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Abstract

This paper presents the results of microprobe investigations of the Platinum-Group Elements (PGE) of
the Selukwe Subchamber, Great Dyke, Zimbabwe. The PGE are associated with base metal sulphides
in the uppermost pyroxenites of the Ultramafic Sequence of the Great Dyke. The following minerals
have been indentified: bismuthotellurides (moncheite, maslovite, michenerite, kotulskite and
polarite); arsenides (sperrylite); and sulphides and sulpharsenides (cooperite, laurite, braggite and
hollingworthite). Platinum Group Minerals (PGM) occur in three distinct textural environments: (1) at
the boundary of sulphides and silicates/hydrosilicates, (2) entirely enclosed within sulphides, and (3)
entirely enclosed within silicate or hydrosilicate minerals. The stratigraphic distribution, environments
and textures of the PGM have important genetic implications, and cannot be explained by a single
process. A multi-process model for the petrogenesis of the PGE mineralisation in terms of
complexation and intermediate compound formation is proposed. The primary mineralising events
were due to orthomagmatic processes, but the observed textures are the result of microscale
remobilisation of PGM components by trapped interstitial fluids (hydromagmatic processes).

KEeyworbps: Platinum Group Elements, Zimbabwe, Great Dyke, microprobe investigations, Affinity

Factor.

Introduction

THE presence of platinum associated with sul-
phide deposits in the Great Dyke was first
reported over 70 years ago (Zealley, 1918) and in
several subsequent reports (Lightfoot, 1926,
1927; Wagner, 1929). Only in recent years has the
geology of the platinum ore zone of the Great
Dyke been described in detail and evaluated on
an economic basis. The complexity of the ore
zone, combined with low market prices in the
1970s, resulted in the failure of successful econ-
omic development of this resource, despite exten-
sive drilling investigations and numerous trial
mining operations carried out by several explo-
ration companies. In recent years there has been
renewed economic interest in this commodity
resulting in a number of detailed studies of the
Main Sulphide Zone and the PGE mineralisation,
e.g. Wilson et al., 1989; Prendergast and Keays,
1989; Wilson and Tredoux, 1990; Prendergast,
1990; and Evans and Buchanan, 1991.

The platinum-group mineralogy has been docu-
mented for the Darwendale Subchamber by
Johan et al. (1989) and, in a recent detailed study
of the Wedza-Mimosa deposit in the southern
part of the Great Dyke, Prendergast (1990)
illustrates the importance of understanding the
mineral associations and their implications for
PGE recovery. The present study is the first
reported account on the Selukwe Subchamber.
Previous studies on the Great Dyke platinum
deposit have identified the main PGE-bearing
phases as being sperrylite, cooperite, braggite and
Pt- and Pd-bearing bismuthotellurides (Wagner,
1929; Schweigart, 1967; Schweigart and Fasso,
1967; Haynes, 1983; Evans and Buchanan, 1991),
and attention is drawn to the mutual occurrence
of both high- and low-temperature mineral
assemblages.

Central to the understanding of the PGE
deposits is whether these originated by wholly
magmatic processes (Campbell and Barnes, 1984)
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or whether transport of the metals occurred by
hydrothermal fluids (e.g. Boudreau et al., 1986).
Evaluation of these two contrasting processes
may be made only on the basis of detailed
mineralogical studies. The results of this study
show that no single process can account for the
observed mineralisation pattern, and a complex
multi-stage mechanism is proposed.

Geological setting

The Great Dyke. The Great Dyke of Zimbabwe
is an early Proterozoic layered intrusion of mafic
and ultramafic rocks, some 550 km long, set in an
Archaean granite—greenstone terrain of the Zim-
babwe Craton (Wilson and Prendergast, 1989)
(Fig. 1). It is trumpet-shaped in cross-section,
with a postulated dyke-like feeder at depth
(Podmore and Wilson, 1987). The shallow dip of
the layered sequence towards the central longitu-
dinal axis gives the sequence a synclinal structure
(Wilson and Prendergast, 1989).

The Dyke was intruded in two major magma
chambers, each comprising smaller subchambers
(Fig. 1). The study area is in the Selukwe
Subchamber, which represents the northern part
of the South Chamber (Wilson and Tredoux,
1990) (Fig. 1). The Selukwe Subchamber, like the
other subchambers, comprises a lower Ultramafic
Sequence and an upper Mafic Sequence (Fig. 2a).
The Mafic Sequence is preserved only as gabbroic
remnants in the central portions of the Sub-
chamber. The Ultramafic Sequence, comprising
mainly chromitites, dunites, harzburgites, olivine
bronzitites and bronzitites, is characterised by
well-developed cyclic units (Fig. 2a).

The Pl Pyroxenite. The uppermost cyclic unit
of the Ultramafic Sequence, Cyclic Unit 1 (CU1),
occurs immediately below the mafic/ultramafic
contact. It is characterised by a pyroxenite layer
(the P1 layer), comprising a thick bronzitite layer
(approximately 120m thick in the Selukwe Sub-
chamber) and an overlying websterite layer, 3-4m
thick at the margin and increasing to a thickness
of 9-10m in the axis (Fig. 2b).

The generally medium-grained bronzitite layer
comprises cumulus bronzite enclosed by post-
cumulus augite and plagioclase. The websterite
is a bronzite-augite cumulate with postcumulus
plagioclase. Interstitial mineral phases include
quartz, potassium feldspar, biotite/phlogopite,
hornblende, opaques (sulphides, magnetite, and
rare chromite, rutile and ilmenite) and accessory
titanite, apatite and zircon.

The ‘potato reef” is the name given to webster-
ite and bronzitite that has a nodular appearance in
weathered outcrop. The ‘potatoes’ or nodules
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develop as a result of optically-continuous, zoned
plagioclase oikocrysts enclosing fresh bronzite
crystals and very little sulphide. The sulphides
and late-stage mineral assemblage are concen-
trated around the oikocryst margins, which, as a
result, weather easily to form the subspherical
structures of the outcrop. This characteristic
nodular pyroxenite was used as a hanging-wall
marker for the platinum-bearing sulphide zone by
early prospectors in the Darwendale Subchamber
(Wilson, 1992).

The P1 layer is significant in the genesis of the
Great Dyke because: (1) these pyroxenites occur
at the critical transition where augite and plagio-
clase become the dominant cumulus phases (in
the Mafic Sequence), in place of olivine and
bronzite (in the Ultramafic Sequence), and (2) it
hosts the PGE-enriched sulphide-bearing zones
(Wilson and Prendergast, 1989; Prendergast and
Keays, 1989; Wilson and Tredoux, 1990; Prender-
gast, 1990). The P1 pyroxenite is the most
complex cyclic unit of the layered intrusion,
showing both lateral and vertical changes in
textures, lithologies and mineral compositions.

Platinum-group element mineralisation

Sulphide mineralisation and PGE distributions.
The Main Sulphide Zone (MSZ) is a thin,
persistent, stratiform zone of very high sulphide
enrichment (up to 7% sulphide) in the upper P1
layer, and occurs in all subchambers of the Great
Dyke. In the study area, it ranges from 2 to 5m
thick (Fig. 2b) and overlaps the bronzitite/
websterite contact. A broader zone of dissemi-
nated sulphide, with a lower sulphide content
than the MSZ (up to 1%), occurs lower in the
bronzitite layer of P1, and is referred to as the
Lower Sulphide Zone (LSZ) (Prendergast and
Wilson, 1989). This comprises a complex series of
subzones of sulphide mineralisation.

The base metal sulphides (BMS) include pyrr-
hotite, pentlandite (mainly as exsolution in pyrr-
hotite), chalcopyrite and pyrite. The BMS occur
in a variety of forms. Primary magmatic sulphides
occur either as early-formed high-temperature
inclusions in cumulus bronzite crystals, or as
interstitial phases to the cumulus phases. Where
intercumulus sulphides are abundant, they have a
subpoikilitic, net-textured appearance; where
sparse, they occur as tiny anhedral grains with
other interstitial phases. In zones of abundant
sulphide, there is a marked increase in alteration
of the silicate mineral assemblage. Post-solidus
replacement of bronzite, and less commonly
augite and plagioclase, has resulted in a hydrosili-
cate alteration assemblage consisting of tremo-
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lite, talc, magnetite, biotite, and minor chlorite
and epidote (Prendergast, 1990). These hydrosili-
cates are commonly intergrown with BMS. This
assemblage of secondary alteration minerals is
texturally distinguishable from primary late-stage

hydrous minerals (phlogopite, amphibole and
talc) which formed as a consequence of the final
stage crystallisation of local pockets of intercumu-
lus liquid. The interaction of pockets of late-stage
hydrous magma with the BMS released highly
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corrosive fluids which induced pervasive alter-
ation of early-formed silicates to give the hydrosi-
licate assemblage.

The vertical distributions of PGE in the sul-
phide zones in the Selukwe Subchamber (Fig. 3)
are broadly similar to those described in the
Wedza Subchamber (Prendergast and Keays,
1989; Prendergast, 1990) and Darwendale Sub-
chamber (Wilson et al., 1989; Wilson and Tre-

doux, 1990). The PGE are characteristically
enriched at the base of each of the sulphide zones.
In the Main Sulphide Zone (MSZ), PGE values
increase gently upwards through the stratigraphy,
and then fall sharply above the point of maximum
enrichment. In the Lower Sulphide Zone (LSZ),
the patterns characteristically show less marked
enrichment, with the fall in values following the
maximum enrichment occurring as a series of
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subsidiary peaks, which are progressively less
well-developed higher in the stratigraphy. The
peak enrichments of PGE in the LSZ all have
much lower values than those in the MSZ (Fig. 3).

Sample selection and analytical techniques for
determinative PGM mineralogy

Platinum-group minerals (PGM) in the Great
Dyke rocks are difficult to locate, because of their
generally small size and localised concentration in
the vertical profile. The characteristic profiles of
the PGE distributions were thus used to aid the
selection of suitable borehole core samples for

TABLE 1: Representative microprobe
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polished thin sections. Twelve samples through
the ore zone were chosen from the borehole
sections—4 from DDH 2 (MSZ), and 8§ from
DDH 1 (5 from the MSZ and 3 from the LSZ).
The sample positions are indicated on Fig. 3(a—c).
The PGM were located and initially qualita-
tively analysed by means of a scanning electron
microscope (SEM). Quantitative analyses using
an electron microprobe were for the elements As,
Te, Bi, Sb, S, Pt, Pd, Rh, Zn, Cu, Ni and Fe.
Analytical details are shown in Table 1.
Inter-element interferences of Pt with Rh and
Sb with As had to be considered, with every 1%
of Pt, and 1% of Sb contributing approximately

analyses for PGM (given in %) and analytical details.

Mineral No.

As Te Fe Ni Bi Pd Pt Zn Sb s Cu Rh Total
name an.
Moncheite n.d. 33.47 0.84 0.07 27.13 n.d. 33.27 n.d4. 0.29 n.d. 0.06 n.d. 100.M
Range (1) 11 n.d. 27.22 0.37 0.05 19.3 n.d. 21.64 n.d. 0.23 n.d. n.d. n.d.

(u) n.d. 46.60 2.63 2.51 34.77 8.00 36.84 n.d. 0.63 1.30 1.67 0.30
Sperrylite 44.26 n.d. 0.90 n.d. n.d. n.d. 53.73 n.d. n.a. 0.56 0.11 0.24 100.@
Range (1) 11 41.26 n.d. 0.12 n.d. n.d. n.d. 49.96 n.d. n.d. 0.37 n.d. .01

(u) 44.60 0.15 2.54 1.91 0.13 0.48 55.58 n.d. 0.35 2.94 0.23 2.28
Cooperite n.d. n.d 2.64 0.51 n.d. 1.72 79.22 n.d. 0.03 15.81 n.d. 0.08 100.8
Range (1) S n.d. n.d. 0.77 0.36 n.d. 0.77 76.12 n.d. n.d. 15.43 n.d. n.d.

(u) n.d. n.d. 2.64 0.76 0.12 3.41 81.72 n.d. 0.03 15.81 0.70 0.08
Braggite 1.41 n.d 0.85 5.31 n.d. 24.63 48.29 n.d. n.d. 19.64 0.13 n.d. 100.%
Range (1) 3 n.d. n.d 0.85 0.47 n.d. 10.01 48.29 n.d. n.d. 17.55 n.d. n.d.

(u) 1.41 n 4.14 6.77 n.d. 24.63 72.10 n.d. n.d. 20.50 6.30 0.07
Maslovite n.d 23.12 0.71 0.13 39.60 n.d. 35.03 n.da. 0.22 n.d. n.d. n.d. 9s8.a
Range (1) 3 n.d 22.77 0.71 n.d. 36.94 n.d. 33.24 n.d. 0.19 n.d. n.a. n.d.

(u) n.d 26.23 3.04 g.13 39.60 n.d. 35.03 n.d. g.24 n.d. n.d. n.d.
Michenerite n.d. 29.49 1.29 0.13 45.28 24.78 n.d. n.d. 0.27 0.05 0.48 n.d. 101.&
Range (1)} 3 n.d. 28.12 1.02 0.08 43.91 20.27 n.d. n.d. 0.14 0.50 n.d. n.d.

(u) n.d 29.49 4.36 1.09 45.28 24.78 3.17 n.d. 0.39 1.57 0.48 n.d.
Kotulskite n.d 26.47 0.66 0.10 32.40 41.22 n.d n.d. 0.67 n.d. 0.06 n.d. 102.4
Range (1) 2 n.d 21.64 0.66 0.07 32.40 40.12 n.d n.d. n.d. n.d. n.d. n.d.

(u) n.d 26.47 2.29 0.10 38.98 41.22 n.d n.d. 0.67 0.04 0.06 n.d.
Holling- 1 33.32 n.d. 1.44 0.15 n.d. 5.30 10.47 n.d 0.19 13.59 0.54 39.70 104.%0
worthite
Polarite 1 n.d. n.d. 2.06 n.d. 65.34 27.84 n.d n.d. n.d. n.d. 0.06 n.d. 95.%
UK1 18.87 n.d. 1.39 0.52 n.d. 3.59 48.58 n.d. n.d. 13.96 0.34 9.54 96.91
UK2 n.d. 9.47 8.81 0.10 38.80 27.81 n.d. n.d. 0.12 7.17 7.93 n.d. 100.5
UK3 n.d. 63,97 1.25 8.95 11.36 14.15 n.d n.d. 0.45 n.d. 0.07 n.d. 100.®
Melonite sample 67.00 10.60 9.30 12.70 n.d 0.93 100.83

n.d. = not detected (1) = lower limit of range (n) = upper limit of range
for each element for each element
Analytical details for electron microprobe Standards, X-ray lines and lower limits of detection
analyses. {LLD) for 20s counting time.

Qualitative analyses of PGM were carried
out using a fully automated, wavelength- Element Standard X-Ray Line LLD (wt$%)
dispersive, 5 spectrometer CAMECA CAMEBAX
SX50 electron microprobe, at the anglo Pt PtTe, PtLB 0,60
American laboratories (AARL), Johannesburg. Pd PATe PdLa 0.08
The accelerating voltage used was 20kV, with Rh PtRh RhLa not calc.
a beam current of 20mA, measured and monitered Te PtTe, TelLa 0.067
on a Faraday cup. Counting times were 20 Bi PdBi, BiMa 0.11
seconds on peak position and 10 seconds for As Pds(As, Sb), AsLa 0.07
background values, for all elements. Sb Pd; (As, Sb), Sbla 0.07

s FeS (Troilite) SKa 0.02
The standards used were synthetic PGM Fe FeS (Troilite) FeKa 0.09
standards (supplied by Dr L.J. Cabri, and Ni Ni (Pure) NiKa 0.05
made available by AARL), mineral standards Cu Cu (Pure) CuKa 0.05
and pure elements. Zn Zns ZnKao 0.07
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0.045% Rh and 0.2% As respectively. The
interference of Pt with Bi was avoided by using
the Pt-Lp line instead of the Pt-L« line, which
interferes with the Bi-M« line. The disadvantage
of using the Pt-Lf3 line is the low intensity for this
line.

Platinum-group mineral phases and
compositions

In the 12 polished thin sections examined, 91
individual PGM grains were located and qualitat-
ively identified using a scanning electron micro-
scope. Of these, only 41 grains yielded satisfac-
tory microprobe analyses; 27 grains were too
small to analyse (less than 3pm in the maximum
dimension in thin section), or gave unreliable
analyses, and 23 grains were Au or Au-Ag alloys,
on which no quantitative analyses were carried
out in this study.

Thirteen different PGM phases (minerals con-
stituted by the PGE and/or Au) were identified.
These are listed in decreasing order of abundance
in Table 2. Also shown are the broad mineral
groups of PGM, and the relative proportions of
the groups.

Three mineral grains could not be identified,
although quantitative microprobe analyses were
carried out. These minerals are labelled UKI1,
UK2 and UK3 (Table 1), and are discussed below.

Table 1 shows the most representative analysis
(i.e. closest to the average) for each of the
identified and unidentified PGM, as well as the
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range obtained for each. A detailed copy of all the
analyses is available from the authors at the
University of Natal, Pietermaritzburg.

The compositions of the minerals are plotted
on ternary diagrams and compared with known
ranges of mineral compositions reported in the
literature (Fig. 4a—e). These show the systems:
(Pt + metals)-Te~(Bi + Sb); (Pd + metals)-Te-
(Bi + Sb); Pt-As-S; Pt-Pd-S; (Rh + metals)—
As-S respectively.

Platinum is the most abundant element consti-
tuting the PGM, especially in the sulphide and
arsenide groups. Palladium is the next most
dominant PGE; the other elements make a
negligible contribution to the platinum-group
mineralogy as a whole, apart from Rh in holl-
ingworthite and Ru (and minor Os and Ir) in
laurite. This distribution is reflected in the rela-
tive abundance of data in each of the ternary
diagrams.

Unidentified phases and complex intergrowths

Three mineral phases, labelled UK1, UK2 and
UK3 (analyses shown in Table 1) could not be
positively identified. ’

UK1. Totals for the analyses of UK1 were low,
but are shown on the Pt—As-S ternary diagram
(Fig. 4¢). The mineral plots near the platarsite
(PtAsS) field. The high Rh content of 9.84 wt.%
(recalculated to 100% to account for low mineral
total) indicates that this mineral is possibly
platarsite. Cabri and Laflamme (1981} show that

TABLE 2: Platinum-Group Minerals identified, host mineral groups snd relative proportions

of groups.
HQST GROUP
MINERAL NAME MIN.FORMULA BISMUTHO- ARSENIDES SULPHIDES/ Au/Au-Ag
TELLURIDES SULPH-~ ALLOYS
ARSENIDES
Moncheite PtTe, X
Sperrylite PtAs, X
Cooperite Pts X
Braggite {Pt,Pd)S X
Maslovite PtBiTe X
Michenerite PABiTe X
Kotulskite PdTe X
Hollingworthite RhAsS X
Polarite PdBi X
+ Laurite Rus, X
* Au/Au-Ag alloys:
Gold Au X
Electrum Au,Agq X
Ag-Pb-Te alloys X
* Pt-Fe alloys
% of total PGM 38% 18% 16% 29%
% of PGM excl. Au & Ag alloys 53% 25% 22%

* No microprobe analyses possible due to size restrictions and/or standard unavailability.
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platarsite can contain up to 14 wt.% Rh. The
composition of UK1 plots close to the holl-
ingworthite field on a Rh—As-S ternary diagram
(Fig. 4e), but it is unlikely to be hollingworthite,
because of the Rh content.

UK2. The high base metal (Cu, Fe) and S
content of mineral UK2 (Table 1) is possibly
indicative of interference from surrounding base
metal sulphides, as it occurs on the boundary of a
chalcopyrite grain.

UK3. The analysis of this mineral reveals a high
Ni content (Table 1). Cabri and Laflamme (1981)
reported that Pd can replace Ni in melonite
(NiTe;), as part of a continuous solid solution
series. For comparitive purposes, a representa-
tive analysis of melonite is given in Table 1, and
corresponds closely to that of UK3.

Four grains were identified as being inter-
growths of different PGM phases. Two of these
were quantitatively analysed to represent a sper-
rylite-braggite intergrowth (Fig. 5a), and a coo-
perite intergrown with UK1. The other two
intergrowths were qualitatively analysed on the
SEM and are shown to consist of a Au-Ag-Bi-Te
alloy (mineral (i) in Fig. 5b) and a Pd-Bi-Ti alloy
(mineral (ii) in Fig. 5b), and a Pd-Bi-Te and Pd-
As-Te intergrowth.

Mineralogical and textural relationships

Mineral textures. There are essentially three
types of environment in which the PGM oceur,
each with associated textural features. These are
summarised in Table 3, together with references
to figures illustrating the textures. An important
observation is that the morphology of the PGM in
each of the textural types is strongly controlled by
the local mineralogical environment.

The PGM are rarely enclosed in plagioclase or
in contact with plagioclase, and the main silicate
associations are pyroxenes and hydrosilicates.
The BMS associated with the PGM are predomi-
nantly pyrrhotite and chalcopyrite, and rarely
pentlandite. There does not appear to be a
specific association of PGM with any particular
BMS mineral type.

The sulphide group of PGM (cooperite, brag-
gite, laurite) occurs dominantly at the silicate—
sulphide boundary of suiphide inclusions within
cumulus orthopyroxene grains, and are nearly
always in contact with unaltered pyroxene.

Sperrylite minerals (arsenide group) occur as
two groups related to position in the sequence and
local environment. The first (Type 1 sperrylite) is
represented by large, equidimensional grains,
occurring most commonly on the boundary
between sulphides and altered orthopyroxene.

These grains have a clearly-defined euhedral form
in the sulphide grains, and are very irregular where
they extend into silicates. They occur most
commonly in the lower ore zone. The second group
(Type 2 sperrylite) is characterised by small,
typically elongate and irregularly-shaped grains
occurring predominantly in the upper parts of the
mineralised zone. These sperrylites are mostly
found wholly enclosed in hydrosilicate minerals,
and only rarely are small fragments of sulphide
attached to them or occur in close proximity.

The bismuthotelluride group of PGM occurs in
the same environments as Type 2 sperrylites in
that they are seldom in contact with unaltered
pyroxene.

Gold, electrum and other Au alloys are
predominatly silicate-hosted, occurring in the
interstices between pyroxene grains, but often in
the proximity of pyrite or pyrrhotite.

In general, the PGM predominantly occur as
individual single mineral grains; however, the
bismuthotelluride group occasionally occurs as
clusters of grains of the same or different phases.
Type 2 sperrylite also occurs as clusters with
bismuthotellurides, but none of the sulphide
group of PGM have been found in this associa-
tion. The sulphide PGM may occasionaily cluster
with Type 1 sperrylite or other sulphides. Au and
Au alloys are found only as single grains or as
rare, small clusters.

Relationship between textural environment and
mineral composition. Except for sperrylite and
moncheite, there are insufficient analyses of PGM
to unequivocally correlate compositional varia-
tions within the different minerals to the local
textural environments.

Sperrylite shows no particular mineral com-
positional trends related to textural environment,
but it is noticeable that those grains which are
wholly enclosed in hydrosilicates have a very
narrow compositional range. Moncheite grains
which are wholly enclosed in hydrosilicates are
Pt- and (Bi + Sb)-depleted, and Te-enriched,
compared with the minerals in other environ-
ments (Fig. 6).

Both moncheite and sperrylite grains enclosed
wholly in hydrosilicates have higher Sb values
than the grains in other environments. Moncheite
enclosed in hydrosilicates has Sb contents ranging
from 0.41-0.63 wt%, compared with 0.23-
0.39 wt.% of the element for the mineral in other
environments. Type 2 sperrylites enclosed only in
hydrosilicates have Sb contents in the 0.30-
0.35 wt.% range, whereas for Type 1 sperrylite
the values range from 0.00-0.20 wt.%. This
indicates that the formation of hydrosilicates took
place at a relatively late stage and was associated
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LEGEND

sp = sperrylile
mo = monchelte
ma = maslavite

hs = hydrosilicate material

opx = orthopyroxene {unaltered)
cpx = clinopyroxeae (unaltered)
1 = Ay-Ag-Bi-Te

um | 11=Pd-Bi-Te

Fig. 5. Characteristic textural forms of the Great Dyke PGM: (a) Sperrylite-braggite intergrowth on
orthopyroxene-sulphide boundary. (b) Intergrowth of Au-Ag-Bi-Te alloy (i) with Pd-Bi-Te alloy (ii), hosted by
sulphide and hydrosilicate. {c) Sperrylite grain exhibiting euhedral form in sulphide and irregular form in
hydrosilicate. () Large sperrylite grain ‘attached’ to edge of sulphide grain and intergrown with hydrosilicate. ()
Maslovite and moncheite showing apparent restriction to sulphide boundaries with ‘corrosion’ textures. (f)
Moncheite defining the edge of a sulphide grain (‘corrosion’ texture); other grains wholly enclosed in hydrosilicate.
(g) Highly irregular sperrylite grains, with minor sulphide grains attached to them, wholly enclosed in hydrosilicate.
(h) Subhedral cooperite grain wholly enclosed in unaltered clinopyroxene. (i) Subhedral michenerite grain wholly
enclosed in pyrrhotite.

with  redistribution  of  low-temperature PGM grain sizes. Grain sizes of the PGM were
componerts. determined in section by measuring the length of
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TABLE 3: Environments and textures of the PGM.
ENVIRONMENT DESCRIPTION 3 PGM IN EXAMPLES OF TEXTURAL FEATURES
ENVIRONMENT SPECIFIC TO ENVIRONMENT
1) PGM on base-metal sulphide 57% a) Fig.S5(e): PGM intergrown into both silicate
(BMS} -~ silicate minerail and sulphide hosts, being euhedral in form
boundary (silicates may be against the sulphide and irregular where
primary magmatic pyroxenes or extending into the silicate. Common for
plagioclase, or secondary larger sperrylite grains.
hydrated/altered phases).
b) Pig.S(a): PGM in contact with, but not
intergrown with, the sulphide odge, and
oxtanding into silicateo matrix.
c) "Corrosion" texture: growth of the PGM is
restricted to the BMS boundary, or corroded to
the boundary. Common for bismuthotellurides
and smaller sperrylite grains.
¥ig.5(e): PGM appear to have replaced part of
the sulphide grains.
Fig.5(L): PGM occur as clusters at inside sdge
of sulphide grain.
2) PGM hosted entirely in 34% a) Pig.5(g): PGM may be elongate & subhedral
silicates (usually in close in form, to highly irregular, in hydrated
proximity to BMS), silicates.
b) FPig.5(h): PGM may be rounded to subhedral
in unaltered pyroxenaa.
3) PGM wholly enclosed in BMS. 9% a) Pig.5(1i): PGM euhedral, to subhedral or
rounded.

the longest axis and that perpendicular to the
longest axis (data summarised in Table 4). Grains
having a measured dimension <4um were not
analysed quantitatively using the microprobe, but
in most cases the mineral type was identified
qualitatively using the SEM and those data are
included in the size analysis.

A size histogram, expressed in terms of the

LEGEND
Silicate ~ Sulphide. boundary:

4 Within both hosts
o Attached to sulphide

+ Restricted to sulphide boundaries

O Hydrosilicates only

longest axis for each mineral type, is shown in Fig.
7. Each mineral type exhibits a range of sizes, but
sperrylite, in general, is the coarsest-grained
mineral. Half of the population of this mineral
type has long axes >15um, but there is a complete
range in sizes, to as small as 2um in the longest
dimension. The sperrylites comprise two distinct
size groups, one group being characterised by

70 x x 70
PiTes/
Moncheite
PIBiTe
Maslovite
Pt + Pd+FesNisCu Bi+Sb ) y .

20

20

FiG. 6. (Pt + Pd + Fe + Ni + Cu)-Te—(Bi + Sb) ternary diagram showing grouping of those moncheite grains
variably enclosed in hydrosilicates and sulphides.
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TABLE 4: Size statistics of PGM

‘Shorter axis
(90° to long)
Range 1-50 pm

Long axis

Range: 2-82 pm

Interval % PGM Interval % PGM

Apm) {pm)

<3 10 <4 42
4-15 70 4-10 49
>15 20 >10 9

relatively large (>20 pm) and generally equidi-
mensional grains, the other group being in the
size range of 5 to 10 um in length. The grains of
the sulphide PGM group are smaller than those of
the sperrylite group, and are generally restricted
to the 3-10 um range. The bismuthotellurides
exhibit a wide range of sizes, between 3 and
20 pm. Electrum, native gold and Au alloys are
relatively coarse-grained, with long axes ranging
from 5 to 40 pm.

Stratigraphic distribution of PGM through the
mineralised zone. The distribution of PGM within
the vertical profile is expressed as grain frequency
with stratigraphic height for the different PGM
(Fig. 8a), and volume distribution with strati-
graphic height (Fig. 8b). The approximate

100 Sperrylite

(n=14)

Sulphide PGM
{n=17)

Pt-Bismuthotellurides
(n=18)

Pd-~Bismuthotellurides
(n=6)

FREQUENCY (%)

o_
100 Total Pt-Pd-

Bismuthoteliurides
(n=41)

Electrum/Au/Ag
(n=20)

B e
80 40 20 10 5 25 125
LONGEST DIMENSION (pm)

FiG. 7. Histogram showing distribution of sizes for the
various PGM. The sulphide PGM include braggite,
cooperite, laurite and hollingworthite; Pt-bismutho-
tellurides include moncheite and maslovite; Pd-bis-
muthotellurides include polarite, kotulskite and
michenerite; total Pt-Pd-bismuthotellurides include all
qualitatively and quantitatively identified
Pt-Pd-bismuthotellurides.
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volumes were calculated by assuming the PGM to
be regular in shape and using areas calculated
from the size measurements.

Sperrylite occurs throughout the Main Sul-
phide Zone (note change in scale between MSZ
and LSZ in Fig. 8z and b). The grain frequency
plot shows it to be most abundant in the upper
parts of the zone. However, the volume distribu-
tion of sperrylite indicates it to be in greatest
abundance at the base of the zone. Type 1
sperrrylites comprise the larger, equidimensional
grains predominant in the lower MSZ, and these
grains account for the observed volume distribu-
tion. The smaller Type 2 sperrylites are those
intergrown with hydrosilicates in the upper MSZ.
Both the frequency and volume plots show that
the sulphide PGM group is stratigraphically
intermediate to the lowest sperrylite population
and the bismuthotellurides. Although the bis-
muthotellurides occur throughout the MSZ, they
are dominant in the upper parts, coincident with,
and just below, the uppermost sperrylite popula-
tion. Au and Ag alloys are most abundant in the
highest part of the zone.

In the Lower Sulphide Zone, the sulphide
PGM dominate the lowest part of the zone,
whereas the sperrylite and bismuthotelluride
PGM only appear at the very top of the zone. Au
alloys show a predominance at a stratigraphic
position intermediate to that of sperrylite and the
bismuthotellurides.

Discussion

The silicate framework to the Great Dyke PGE
deposits. The formation and postcumulus devel-
opment of the P1 layer, in particular the sulphide
zones, plays an important part in understanding
the origin of the PGE deposits, the PGM
distribution and their textures.

Cyclic Unit 1 formed as the result of a major
impulse of new magma. It is characterised by
economic chromitite layers at its base, with
olivine the dominant cumulus phase in the lower
units, being joined by cumulus bronzite higher in
the sequence. Repeated minor magma influxes
resulted in repetition of stratigraphy. The P1
layer represents the point at which bronzite
became the dominant cumulus phase (Wilson,
1982; Wilson and Prendergast, 1989; Prendergast
and Wilson, 1989; Wilson, 1992).

Formation of P1 thus commenced with nuclea-
tion and subsequent growth of cumulus bronzite
crystals in equilibrium with the main body of
magma. Clinopyroxene and plagioclase formed
postcumulus oikocrysts, initially as heteradcumu-
lus phases which were later enlarged by over-
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Total
M Sp  S-PGM PiBiTe PdBiTe PiPdBiTe Au/Ag (a)
(n=14) { (n=17) | (n=18) | (n=6) § (n=41 (n=20)"1
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FiG. 8. Histograms showing vertical distribution for the various PGM in terms of (a) grain frequency and (h)

volume. Depths are given relative to the main platinum peak of the MSZ. Note the change in scale between the

MSZ and L.SZ—those depths in cm represent the MSZ and those in m, the LSZ. Sp = sperrylite; S-PGM = sulphide

PGM group; PtBiTe = Pt-bismuthotellurides; PdBiTe = Pd-bismuthotellurides; Total PtPdBiTe = Total Pt-Pd-
bismuthotellurides; Au/Ag = Electrum and Au alloys.
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growth from the trapped liquid. The formation of
immiscible sulphide droplets would have
occurred at this point, assuming a state of
sulphur-saturation in the magma. With continued
growth of the oikocrysts, intercumulus liquids and
sulphide liquids became trapped and distributed
around the oikocrysts, the system eventually
becoming closed with respect to the main body of
magma. The trapped intercumulus liquids crystal-
lised separate crystals of postcumulus clinopyrox-
ene, and the remaining highly evolved liquid
formed the late-stage (high temperature) mineral
assemblage of phlogopite, quartz, K-feldspar,
hornblende and talc. Solidification of sulphide
liquid completed the primary development of P1
(Wilson, 1992).

During crystallisation of the late-stage assemb-
lage, a hydrous, volatile phase was released and
reacted with the sulphides to produce a reactive
acidic fluid. This highly corrosive fluid reacted
with primary silicates resulting in replacement of
low-temperature hydrosilicate assemblages of
talc, amphiboles, chlorite and secondary magnet-
ite, i.e. a process of deuteric alteration occurred
(Prendergast, 1990). Redistribution of sulphide
and PGE by the late-stage volatiles occurred, as
well as intergrowth of hydrosilcates and sul-
phides, resulting in the characteristic alteration
and intergrowth textures observed in the sulphide
zones. The implications for the PGM are dis-
cussed in a later section.

The magmartic origin of PGE deposits. The
close association of PGE with sulphides in many
layered intrusions [for example, the MSZ of the
Great Dyke, the Merensky Reef (Bushveld
Igneous Complex), Munni Munni Complex, J-M
Reef (Stillwater Igneous Complex)] indicates that
liquid sulphide acted as a collector for these
metals. Campbell et al. (1983) proposed that the
PGE were scavenged from the silicate magma by
an immiscible sulphide melt which segregated at a
point of sulphur saturation in the magma. The
Nernst distribution coefficients required for such
a process are proposed by Campbell et al. (op.
cit.) and Campbell and Barnes (1984) to have
very high values, as high as 10°. Each PGE may
have had a slightly different value for the
distribution coefficient, which is reflected in the
relative displacement of the individual PGE
peaks and the base metal sulphide peak, for the
Great Dyke (Prendergast and Keays, 1989; Wil-
son and Tredoux, 1990) and also for the Munni
Munni Complex (Barnes et al., 1990).

For the formation of an economic sulphide-
hosted PGE deposit, enrichment factors for a
normal basaltic magma are required to be in the
order of about 10° (Macdonald, 1987). High

distribution coefficients alone are insufficient to
account for the enrichments seen in PGE
deposits. Campbell and Naldrett (1979) intro-
duced the concept of the R-factor, which
expresses the ratio of the mass of host magma to
sulphide liquid necessary to produce this enrich-
ment. In order for the scavenging process to be
sufficiently effective to result in an economic
deposit, sulphide droplets must come into contact
with a large volume of silicate magma.

Mixing and turbulence in a magma, often
associated with new magma impulses, are the
dominant control in achieving a high R factor
{Campbell ez al., 1983). The fluid dynamics of a
magma are affected by chamber geometry and by
differences in temperature, composition, visco-
sity and density within the magma, or between a
resident magma and a new impuise (Campbell
et al., 1983). The general occurrence of PGE-rich
sulphide horizons at or near the bases of cyclic
units, which are indicative of a new magma
impulse, imply that their genesis is linked to new
injections of magma.

The formation of an economic PGE deposit is
dependent on the subsequent accumulation of the
sulphide as an immiscible phase. For sulphide
liquation to occur, the silicate liquid must become
sulphur saturated (Naldrett et af., 1990). The
factors affecting sulphur solubility are tempera-
ture, oxygen fugacity, changes in magma compo-
sition (due to fractionation or assimilation of
country rock) and mixing of two or more dispar-
ate magmas (Haughton et al., 1974; Buchanan,
1988).

In accordance with a magmatic origin, the LSZ
and MSZ represent stages in the crystallisation of
Cyclic Unit 1 at which sulphide liquation, and
hence PGE scavenging, occurred. The dissemi-
nated, sparsely mineralised LSZ owes its forma-
tion to low volume segregation of sulphide, with
saturation having been achieved by decreasing
temperature and increasing S-content due to
fractional crystallisation of the magma (Wilson
et al., 1989; Naldrett et al., 1990). The greater
mass of sulphide in the MSZ resulted from the
mixing of resident magma with an evolved magma
originating higher in the chamber, possibly due to
plagioclase crystallisation, producing a hybrid
magma which was driven strongly into the sul-
phide saturation field (Naldrett and Wilson, 1989;
1990). Progressive mixing caused fractional segre-
gation of sulphide over a narrow vertical interval.

The hydrothermal origin of PGE deposits.
There is considerable evidence to support the
origin of PGE deposits in layered intrusions as the
result of post-liquidus deuteric processes. The
evidence includes the association of PGM with
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hydrous silicate phases and altered primary sili-
cates, increased amounts of graphite and chlorite
and textures indicative of recrystallization (peg-
matoids) and movement of fluid (Balhaus and
Stumpfl, 1986; Stumpfi and Balhaus, 1986; Boud-
reau, 1988). Most models involve complexation
of PGE with a Cl-rich fluid which is capable of
transporting the metals to the zone of concen-
tration, notably the sulphide-rich layer. The fluid
phase is generated by exsolution from an evolved
intercumulus silicate liquid in the final stages of
differentiation, which is then expelled upwards
through the pile of cumulus mineral grains.
Boudreau er al. (1986) show that a process which
is akin to zone refining will progressively enrich
the fluids as they move up through the crystal pile
and encounter pockets of liquid that had not yet
reached saturation of halogens. Precipitation of
PGM occurs along the boundaries of sulphide
grains from the Cl-rich solutions.

Evidence to support this mechanism is the
observed distribution of PGM around sulphide
grains and the hydrous nature of the associated
silicates. In the J-M Reef of the Stillwater
Complex, evidence cited to support a hydrother-
mal origin of the mineralisation is the high degree
of variability of the reef and the lack of continuity
over a scale of metres to tens of metres (Raedeke
and Vian, 1986).

In contrast to the J-M Reef, the MSZ of the
Great Dyke is persistent as a continuous tabular
body over hundreds of kilometres (where expo-
sure of the P1 layer at the appropriate level is
preserved), and is remarkably homogeneous over
a scale of tens to hundreds of metres, with the
only observable variation reflecting gradation in
its environment from axis to margin (Wilson and
Prendergast, 1989; Naldrett and Wilson, 1990;
Wilson and Tredoux, 1990; Prendergast, 1991).

In addition, the form of the PGE distribution in
the Great Dyke ore zone is one of an ascending
series of peaks through the vertical profile, these
peaks bearing a strong linear proportionality to
each other (Wilson and Tredoux, 1990). It would
be highly improbable for this complex pattern to
be preserved over many kilometres by a process
of PGE mineralisation that required mass trans-
port, such as fluid migration, which by its very
nature would impose a high degree of variability.
Furthermore, the offset distribution of the differ-
ent PGE through the vertical profile, which is a
feature of the Great Dyke deposit (Prendergast
and Keays, 1989; Wilson and Tredoux, 1990), is
also highly unlikely to have been derived from a
primary hydrothermal-type process. Similar char-
acteristics are also found in the PGE zone of the
Munni Munni complex and early magmatic pro-
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cesses rather than fluid migration are considered
to be the controlling mechanism (Barnes, et al.,
1990).

The style of alteration, the nature of the PGM
assemblage and its relationship to the base metal
sulphides, are indicative of the active involvement
of fluids in the ore zone, but, as will be shown in
the next section, this can be explained largely as
the result of the highly reactive fluid phase
generated by the differentiation of intercumulus
liquid within the ore zone, rather than by the
introduction of external components.

The role of complexation and intermediate
compound formation in the genesis of the Great
Dyke PGE deposits: a multi-process model. One
of the chemical features of the PGE is their ability
to readily undergo complex compound formation
in a wide range of environments, from early
magmatic to late-stage hydrothermal. In most
cases, the processes leading to the formation of
these compounds are obscure, because the
observed PGM assemblage invariably bears little
resemblance to the original, or even the interme-
diate compounds. Several points need to be
considered in establising the genetic pathways of
the Great Dyke PGE ore deposits. These are: (1)
the broad association of PGE with base metal
sulphides indicates that the formation of sul-
phides was crucial to the enrichment process; (2)
many of the textural types indicate that the PGM
eventually became isolated or detached from the
sulphide; (3) the zone of PGE enrichment is
associated with an enhanced level of semi-metals
(Sb, Te, As, Bi); arsenide and bismuthotelluride
PGM characterise the assemblage, but minerals
containing Bi, Te, Pb and As arc absent in the
PGE-deficient parts of the MSZ; and (4) the
PGM show a wide range of thermal stabilities,
from what appear to be isolated primary high
temperature mineral phases of magmatic origin,
to low temperature phases consistent with a
hydrothermal origin.

Even at high temperatures there is a complex
association between iron sulphides and PGE
sulphides. Cooperite (PtS) coexists in stable
relationship with pyrrbotite at 1000°C (Skinner
et al., 1976), whereas braggite (PdS) is stable with
S-rich pyrrhotite only below 900°C (Makovicky
et al., 1990). Platinum arsenide (sperrylite group)
has a wide range of stabilities, and may co-exist
with melts of widely different composition.

It is commonly assumed that PGE partition
into sulphides at high temperature, on the basis of
their forming complete solid solution with liquid
base metal sulphides. Although this may be true
in part, it is probably an oversimplification.
Palladium shows strong chalcophile character,
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whereas the other elements are dominantly sider-
ophile. This indicates that no one single mecha-
nism is capable of explaining the enrichment of
the group. For instance, Ir may be incorporated in
early-formed high temperature silicate minerals
{Davies and Tredoux, 1985}, but the element is
also strongly enriched with other PGE in the
sulphide zone. It is also apparent that distribution
coefficients determined from experiment and in
natural systems encompass a very wide range in
values (e.g. Barnes and Naldrett, 1985; Peach
et al., 1989). As noted previously, the distribution
coefficient for Pt between sulphide and silicate
liquid ranges from 2000 (Campbell and Naldrett,
1979) to nearly 200 000 (Campbell and Barnes,
1984). Helz (1985) shows that Pt and Pd are
strongly siderophile at magmatic temperatures
(1200°C), and although these elements may be
associated with high temperature sulphide melts,
PGE sulphide minerals as discrete species are not
stable. Helz (op. cit.) suggests that these elements
occur in elemental form more as colloids than as
cationic species.

Lindsay (1988) reconciles many of these
observations in a mechanism which invokes the
coalescence of PGE atoms to form metastable
molecular clusters, rather than their complete
solution in liquid suiphide. These clusters are
stabitised by S and the group of semi-metals
As, Te and Bi, which are then easily incorpor-
ated into monosulphide solid solution. The clus-
ters may form proto-PGM in the sulphide, or
become trapped in the monosulphide solid solu-
tion. This early association of sulphide and
stabilised PGM clusters is based on physical
rather than chemical properties, which is likely
to give a wide range of apparent distribution
coefficients, depending on composition of the
melt, temperature, oxygen fugacity and path
followed in the formation of the metastable
compounds.

The base metal sulphides in the Great Dyke
(and those in most other PGE-enriched zones in
layered instrusions) contain only small amounts
of PGE, and therefore these elements must have
been expelled during the cooling process. The
discrete mineral phases observed in this study
indicate that considerable redistribution of the
PGE and semi-metals took place following their
exclusion from the sulphide, and prior to their
crystallisation as low-temperature phases. It is
suggested that following expulsion from sulphide,
local redistribution of the PGE and the disso-
ciated suit of semi-metals took place in the highly
reactive fluid phase resulting from the fraction-
ation of trapped intercumulus liquid. The semi-
metals and PGE reached critical concentrations
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and proportions, initiating crystallisation and
growth of low temperature PGM.

An alternative argument may be that arsenic
may reach saturation in the magma and therefore
scavenge PGE in the same way that sulphide is
proposed to do; however, this would result in
some deposits being generally As-enriched, with
only weak development of sulphide mineralisa-
tion. There are no such examples in layered
intrusions, and in the case of the Great Dyke, the
mineralisation is coincident with the onset of
sulphide formation. The presence of the semi-
metals is critical to the early entrapment process
of the PGE, as well as to their ultimate low
temperature reassociation.

The series of complexation processes shown in
Fig. 9 indicates that the incorporation of PGE
into sulphide from silicate magma is dependent
on both the sequence of events as well as
efficiency of each part of the process. It is
therefore unlikely that a unique value could
express the apparent distribution coefficient of an
individual PGE between silicate and sulphide
liquids. In spite of this limitation, the effective-
ness of the incorporation of PGE into early-
formed sulphide is useful in modelling the vertical
distributions of PGE (Wilson and Tredoux, 1990;
Barnes et al., 1990), and therefore in a paticular
environment this may be expressed as real value.
We suggest use of the term ‘Affinity Factor’,
which is expressed in the same way as distribution
coefficient, but does not carry the implications
required of a chemically coherent system, as
being appropriate to describe the influence of
sulphide in the magmatic development of a
sulphide-hosted PGE deposit.

On the basis of the approach used here, the
PGM assemblage in the Great Dyke ore zone may
be broadly divided into the carly stage (ortho-
magmatic) and late stage (hydromagmatic).

Orthomagmatic PGM assemblage. The sul-
phide group of PGM (hollingworthite, laurite,
cooperite and braggite), as well as platinum
arsenides of the Type 1 sperrylites, fall into this
category. These are high-temperature minerals
forming early in the crystallisation history, which
accounts for their spatial distribution in the
vertical profile in that they are concentrated near
the base of the MSZ ore zone. The sulphide
phases probably crystallised rapidly as very small
grains nucleating on growing pyroxene crystals,
which then enclosed the grains, or were subse-
quently incorporated into sulphide droplets as
these coalesced. Sulphide PGM enclosed within
the pyroxene were preserved as discrete mineral
grains and protected from interaction with the
fluid phase which developed later. This group of
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F16. 9. Proposed sequence of events showing the multi-process model for the genesis of PGM in the Great Dyke.
The definitive stages are high-temperature early magmatic, through submagmatic, to low-temperature late-stage
hydromagmatic.

high-temperature minerals is relatively small and
comprises a minor proportion of the total PGM
assemblage, because the tendency would be for
these to have been incorporated into sulphide
with only rare crystals trapped in cumulus
pyroxene.

Platinum arsenide (Type 1 sperrylites) formed
as part of the high-temperature assemblage, this
mineral having a wide stability range. This
mineral may also have been activated by S and
adhered to the boundary of sulphide droplets
along linear grain boundries, but continued to
grow even at very low temperatures by interac-
tion with late-stage fluids, causing the boundary,
which was in contact with the hydrosilicates, to be
irregular. This textural relationship does not
imply that hydrous silicate phases pre-dated the

solidification of sulphide, as suggested by Pren-
dergast (1990).

Hydromagmatic PGM asssemblage. The bis-
muthotellurides, the Type 2 sperrylite grains and
overgrowth on the orthomagmatic generation of
sperrylite comprise the late-stage hydromagmatic
assemblage of PGM. These minerals are always in
contact with or enclosed in hydrosilicates and
highly altered pyroxenes, and occur predomi-
nantly in the upper part of the mineralised zone,
together with higher sulphide content and gener-
ally more intense alteration. During the alteration
process, hydration and replacement of primary
silicates took place, with the formation of biotite,
several minerals of the amphibole group and talc.
The alteration, although pervasive, is variable on
a small scale and is controlled by the local
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distribution of liquid sulphide, as well as the
concentration of extreme differentiates of
trapped late-stage fluid. This distribution is linked
to the development of oikocryst phases as con-
trolling the formation of the nodular pyroxenite
(Wilson, 1992). The liquid sulphide accumulated
in the porous regions of the network formed by
the cumulus pyroxenes, and these would also
have been the regions of concentration of the final
late-stage fluids. Cumulus pyroxenes which occur
as a close network or enclosed in the early-stage
portion of oikocrysts, are much less altered,
which also indicates that the alteration process is
of a local nature and does not result from the
widespread and pervasive migration of hydro-
thermal fluids. The sulphide originated as a
primary liquid (of cumulus status), but was
displaced over short distances by the growing
oikocrysts of clinopyroxene and plagioclase, as
well as by the postcumulus overgrowth of
cumulus orthopyroxene. As a result of this
process, the sulphide liquid was in close contact
with the pockets of late-stage hydrous fluid.

As the activity of the hydrous fluid increased,
reaction with sulphide, both in the remnant liquid
stage and as solid sulphide, took place to produce
a highly acidic fluid. Iron was released from the
sulphide, which, together with the local high
concentration of potassium, initiated the forma-
tion of biotite, which is seen to replace sulphide.
The reactive acidic fluid caused leaching of the
pyroxene where these grains were in contact with
the fluid, and along cleavage planes, resulting in
replacement by talc and fibrous amphiboles.
Release of Fe both from the pyroxene and the
sulphide resulted in the formation of magnetite as
trains within pyroxene cleavages, as well as within
the hydrous mineral assemblage. At the same
time that this alteration process was taking place,
PGE were remobilised within the pockets of fluid
and crystallised to give the suite of low-tempera-
ture PGM. Some of these even migrated along
pyroxene cleavages.

The reactivity and pervasiveness of the altera-
tion would have been dependent on the amount
of sulphide in the rock, and therefore the degree
of alteration and formation of hydrous phases can
also be related to the proportion of sulphide. This
is particularly noticeable because of the fact that
the alteration commences at the first appearance
of sulphide and increases markedly upwards in
the ore zone.

In the same way, local migration of the highly
volatile semi-metals (Te, Bi and As) moving
along narrow passageways within the hot crystal
pile, would in some parts have corroded earty-
formed arsenides and bismuthotellurides pro-
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truding from sulphides (producing the observed
‘corrosion’ textures) and deposited these compo-
nents as late-stage minerals within the hydrosili-
cate assemblage. In view of this, there is a general
zonal effect of the PGM on a small scale through
the vertical profile, together with the establish-
ment of the second generation of sperrylites.
Those PGM entirely enclosed within either sul-
phides or early-formed silicates, would effectively
have been shielded from the hydrothermal pro-
cesses which operated on a local scale.

The complex multi-process origin proposed for
the Great Dyke PGE deposits has implications
for other layered intrusions. Evidence for the
modification of primary textures by a continuum
of post-magmatic processes, indicates that all
PGE deposits in layered intrusions must have
undergone these processes to some degree. In a
detailed study of the elements As, Bi, Hg, S, Sb,
Sn and Te in the J-M Reef of the Stillwater
Complex, Zientek et al. (1990) conclude that
neither liquidus processes nor fluid migration
explain the observed distribution of these ele-
ments. Zientek ez al. (op. cit.) show that elemen-
tal abundances and ratios are different in the
mineralised and unmineralised parts of the sul-
phide zone. Such observations are entirely consis-
tent with the mechanisms proposed for the Great
Dyke in that these elements played a critical role
in the initial precipitation of the PGE and were
subsequently retained in the local environment.

These conclusions also have implications for
the exploration of PGE in ultramafic rocks.
Elements such as arsenic at low parts per million
level would be easier and less costly to analyse
using routine analytical techniques (such as XRF)
than would be PGE, and anomalies of semi-
metals may be used as indicators of Great Dyke-
type mineralisation processes.

Conclusion

The characteristics of the PGM documented in
this study point to both orthomagmatic and
hydromagmatic processes having contributed to
the final product of mineralisation. The most
important of these features are: (1) the strati-
graphic distribution of the different PGM, viz.
high-temperature PGM (hollingworthite, laurite,
cooperite, braggite and Type 1 sperrylite) domi-
nating the lower parts of an ore zone, and low-
temperature PGM (Type 2 sperrylite and bis-
muthotellurides) being more abundant in the
higher regions; (2} the different textural environ-
ments in which the PGM occur, viz. being wholly
enclosed in either sulphides or silicates, or more
commonly, being situated on the boundary of
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sulphide and silicate (or hydrosilicate) minerals;
(3) the textural features characteristic of the
PGM, especially of those in the sulphide-silicate
boundary environment, viz. the PGM grown into
both the sulphide and silicate hosts, the PGM
attached to sulphide and extending into the
silicate, and ‘corrosion’ textures; (4) the strong
relationship between the size of the PGM, their
compositions, mineral associations and spatial
occurrence.

The general conclusion that can be drawn is
that initiation of sulphide mineralisation, subse-
quent early local concentration of PGE, and
nucleation and primary development of the high-
temperature PGM assemblage were due to ortho-
magmatic processes.

There is no evidence to suggest that PGE were
introduced to the system by a fluid phase.
However, fluids are considered to have played an
important role in the subliquidus stage and the
formation of the low-temperature assemblage of
PGM, and were responsible for remobilisation of
PGE and PGM components on a local scale.

The association of PGM with the semi-metals
(As, Bi, Te, Sb), indicates that these were
significant in stabilising the PGE at a late-stage,
and possibly even played a role in the com-
plexation process at high temperature.

Use of the term ‘Affinity Factor’ is proposed to
express the apparent distribution coefficient of an
individual PGE between silicate and sulphide
liquids. This factor will be dependent on the

particular environment, sequence of com-
plexation processes and efficiency of the
processes.

Although magmatic processes controlled the
initial PGE enrichment, and on this basis the
stratiform, sulphide-hosted PGE mineralisation
of the LSZ and MSZ can be classified as
orthomagmatic in origin, it was the postcumulus
development and consolidation of the sulphide-
rich zones which were responsible for most of the
observed characteristics of the PGM.

The proposed multi-process model for the
petrogenesis of the Great Dyke PGE deposits has
implications for sulphide-hosted PGE deposits in
other layered intrusions.
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