentrated all the PGE at the level of the reef (Fonseca et al. 2009).

(v) The osmium isotopic composition of Bushveld Complex cumulates shows
a sharp change towards more radiogenic compositions at the level of the
Merensky reef (McCandless and Ruiz 1991). The Merensky Reef is as much
a concentration of Os as it is of Pt and Pd, but the isotopic data imply that Os
cannot have been derived from the underlying cumulates. In addition, there are
places in the Bushveld Complex (e.g. the far southern limit of the eartern lobe)
where the UG2 reef package sits on top of the footwall metasediments without
underlying Rustenburg Layered Suite stratigraphy. Hence a model involving
upward transport by fluids would require that concentrations of different PGEs
occurred in the same rock by entirely different processes (Li and Ripley 2006;
Li et al. 2004).

Hydrothermal Remobilization of the Platinum-Group Elements

Evidences of post-cumulus remobilization of PGE in PGE reefs hosted within
layered intrusion have notably been described for the JM-Reef of the Stillwater
Complex (Godel and Barnes 2008a; Godel and Barnes 2008b), the Platreef (Holwell
and McDonald 2006; Hutchinson and Kinnaird 2005; Yudovskaya et al. 2012). In
the JM-Reef of the Stillwater Complex, detailed mineralogical analysis (Godel and
Barnes 2008a; Godel and Barnes 2008b) of altered samples revealed the presence
of Pd—Cu alloys (with composition similar to Skaergaardite (Rudashevsky et al.
2004)) and to a lesser extent Pd sulfides observed either as interstitial phase between
magnetite crystal or as small veinlets crosscutting the base-metal sulfide minerals
(Fig. 9.22). This observation suggests that Pd was mobile after the base-metal sul-
fides solidified and possibly added to the system during alteration or metamorphic
processes that lead to the oxidation of the base-metal sulfides to magnetite. The
origin, the scale and the extent of the Pd remobilization remain poorly constrained.
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Weathering and Remobilization of the Platinum-Group Elements

In the Main Sulfide Zone of the Great Dyke, primary magmatic PGE-rich sulfides
have been oxidized during near-surface weathering and represent a challenge for
geometallurgy (Locmelis et al. 2010; Oberthiir and Melcher 2005). In this oxidized
ore, the proportion of PGE found in solid solution of the base-metal sulfides is neg-
ligible but Pd concentration in relict pentlandite can reach 6500 ppm. Most of the
Pt and Pd are hosted by relicts of primary and secondary platinum-group minerals.
PGE released during the oxidation of the primary are redistributed and incorporated
into Fe/Mn oxides/hydroxides and clay minerals leading to considerable local varia-
tion in the distribution of PGE.

The examples described above highlight the importance of considering hydro-
thermal processes over a range of temperatures (from low-temperature hydrother-
mal to high-temperature magmatic or hydrothermal) in the generation or modifica-
tion of high grade PGE-ores.

Conclusions

Over the past 10 years, technological developments (e.g. LA-ICP-MS, high-resolu-
tion X-ray computed tomography, isotope-ratios mass spectrometers) have allowed
the acquisition of multidisciplinary dataset at spatial resolution, detection limits
and precisions that were impossible to achieve in the past, in both 2D and 3D.
The results obtained provided additional insights into the complexity of the ores,
the residency of PGE in the rocks and the variability within and between different
ore deposits and highlighted the necessity of adapting (for each deposit) models of
formation based on all of the information available. Each PGE deposit is different
and the processes that form them are complex. Models of formation may range
from the primary accumulation of immiscible base-metal sulfide liquid to the late-
stage (post-cumulus alteration or metamorphism) remobilization of the PGE and
base-metal sulfides. It is clear that any model of formation of PGE-reefs needs to
consider the superimposition of both physical and geochemical processes, over a
range of scale and over a wide range of temperature (Fig. 9.26) to successfully ac-
count for the observed petrographic and mineralogical complexities.
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