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Abstract

The Platreef is a highly complex, pyroxenite-hosted Ni-Cu-PGE deposit. It is located at the
base of the northern limb of the Bushveld Complex, South Africa, in direct contact with a
variety of country rock sediments and Archaean basement. The interaction of the Platreef
magma with these diverse country rock lithologies during emplacement had a profound effect
on the style and distribution of the mineralization on both regional and local scales.

Geometrically, the Platreef was emplaced as a thin, sill-like intrusion, with pre-formed PGE-
rich sulfide droplets entrained within the magma. Sulfur saturation is likely to have occurred
in a deep staging chamber or conduit prior to emplacement, and where immiscible sulfide
droplets became enriched in PGE, base metals and semi metals. After emplacement, the PGE
and semi-metal rich sulfide liquid cooled to form ‘primary’ assemblages of IPGE-rich
pyrrhotite, IPGE-, Rh- and Pd-rich pentlandite, chalcopyrite, Pt and Pd tellurides and
bismuthides and electrum within the feldspathic pyroxenites of the Platreef.

Assimilation and metamorphism of some sedimentary footwall rocks, particularly the
dolomites of the Malmani Subgroup, released large volumes of volatiles into the Platreef
magma. This hydrothermal activity redistributed PGE and base metal sulfides (BMS) into the
footwall rocks, and in places overprinted the ‘primary’ assemblages, and occasionally
decoupled PGE from BMS, with the petrology of the reef and footwall, and the mineralogy of
the platinum-group minerals, significantly affected. Each locality along the strike of the
Platreef with a different footwall lithology has its own unique hydrothermal history directly
related to the nature of the local floor rocks. For example, where the floor is composed of
anhydrous basement gneiss, volatile activity was relatively insignificant, and partial melting
of the floor allowed the percolation of PGE-rich sulfide liquid to penetrate the footwall.

The nature of the floor rocks also controls the type and amount of contamination in the
Platreef. Sulfides in country rock shales, for example, are assimilated into the Platreef magma
and locally upgrade the S content at such localities, although this did not trigger S saturation.
Footwall sulfates, such as anhydrite, cannot be assimilated, but can interact with the Platreef
sulfides through hydrothermal leaching when sufficient fluids had been released during
assimilation.

After emplacement of the Platreef, a significant period of cooling occurred, such that the
Platreef was almost completely crystallized, during which time some ductile deformation
occurred. The gabbronoritic hangingwall magma was then emplaced, forming a magmatic
unconformity over the Platreef, occasionally exploiting shear zones to intrude finger-like
bodies down into the Platreef. Where the hangingwall magma assimilated mineralized
Platreef thin zones of PGE mineralization developed at its base.

The magmatic intrusion of the Platreef can be considered to be distinct from that of other
magmatic units in the northern limb of the Complex. Its Ni-Cu-PGE sulfide mineralization is
orthomagmatic in origin; however, complex interaction with a variety of country rock
lithologies has locally altered the style and distribution of the mineralization, to form unique
mineralogical associations and assemblages along strike. The understanding of local country
rock control on features such as the mineralogy of the ores and the extent of remobilization
into the footwall is critical in optimizing exploration, mining and mineral processing
techniques.



D. A. Holwell, PhD, 2006

Contents

Chapter 1. Introduction
1.1 The platinum-group elements
1.2 Uses of PGE
1.3 Economic occurrences of PGE
1.4 Aims of the project

Chapter 2. The Platreef
2.1 The Bushveld Complex
2.1.1 Structural setting
2.1.2 Emplacement and magma source
2.2 The Northern limb
2.2.1 Stratigraphy of the northen limb
2.2.2. Age of the northern limb
2.3. The Platreef
2.3.1 Current state of research
2.3.2 Geology
2.3.2.1 Footwall lithologies
2.3.2.2 Platreef lithologies
2.3.3 Mineralization
2.3.4 Mineralization models and the role of contamination
2.3.5 Hydrothermal activity
2.3.6. Magmatic Emplacement
2.4 Introduction to and context of the papers in Chapters 3-8

Chapter 3. Observations on the relationship between the Platreef and its hangingwall
3.1 Abstract
3.2 Introduction
3.3 Methods
3.4 Lithological units
3.5 Observations
3.5.1 Macroscopic relationships
3.5.2 Petrography of the contact
3.5.3 PGE mineralization
3.5.4 Xenoliths
3.6 Discussion
3.6.1 Cross-cutting relationships
3.6.2 Chilling and erosion at the base of the hangingwall
3.6.3 PGE mineralization in the hangingwall
3.6.4 Source of calc-silicate xenoliths
3.6.5 Source of PGE in the Platreef
3.7 Conclusions
3.8 Acknowledgements

Chapter 4. Three-dimensional mapping of the Platreef at the Zwartfontein South mine:

implications for the timing of magmatic events in the northern limb of the Bushveld

Complex, South Africa
4.1 Abstract

N AW -

10
13
13
16
17
17
19
21
21
25
26
29
30
32

33
34
34
37
37
38
38
40
40
41
41
41
42
43
44
47
47
48

49
50




D. A. Holwell, PhD, 2006

4.2 Introduction 50

4.3 Geological setting of the Platreef 51

4.4 The Platreef at Zwartfontein South 53

4.4.1 Footwall lithologies 53

4.4.2 Platreef lithologies 53

4.4.3 Hangingwall lithologies 54

4.5 Mapping 54

4.6 Discussion 58

4.6.1 Timing of magmatic events: 38

4.6.2 Timing of deformation events 60

4.7 Conclusions 62

4.8 Acknowledgements 62
Chapter S. Platinum-group mineral assemblages in the Platreef at the Sandsloot Mine,

northern Bushveld Complex, South Africa. 63

5.1 Abstract 64

5.2 Introduction 64

5.3 Geology 66

5.3.1 Footwall lithologies 67

5.3.2 Igneous Platreef lithologies 68

5.3.3 Hangingwall lithologies 69

5.4 Mineralization 69

5.5 Platinum-Group Minerals 71

5.5.1 Grain size and morphology 73

5.5.2 Assemblages 74

5.5.2.1 Reef pyroxenites and pegmatites 75

5.5.2.2 Olivine-replaced reef 78

5.5.2.3 Reef clinopyroxenites 78

5.5.2.4 Footwall clinopyroxenites 79

5.5.2.5 Footwall calc-silicates 79

5.5.2.6 Footwall-reef hybrid 79

5.5.2.7 Footwall serpentinites 80

5.5.2.8 Hangingwall gabbronorite 80

5.6 Discussion 82

5.7 Conclusions 86

5.8 Acknowledgements 88

Chapter 6. Petrology, geochemistry and the mechanisms determining the distribution of
Platinum-Group Element and Base Metal Sulphide mineralization in the Platreef at

Overysel, northern Bushveld Complex, South Africa 89
6.1 Abstract 90

6.2 Introduction 91

6.3 Materials and methods 93

6.4 Petrology 95

6.4.1 Footwall lithologies 95

6.4.2 Igneous Platreef lithologies 98

6.4.3 Hangingwall lithologies 103

6.5 Rare earth element geochemistry 103

6.6 PGE and BMS mineralisation 110

6.7 PGE geochemistry 113

1i



D. A. Holwell, PhD, 2006

6.8 Discussion
6.8.1 The PGE-S correlation
6.8.2 Distribution and fractionation of PGE into footwall
6.8.3 Hydrothermal redistribution
6.8.4 Chromitites
6.8.5 Comparison with other Platreef localities
6.9 Conclusions
6.10 Acknowledgements

Chapter 7. Distribution of platinum-group elements in the Platreef at Overysel, northern

Bushveld Complex: a combined PGM and LA-ICP-MS study.

7.1 Abstract

7.2 Introduction

7.3 Samples and methods

7.4 Petrology and mineralogy
7.4.1 Footwall lithologies
7.4.2 Igneous Platreef lithologies

7.5 PGE mineralization

7.6 Platinum Group Mineralogy
7.6.1 Grain size and relative grain area
7.6.2 Assemblages

7.7 LA-ICP-MS analysis

7.8 PGE contents of BMS and other phases
7.8.1 Platreef feldspathic pyroxenites
7.8.2 Chromitites
7.8.3 Footwall gneisses

7.9 Mass balance

7.10 Discussion

7.10.1 The role of a sulfide liquid in Platreef PGE mineralization

7.10.2 Hydrothermal effects on PGM mineralogy
7.10.3 Chromitites and the timing of S saturation
7.10.4 Comparison with other Platreef localities and economic
implications
7.11 Conclusions
7.12 Acknowledgements

Chapter 8 Sulfur isotope variations within the Platreef: genetic implications for the

origin of sulfide mineralization
8.1 Abstract
8.2 Introduction
8.3 Sulfur Saturation and the use of Sulfur Isotopes
8.4 Previous Platreef S Isotope Work
8.5 Samples and Methods
8.6 Petrology and Mineralization
8.6.1 Sulfide mineralization
8.7 Analytical Results
8.7.1 Sandsloot
8.7.2 Zwartfontein
8.7.3 Overysel
8.7.4 Witrivier

115
115
116
120
122
123
125
127

128
129
130
131
133
133
134
134
135
135
136
141
144
144
146
147
148
150
150
154
155

157
158
159

160
161
162
165
166
169
171
172
175
175
175
175
179

11



D. A. Holwell, PhD, 2006

8.7.5 La Pucella
8.8 Discussion
8.8.1 Magmatic S isotope signatures
8.8.2 Non-magmatic S isotope signatures
8.8.3 S isotope variations along strike
8.8.4 The sources of S in the Platreef
8.8.5 Mechanisms of S saturation in the Platreef
8.8.6 A genetic model for Platreef mineralization
8.9 Conclusions
8.10 Acknowledgements

Chapter 9. Discussion and Conclusions
9.1 Introduction
9.2 Magmatic emplacement
9.3 Source of sulfide
9.4 ‘Primary’ Platreef mineralization
9.5 Contamination
9.6 Hydrothermal activity and redistribution of PGE into footwall rocks
9.7 Conclusions

References

Appendices:

Appendix 1. Geological face maps from the Sandsloot and Zwartfontein South pits

Appendix 2. Whole-rock geochemical data

Appendix 3. LA-ICP-MS analyses of sulphides

Appendix 4. Mineral chemistry

Appendix 5. Geochemistry and mineralogy of the Platreef and *‘Critical Zone’’ of the
northern lobe of the Bushveld Complex, South Africa: implications for
Bushveld stratigraphy and the development of PGE mineralisation.

181
181
181
182
188
189
190
192
196
197

198
199
199
201
202
203
204
206

209

222
230
239
242

261

v



D. A. Holwell, PhD, 2006

List of Figures

Figure. 1.1. Demand by application of the Pt, Pd and Rh for 2005 (data from Kendall, 2006). 3
Figure 2.1. Geological map of the Bushveld Complex (after Kinnaird et al., 2005). 8
Figure 2.2. Tectomagmatic evolution of the Kaapvaal Craton. After Silver et al. (2004). 9

Figure 2.3. Gravity map of the Bushveld Complex, showing the outline of surface outcrop, and
the large gravity anomaly close to Mokopane (after Cawthorn and Webb, 2001). 11

Figure 2.4. Geological map of the northern limb of the Bushveld Complex (after Ashwal ez al.,
2005). 14

Figure 2.5. Traditional correlation of stratigraphy of the eastern and western limbs of the Bushveld
Comnplex, and the northern limb, with an inferred correlation between the Platreef with the
Merensky Reef (after White, 1994). 15

Fig. 2.6. Geological map of the Platreef showing the different footwall units along strike and the
farms referred to in the text. The map on the right hand side shows in detail the field area for this
study, including the Sandsloot and Zwartfontein South pits. 18

Figure 2.7. Summary figure showing the geology and mineralization types along the strike of the
Platreef. 20

Figure 3.1. Geological map of the Platreef showing localities referred to in the text. After
Kinnaird and Nex (2003), von Gruenewaldt et al. (1989) Hammerbeck and Schiirmann (1998). 36

Figure 3.2. Photograph and map showing a face in the south-western part of the Sandsloot pit
showing an exposed section of olivine replaced reef, displaying a distinct darkening and different
fracture pattern to the surrounding lithologies. The replaced reef is truncated at a magmatic

contact with the hangingwall gabbronorite. 39

Figure 3.3. Composite photograph of a thin section showing the contact between fine-grained,
hangingwall poikilitic leuconorite (upper half of photograph) and coarse-grained, mineralized
Platreef feldspathic pyroxenite (lower half). 40

Figure 3.4. Schematic representation of the possible nature of the Platreef-hangingwall contact
and the localization of hangingwall PGE mineralization in gabbronorite that directly overlies
mineralized Platreef pyroxenite. 44

Figure 4.1. Geological map of the central portion of the Platreef showing the location of the
Zwartfontein South pit. 51

Figure 4.2: Geological face maps and plan map from bench 222 at the Zwartfontein South pit.
The plan map is the surface corresponding to the tops of the bench faces mapped. 55

Figure 4.3. Three dimensional schematic representation of the stages involved in the intrusion of
the Platreef and hangingwall gabbronorite in the area mapped at Zwartfontein South. 60

Figure. 5.1. Geological map of the central and southern sections of the northern limb of the
Bushveld Complex, showing the Platreef and localities and lithologies referred to in the text.




D. A. Holwell, PhD, 2006

After Kinnaird and Nex (2003), von Gruenewaldt er al. (1989), Hammerbeck and Schiirmann
(1998). 65

Figure. 5.2. Simplified stratigraphic representation showing all major rock units in the
southwestern, central and northern parts of the Sandsloot pit. 67

Figure. 5.3. A. Thin section of olivine replaced reef showing olivine overprinting orthopyroxene
(opx); in cross-polarized transmitted light. B-D: Backscattered electron photomicrographs of: B

and C, typical association of base-metal sulfides (BMS) intergrown with altered plagioclase (alt

plag) at the edge of the interstitial region enclosing cumulus, sulfide-free orthopyroxene in

Platreef pyroxenites at Sandsloot. D: typical association of discreet BMS grains with unaltered
plagioclase (plag) from the Merensky Reef in the eastern Bushveld for comparison. 70

Figure. 5.4. Range of PGM grain size (longest axis) in the various host rock lithologies at
Sandsloot. 74

Figure. 5.5. Backscatterred electron photomicrographs of PGM found in Sandsloot Platreef
samples. 77

Figure 6.1. Geological map of the Platreef, showing farms referred to in the text, together with a
detailed map of the Sandsloot-Overysel area showing the locality of boreholes OY335 and
OY387 and the 1980 shaft, based on field mapping and published maps of the Geological Survey

of South Africa. 92
Figure 6.2. Statigraphic logs of borehole cores OY335 and OY387 showing the positions of the

samples and zones of visible BMS-PGE mineralization. 94
Figure 6.3. Thin section photographs of some of the lithologies present at Overysel. 97

Figure. 6.4. Net-textured sulfides within the gneisses (sample OY387-378) showing concave
boundaries of interconnected BMS blebs both at quartz and plagioclase grain boundaries (lower
part of image), and within silicates (upper part of image). 97

Figure 6.5. Chromitites obtained from the underground workings on Overysel. 101

Figure 6.6. Chondrite-normalized REE plots for a: Platreef and hangingwall rocks from the

0Y335 core; b: footwall rocks from the OY335 core; c: Platreef and hangingwall rocks from the
0Y387 core; d: footwall rocks from the OY387 core; e: Platreef pyroxenites and footwall calc-
silicates from Sandsloot (from McDonald et al. 2005); f: Upper, Middle and Lower Platreef

rocks from Townlands (from Manyeruke et al. 2005). Normalising factors are from Taylor and
McLennan (1985). 105

Figure 6.7. Distribution profiles with depth for a: S, Pd, Pt and Rh for the OY335 core; b: S, Cu
and Ni for the OY335 core; ¢: S, Pd, Pt and Rh for the OY387 core; and d: S, Ni and Cu for the
0Y387 core. 111

Figure 6.8. Selected PGE ratios with depth through core OY387. Note the different logarithmic
horizontal scales. 113

Figure 6.9. Chondrite-normalized PGE profile ranges of a: Overysel reef pyroxenite, upper

gneisses, and lower gneisses and granite with individual profiles for the chromitiferous samples
OYO08C (chromitite band), OY 16 (feldspathic chromitite) and OY335-303 (chromitiferous
quartzo-feldspathic pyroxenite); and b: all reef, footwall and hangingwall at Sandsloot and
Zwartfontein South. 115

vi



D. A. Holwell, PhD, 2006

Figure 6.10. Schematic model for the distribution of PGE-rich sulfides into the footwall at
Overysel. 118

Figure 7.1. Geological map of the Platreef, showing the locality of boreholes OY335 and OY387,
the 1980 shaft and farms referred to in the text. Based on field mapping and published maps of
the Geological Survey of South Africa. 130

Figure 7.2. Statigraphic logs of borehole cores OY335 and OY387 showing the positions of the
samples and zones of visible BMS-PGE mineralization. 132

Figure 7.3. Backscattered scanning electron micrographs of:

(a): typical association of PGM at the contact between BMS and silicates, (b): Enlarged area

from A, (c): typical association of PGM located at the edge of BMS grains within footwall gneiss,
(d): polyphase PGM enclosed within quartz in a sample of mineralized basement granite, (e):
exsolution lamellae of pentlandite within pyrrhotite in a sample of massive sulfide. (f): enlarged

view of massive sulfide showing the association of moncheite with exsolved pentlandite within
pyrrhotite. 139

Figure 7.4. PGE contents of pyrrhotite and pentlandite grains plotted as: (a) Ir vs Os, (b) Ir vs Ru,
(c) Ir vs Rh, (d) Ir vs Pd; (e) Ir vs Ni for pyrrhotite and (f) Pd vs Rh for pentlandite. 144

Figure 7.5. Selected TRA spectra for: (a) pyrrhotite, (b) pentlandite and (c) chalcopyrite with
PGM from the Platreef pyroxenites; (d) pentlandite with PGM, (e) composite pyrrhotite-
pentlandite, (f) composite pyrrhotite-pentlandite-chalcopyrite with PGM. 145

Figure 7.6. Chondrite normalized diagrams of average PGE in (a) pyrrhotite and bulk sulfide
recalculated to 100% sulfide (po+pn) for Overysel Platreef pyroxenites, and (b) pentlandite and

bulk sulfide recalculated to 100% sulfide (po+pn and pn only) for Overysel Platreef pyroxenites,

(c) pyrrhotite and bulk sulfide recalculated to 100% sulfide (po+pn) for the Merensky Reef (d)
pentlandite and bulk sulfide recalculated to 100% sulfide (po+pn) for the Merensky Reef.

Merensky Reef data from Ballhaus and Sylvester (2000). 150

Figure 7.7. Schematic representation of the partitioning behaviour of the PGE within cooling
droplets of sulfide within the Platreef magma. 154

Figure 8.1. Geological map of the Bushveld Complex showing the location of the northern limb
and the Klipspringer kimberlite (after Kinnaird et al., 2005). 162

Figure 8.2. Geological map of the northern limb of the Bushveld Complex showing the localitites
referred to in the text (after van der Merwe, 1978). 164

Figure 8.3. Summary of previous S isotope data on the Platreef and sulfide inclusions in
diamonds from the nearby Klipspringer kimberlite. 167

Figure 8.4. Schematic cross section showing the major lithologies encountered along strike of the
Platreef and the corresponding positions of the sample localities. 169

Figure 8.5. Backscattered electron photomicrographs of sulfides from the Platreef. 174

Figure 8.6. Range in 6™*S values for sulfides within each rock type and an indication on their
paragenesis based on textural evidence and host rock lithology from (A): the Sandsloot pit; (B):

the Zwartfontein South pit; (C): borehole cores OY335 and OY387 from Overysel; and (D):

borehole core PR351 from Witrivier. 178

vil



D. A. Holwell, PhD, 2006

Figure 8.7. Variations in 6°*S for sulfides with depth in metres in the boreholes cores (A):
0Y335 from Overysel; (B): OY387 from Overysel; and (C): PR351 from Witrivier. 180

Figure 8.8. Genetic model for the intrusion and mineralization in the Platreef, with the presence
of a deep, intermediate magma chamber. 194

Figure 8.9. Ni vs Fo content for Lower Zone olivines from the northern limb, from Hulbert
(1983). Eastern Bushveld data from Cameron (1978). Field for layerd intrusion from Simpkin and
Smith (1970). 195

Figure 9.1. Model for the formation of the northern limb of the Bushveld Complex. 207

viii



D. A. Holwell, PhD, 2006

List of Tables

Table 1.1 Physical properties of the platinum-group elements (after Westland, 1981). 2

Table 5.1. PUPd ratios and relative grade for selected hangingwall (HW), reef and footwall (FW)
samples. 71

Table 5.2. Name and ideal formulae of all occurrences of PGM and Au-Ag minerals in the
variety of host-rock types. 72

Table 5.3. Proportions of PGM type within each lithology in percentage of the total area of PGM. 75

Table 5.4. Textural associations of PGM (excluding Au/Ag alloy) in the variety of host-rock
types in percentage number of grains. 76

Table 5.5. Compositions of unnamed Pd-germanide phase from the base of the hangingwall
gabbronorite, together with the ideal compositions of Pd,Ge and Pd,,Ges. 81

Table 6.1. Representative analyses of chromite grains within Platreef rocks from Overysel. 102

Table 6.2. Geochemical data for all samples from the OY335 and OY387 cores and chromitite
samples from the underground workings on Overysel. 106

Table 6.3. Indications of PGE grade, PGE sloping profiles (Pt+Pd)/(Ir+Ru) and S contents of
samples from the Overysel cores and chromitite grab samples, together with Ni/Cu, N/S and
Cu/S ratios. 112

Table 7.1. List of all PGM identified, together with ideal formulae, and number of occurrences
within the lithologies in the Overysel cores. 136

Table 7.2. Proportions of PGM type within each lithology in the Overysel cores, in percentage of
the total area of 100% PGM. 137

Table 7.3. Associations of all PGM and Au, Ag phases, Pt dominant phases only, and Pd
dominant phases only within each lithology in the Overysel cores in percentage of the number of
grains. 137

Table 7.4. Compositions of base metal sulfides from the Platreef at Overysel and Sandsloot as
determined by LA-ICP-MS analysis. 142

Table 7.5. Experimentally derived partition coefficients for the noble metals between
monosulfide solid solution and sulfide liquid (900-1200°C). 151

Table 8.1. Results of all conventional (c) and laser (1) S isotope analyses for Platreef sulfides
together with whole rock S concentrations where available from Sandsloot, Zwartfontein,
Overysel and Witrivier, and Archaean basement rocks from Witrivier and La Pucella. 176

ix



Chapter 1. Introduction

Chapter 1

Introduction




Chapter 1. Introduction

1.1 The platinum-group elements
The transition elements ruthenium (atomic number 44), rhodium (45), palladium (46),

osmium (76), iridium (77) and platinum (78) occupy the second and third rows of Group VIII

of the periodic table and are referred to as the platinum-group elements (PGE) and are often

grouped together with gold and silver and termed ‘precious’ or ‘noble’ metals. They can be

divided into a light triad (Ru, Rh and Pd) and a heavy triad (Os, Ir and Pt). The light triad

have densities roughly half that of the heavy triad. Platinum and Pd are relatively soft and

ductile. In contrast, Ru and Os are hard and brittle and are thus of limited industrial use. Table

1.1 shows some physical properties of the PGE.

Table 1.1 Physical properties of the platinum-group elements (after Westland, 1981).

Property Ru Rh Pd Os Ir Pt
Atomic number 44 45 46 76 77 78
Atomic weight 101.07 102.94 108.42 190.23 192.22 | 195.08
Density at 20°C (kgm™~*107) 12.2 12.4 12.0 225 22.4 215
Melting point (°C) 2334 1967 1555 3050 2454 1768
Boiling point (°C) 3900 3727 3140 5027 4130 3827
Resistivity at 0°C (LQcm) 6.80 4.33 9.93 8.12 4.71 9.85
Hardness (annealed, VHN) 200-350 | 100-102 40-42 300-670 | 200-240 40-42
Atomic radius (cm™) 1.336 1.342 1.373 1.350 1.355 1.385
Oxidation state (common) +3 +3 +2 +4 +3 +2
(highest) +8 +6 +4 +8 +6 +6

Chemically, the PGE show highly siderophile tendencies in the presence of Fe metal, and are

also mutually soluble in one another. The PGE are relatively unreactive in dilute acids and

alkalis, but can be dissolved slowly in concentrated acid, in particular Pt and Pd are more

reactive in this sense than the other PGE and are readily dissolved in aqua regia. At elevated

temperatures, the PGE all react with oxygen to yield volatile oxides and with the halogens to
produce PGE halide compounds such as hexafluorides and chlorides. In addition, and perhaps
most importantly in the formation of natural platinum-group minerals (PGM), the PGE will
dissolve in molten bases of the P block of the periodic table and form a wide range of

sulfides, tellurides, arsenides, bismuthides, antimonides, and selenides.
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Chapter 1. Introduction

1.3 Economic occurrences of PGE

The PGE commonly occur together in nature and are among the scarcest of the metallic
elements, usually present in concentrations of a few parts per billion, or less, in most rocks.
This, together with their range of industrial and social applications outlined above make the
PGE highly expensive commodities. Over the past five years the price of platinum has more
than doubled, and throughout 2006, Pt was consistently trading at around the $US1000 per
troy ounce mark, double that of gold, with Pd around US$300/0z and Rh approaching
US$5000/0z. There are very few major occurrences of PGE in the Earth’s crust, and the most
economic are in mafic layered igneous intrusions where they may attain concentrations
around a few parts per million. By far the greatest of these deposits in terms of PGE content is
the Bushveld Complex in South Africa, with the Great Dyke in Zimbabwe and the Stillwater
Complex in Montana, USA, minor contributors. The PGE, and in particular Pd, are also
significant by-products in large magmatic Ni-Cu sulfide deposits, the most significant of
which are the Noril’sk deposits in Siberia, Russia, and the Sudbury igneous complex in

Ontario, Canada.

The Bushveld Complex in northern South Africa is the world’s largest layered igneous
intrusion as is also the largest repository of magmatic ore deposits on the planet. It hosts
around 75% of the world’s resources of platinum-group elements (Kendall, 2006) in three
major deposits. The Merensky Reef and UG2 chromitite units are stratiform layers located in
mafic rocks which can be traced over hundreds of kilometres in the eastern and western limbs
of the Complex. The Platreef is a stratabound, but not stratiform, unit at the base of the
igneous sequence in the northern limb of the complex and has an estimated Pt+Pd reserve of
16.3 million ounces, making it the third largest PGE deposit in the world after the UG2 and
Merensky Reef (Cawthorn, 1999).

The Platreef is a 10-400m thick pyroxenitic unit containing Ni-Cu-PGE mineralization that
has intruded a wide variety of country rock lithologies along its ~40km strike length. In what
has been termed an ‘igneous transgression’ (Wagner, 1929), the Platreef overlies sediments of
the late Archaean-early Proterozoic Transvaal Supergroup, which include quartzites, shales,
dolomites and banded ironstones, and the Archaean granite/gneiss basement complex. The

interaction of the Platreef magma with the different floor rock types appears to have had
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profound effects on the style and distribution of the mineralization on both a local and

regional scale.

1.4 Aims of the project

This project aims to assess the roles that magmatism, contamination and hydrothermal

activity have played during the development of Platreef mineralization. The research focuses

on four main areas:

Detailed geological mapping in open pit mines to provide the sound geological context
to be able to apply any further petrological or geochemical interpretation to overall
models. In particular the mapping provides a solid basis for determining the relative
timings of events.

Combined petrological and geochemical studies to assess the magmatic and
hydrothermal processes involved in both the origin and nature of the Platreef magma,
and the ore-forming sulfide liquid.

Sulfur isotope work on the Platreef sulfides in order to determine the origin of the
sulfur, the timing of S saturation and the extent of any contamination in the
development sulfide mineralization.

Detailed mineralogical studies and laser-ablation ICP-MS techniques on the
mineralogy of the ore minerals to determine the mechanisms of precious metal
enrichment in the Platreef, the partitioning behaviour of the PGE within the sulfides

and to identify and assess to the effects of hydrothermal redistribution.

The nature of contamination and hydrothermal activity is directly dependant on the

interaction of the variety of floor rock lithologies with the Platreef magma. The field area

for this study encompasses a section of the Platreef where the floor rocks differ

substantially and so all of the above factors can be assessed on a metre and kilometre

scale, to determine the control that footwall lithology has on each aspect of the

mineralization in this enigmatic deposit.
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Chapter 2. The Platreef

2.1 The Bushveld Complex
The Bushveld Complex is located in the northeastern part of South Africa to the north of the
city of Johannesburg. It is the world’s largest layered igneous intrusion and is made up of a
succession of mafic and ultramafic cumulates 7-8km thick and covers an area of
approximately 65,000km”. It is the largest repository of magmatic ore deposits on Earth, and
currently produces around 75% of the world’s platinum-group elements (PGE) (Kendall,
2006). It was intruded into the Kaapvaal Craton around 2.06Ga (Walraven et al., 1990), and
the country rocks in most parts of the complex are sediments of the 2.1-2.3Ga Pretoria Group,
which is part of the lower Proterozoic Transvaal Supergroup. In the South African
stratigraphic literature, the Bushveld Complex comprises of (Fig. 2.1):

e a suite of mafic sills intruded into the Transvaal Supergroup;

e the felsic and minor basic volcanics of the Rooiberg Formation;

e the layered mafic and ultramafic rocks of the Rustenburg Layered Suite;

e intrusive acid rocks of the Rashoop Granophyre Suite, and;

e the Lebowa Granite Suite.
However, in much of the scientific literature and subsequently in this study also, the term
Bushveld Complex refers to just the layered ultramafic/mafic sequence of the Rustenburg
Layered Suite (RLS).

The RLS crops out in three distinct limbs: the western limb, around Rustenburg; the eastern
limb, around Burgersfort; and the northern limb, from Mokopane (formerly Potgietersrus) to
Villa Nora (Fig. 2.1). An extension of the western limb north of Zeerust, referred to as the far
western limb, and an extension of the eastern limb beneath cover rocks, identified by gravity
data in the south east, referred to as the southern, or Bethal limb, are also recognized (Eales
and Cawthorn, 1996). The giant deposits of PGE, chromium and vanadium are all hosted in
the RLS. The world class PGE deposits of the Merensky Reef and UG2 chromitite are located
in the eastern and western limbs and the Platreef in the northern limb. The RLS in the western
and eastern limbs is traditionally divided into five zones, originally defined by Hall (1932),
comprising a Marginal Zone of norites, Lower Zone pyroxenites and harzburgites, Critical
Zone chromitite-pyroxenite-norite cyclic units, Main Zone gabbronorites and Upper Zone
anorthosites, gabbronorites and magnetites (Fig. 2.2). The similarity between the two limbs
which includes the correlation of marker horizons such as the Merensky Reef chromitites led

Hall (1932) to conclude they were originally connected. Meyer and de Beer (1987) used the
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Chapter 2. The Platreef

2.1.2 Emplacement and magma source

The mechanism of emplacement for the Bushveld Complex remains unresolved. One of the
earliest theories was described by Mills Davis (1925), who postulated ““an active molten rock
magma of common or normal composition deep down in the Central Transvaal area and its
gradual advance upwards through thousands of feet of strata until it emerged through devious
ways through the quartzites and shales of the Pretoria Group and...spread out like a colossal
cake.” Wagner (1929) referred to its lopolithic nature and the likelihood of it being intruded
into horizontal strata, but did not suggest a mechanism for the intrusion. Hatton (1995)
considered the Bushveld Complex to be the intrusive equivalent of a continental flood basalt
province, with the magma sourced from a mantle plume that impinged through the base of the
crust. Using MgO and SiO; contents, he calculated that melting took place between 18 and
40km, and inferred that the only way to achieve melting at such depths in an intracratonic
setting would be for a sufficiently buoyant mantle plume to penetrate the bottom of the crust.
Cawthorn et al. (2002), however, stated that this was unlikely, and that using MgO and SiO,
contents could not be used to infer the depth of melting due to the possible effects of

- contamination and fractionation. In addition, Cawthorn et al. (2002) note that the presence of
mantle xenoliths in kimberlites that penetrate the Bushveld Complex, are 3Ga (i.e. older than
the complex) and suggest that it would have been impossible for these to have been preserved
if a mantle plume had penetrated it. They therefore concluded that melting took place at a
much greater depth in the asthenosphere and it was magma rather than a plume that invaded
the lithospheric upper mantle. Re/Os ages for xenoliths within the Premier kimberlite in the
eastern Kaapvaal shield are around 2Ga from xenoliths sourced from the upper lithosphere,
whilst the deeper ones have a more characteristic Kaapvaal age of 3Ga (Carlson et al., 1999).
The change to apparently younger ages can be explained by ‘resetting’ of the Re/Os system
by a magmatic event. At around 2.0Ga, this corresponds to the intrusion of the Bushveld
Complex. If this event was plume related, one would expect even the lower lithospheric

mantle to also be affected.

No feeder systems have been positively identified; however, several have been inferred on the
basis of positive gravity anomalies (Kinloch, 1982). In the eastern and western Bushveld,
these coincide with the upper contact of the Upper Zone, and du Plessis and Kleywegt (1987)
point out that this is where the thickness of the mafic rocks is greatest, and therefore a positive

anomaly would be expected, thus these anomalies are unlikely to represent feeders. By far the
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Chapter 2. The Platreef

Linear feeders have been proposed by Cawthorn et al. (2002) and Friese (2004). The former
auothors considered the Steelpoort Fault (Fig. 2.1) to be a likely feeder zone. There are well
known differences in stratigraphic thicknesses of individual units of the Lower and Critical
Zones on either side of this lineament (e.g. Hatton and von Gruenewaldt, 1987). Cawthomn et
al. (2002) explain these by proposing that magma flowing to the north and south of the linear
feeder to greater or lesser degrees depending on the amount of subsistence on either side. This
would therefore produce different depths of magma leading to the observed stratigraphic
thicknesses. The authors also state that the Steelpoort Fault was unlikely to be the only feeder
and many of the large faults that separate compartments of the Complex may have acted as
feeders. Friese (2004), took an alternative view and considered the TML to be a likely feeder
zone, with magmas ascending along the deep-seated shear zones until at a critical point in the
crust where the magmatic pressure equalled lithostatic pressure and triggered the sill-like
intrusion of the Complex. The TML is a 500km long, 25km wide ENE-WSW trending
deformation belt, reactivated as a fault (McCourt and Vearncombe, 1987). It delineates a
major cratonic subterranean boundary, and as such, represents a fundamental crustal and
probably deep lithospheric-mantle break within the Kaapvaal Craton (Good and de Wit, 1997,
Silver et al., 2004). Figure 2.2 shows that the crust south of the TML belongs to the Kaapvaal
shield, whereas the crust to the north is part of the Pietersburg block. Therefore the crust, and
most importantly for magma genesis, the sub lithospheric continental mantle, on either side of
the TML are fundamentally different, and as the Bushveld Complex straddles the TML, the
magmas in the northern limb may have been generated from compositionally distinct mantle
from that of the rest of the Complex. In doing so, this may explain the compositional

differences in Bushveld rocks across the TML highlighted by McDonald et al. (2005).

The TML is also thought to be fundamentally important in the emplacement of not just the
Bushveld Complex, but other large magmatic events in the Kaapvaal and Zimbabwe cratons.
Silver et al. (2004) interpreted the Ventersdoorp, Great Dyke, Bushveld and Soutpansberg
events to be collisional rifts. These develop during or after orogens parallel to the trend of the
collisional belt in zones of far-field extensional stresses that reactivate pre-existing mantle
fabrics (Tommasi and Vauchez, 2001). In the model of Silver et al. (2004), the Bushveld
Complex is therefore considered to be a collisional rift, with magmatism entirely controlled

by variations in lithospheric stress, rather than by the ascent of a plume from the deep mantle.
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2.2 The Northern limb

The northern limb of the Bushveld Complex is separated from the rest of the complex by the
Zebediela Fault, part of the TML (Fig. 2.1, 2.4). The northern limb is inferred to be triangular
in shape, based on gravity surveys (van der Merwe, 1976). It crops out as a sinuous N-S
trending, WSW-dipping body around 100km in length and up to 15km wide, which makes up
the eastern edge of this triangle. In the Villa Nora area, around 100km NW of Mokopane (Fig.
2.1), it crops out again as the NW comer of the triangle, where the dips are to the S and SE
(Grobler and Whitfield, 1970). The eastern edge of the limb is obscured by Waterberg
sediments, though is inferred to run from Mookgophong (formerly Naboomspruit, Fig. 2.1) in
the south to the Mogol River in the northwest, and is likely to have an easterly dip (Van der
Merwe, 1976).

2.2.1 Stratigraphy of the northen limb

The stratigraphy of the northern limb differs from the RLS in the complex south of the TML.
The traditional view of its relationship to the rest of the complex is summarized in Fig. 2.5,
-and a detailed map of the northern limb is shown in Fig. 2.4. There are also substantial
differences in the stratigraphy on either side of the Ysterberg-Planknet fault, which trends
NE-SW through Mokopane (Fig. 2.4). Lower Zone cumulates are developed most extensively
south of Mokopane, and to the north only occur as isolated satellite bodies intruded into the
floor rocks (Fig. 2.4). The sequence of Lower Zone cumulates comprises at least 1600m of 37
cyclic units of pyroxenites and harzburgites with chromitites (Hulbert, 1983; Hulbert and von
Gruenewaldt, 1982). This sequence differs from the Lower Zone elsewhere in that it contains
orthopyroxene with higher enstatite content and olivine with higher forsterite content (van der
Merwe, 1976), chromitite layers with the highest Cr,O3 content and Cr# in the whole
Bushveld Complex (Hulbert, 1983), and a PGE-rich sulfide horizon, which are not found in
any of the Lower Zone cumulates in the rest of the complex (Hulbert and von Gruenewaldt,
1982). The area to the north of Mokopane contains several bodies of Lower Zone rocks,
known as ‘satellite bodies,’ intruded into the floor rocks beneath the main Bushveld intrusion
(Fig. 2.4), that are generally made up of orthopyroxene and orthopyroxene-olivine cumulates

with occasional chromitite layers (van der Merwe, 1978).
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Chapter 2. The Platreef

McDonald et al. (2005), however, challenged this assumption and drew on the many
differences in stratigraphy, mineralogy and geochemistry to suggest that the GNPA member
was the product of mixing between Lower Zone and Main Zone magmas, and even that the
northern limb may be a separate intrusion, distinct from the rest of the Complex. This paper is

included as Appendix 5.

Above the Platreef, which is discussed further in section 2.3, the Main Zone in the northern
limb consists of 2200m of fairly homogenous gabbros and gabbronorites (van der Merwe,
1976). The correlation between the sequence in the northern limb and the rest of the complex
has not been rigorously tested, and major differences have yet to be explained using a
common genesis model. Four pyroxenite layers in the lower part of the succession and a
110m-thick troctolite layer 1100m above the Platreef are the only reliable marker horizons, all
of which are unique to the northern limb (Fig. 2.4). Van der Merwe (1976) correlated a
pyroxenite layer near the top of the Main Zone in the northern limb with the Pyroxenite
Marker in the eastern and western limbs, however Ashwal et al. (2005) argue that the two
horizons cannot be correlated on the basis of mineralogy and referred to the unit as the

Pyroxenite Horizon to avoid confusion.

The Upper Zone of the northern limb more closely matches that of the eastern and western
limbs, comprising alternating layers of gabbro, magnetite gabbro, anorthosite, magnetite and
olivine diorite. However, only one of the magnetite layers can be reliably correlated with the
Main Magnetite layer of the rest of the complex on terms of thickness and V,0s content (Van
der Merwe, 1976). The Upper Zone also crops out in the Villa Nora area (Fig. 2.1), where the
main rock types are leuconorites, leucogabbros and anorthosites (Hattingh and Pauls, 1994).

The lower zones in the Villa Nora compartment are faulted out by the Abbotspoort Fault.

2.2.2. Age of the northern limb

It has been almost unquestionably considered that all three limbs of the Bushveld Complex
were formed at the same time, and the age of 2.06Ga (Walraven et al., 1990), is taken to be
age of the Complex by most workers. This date was confirmed by Buick et al. (2002) who
used U-Pb dating of titanites within calc-silicate xenoliths in the RLS to provide a tight
constraint on the minimum age for Bushveld intrusion at 2058.9+0.8Ma. However, in the

light of the suggestion of McDonald et al. (2005), that the northern limb may possibly

16



Chapter 2. The Platreef

represent a separate intrusion, it is necessary to reassess and test this assumption. Very few
attempts have actually been made at determining the age of the northern limb, partly due to
the assumption that it formed at the same time as the rest of the Complex, where most of the
dating work has been done. However, there are two studies which may indicate a somewhat
younger age for the intrusion of the northern limb. Palacomagnetic data presented by Hattingh
(1995) indicates that in the main part of the Complex, the Critical Zone’s remnant
magnetization was fixed before that of the Main and subsequent Upper Zones. Following this,
magnetization of the Main Zones in the northern limb occurred and the youngest
magnetization recorded is that of the Upper Zone in the northern limb. In addition to this
intriguing data is a Re-Os isotope date by Ruiz et al. (2004), which provided a age of
2011+50Ma, which only just incorporates the assumed age of 2060Ma into its error margin. A
much more accurate date which would appear to give a minimum age to the Platreef at least
is, provided by Hutchinson et al. (2004), who dated zircon in a granitic vein which cross-cut
the Platreef at 2053.7+3.2Ma. If this is accurate it may imply a slightly younger age, however,

it is in no way as great as that that could be inferred from the palacomagnetic and Re-Os data.

2.3. The Platreef

The Platreef is one of the world’s largest deposits of PGE, and also contains significant
reserves of Ni and Cu. It is estimated to contain reserves of 16.3million oz of Pt+Pd
(Cawthorn, 1999), and with its thickness of up to 400m and high grade, is amenable to open
pit mining (Bye, 2001). Potgietersrus Platinums Ltd., a subsidiary of Anglo Platinum,
currently operates two open-pit mines at Sandsloot and Zwartfontein South (Fig. 2.6), with
others planned on the adjacent farms Overysel and Tweefontein. The activity of several other
companies, including Anooraq Resources, Platreef Resources, Pan Palladium, Platinum
Group Metals Ltd, Caledonia Mining and AfriOre has made the northern limb of the

Bushveld Complex currently one of the most intensely explored areas for PGE in the world.

2.3.1 Current state of research

Platinum in the northern limb was originally found by a team of prospectors led by Hans
Merensky in March 1925 (Mills Davies, 1925). By November of the same year, Potgietersrust
Platinums Ltd (PPL) was formed, at which point Merensky himself (1925) stated, “I feel

convinced that the Potgietersrust Platinums Ltd. will develop into a highly payable concern.”
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Chapter 2. The Platreef

of refined PGE, together with 4600 tons of Ni and 2700 tons of Cu (Anglo Platinum Annual
Report, 2005). The success of the operation at Sandsloot led to a boom in exploration along
the entire length of the northern limb by both Anglo Platinum and several junior companies.
The shear volume of core drilled during these recent exploration programmes has facilitated
an expanding number of academic studies to be perfomed to such an extent that the total
number of publications on the Platreef has more than doubled in the past few years. It has also
enabled studies to be undertaken on other areas along the strike of the Platreef. Kinnaird et al.
(2005), Kinnaird (2005), Hutchinson and Kinnaird (2005) and Sharman-Harris et al. (2005)
have recently presented studies on the Platreef geology, geochemistry, mineralogy and
isotopic characteristics, respectively, from the area currently licenced by Ivanhoe Nickel and
Platinum (Platreef Resources) on the farms Turfspruit and Macalacaskop. In addition,
Manyeruke et al. (2005) presented a paper detailing the characteristics of the Platreef from the
farm Piet Potgietersrust Town and Townlands (Townlands, Fig. 2.6). This study, and the
papers produced from it, has been part of this boom in research, and as such have been an

intrinsic part of the ongoing revolution in Platreef research.

2.3.2 Geology

The first comprehensive account of the Platreef was by Wagner (1929). He stated that the
Platreef can be generalized as a basal package of pyroxenites, norites, serpentinites and
xenoliths of footwall rocks with PGE-Ni-Cu mineralization which transgresses a variety of
floor rock lithologies and is overlain by gabbronorites equated with the Main Zone. In detail
however, the Platreef is a very complex zone of igneous and hybrid lithologies that vary along
strike and whose differences are at least in part, directly related to the interaction of the
Platreef magma with the local footwall type. Thickness varies from as little as 10m at
Sandsloot (Armitage et al., 2002) to 400m at Turfspruit (Kinnaird, 2005) and is thought to be
controlled at least in part by structures in the floor rocks (Friese, 2004; Nex, 2005). The
general geology, including footwall lithology, Platreef lithologies, xenolith types, together
with a summary of the base metal sulfide (BMS) and platinum-group mineral (PGM)
mineralogy of the Platreef with a comprehensive reference list for each farm along strike is

shown in Fig. 2.7. The information in sections 2.3.2 and 2.3.3 are summarized in this figure.
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Chapter 2. The Platreef

2.3.2.1 Footwall lithologies

The Platreef rests upon a series of Paleaeoproterozoic sediments of the Transvaal Supergroup,
and Archaean basement in an onlapping relationship described by Wagner (1929) as an
‘igneous transgression.” From Mokopane northwards, the floor rocks to the Platreef are a
succession of progressively older sedimentary units: quartzites and shales of the Timeball Hill
Formation; shales of the Duitschland Formation; the Penge banded iron formation, and
dolomite of the Malmani Subgroup (Fig. 2.6). North of the farm Zwartfontein, the Platreef
overlies granites and gneisses of the Archaean basement (Fig. 2.6). The interaction of the
Platreef magma with the variety of floor rocks aften results in the formation of hybrid
lithologies, such as the serpentinized websterites identified at Sandsloot by McDonald et al.
(2005). These rocks were interpreted to be a footwall-Platreef hybrid on the basis of their
whole-rock Cr and CaO contents being intermediate between Platreef pyroxenites and
footwall clinopyroxenintes. Thermal metamorphism and hydrothermal activity towards the
contact with the overlying Platreef has often given rise to unique lithologies such as the
‘parapyroxenites’ at Sandsloot and Zwartfontein South, which are clinopyroxenites of
metamorphic origin which form the uppermost footwall unit, separating the Platreef
pyroxenites from the underlying calc-silicates. Harris and Chaumba (2001) defined these as

being metamorphic in origin in terms of their low whole-rock Cr and high CaO contents.

2.3.2.2 Platreef lithologies

The Platreef is largely a pyroxenitic body, and the most common rock types are feldspathic
pyroxenites comprized of cumulus orthopyroxene and intercumulus clinopyroxene and
plagioclase, with accessory sulfides. White (1994) subdivided the Platreef into three main
units that he named ‘A, B and C’ reef. This classification states that the lowest part of the
Platreef, the ‘A-reef,’ is a variably textured, often pegmatitic feldspathic pyroxenite with PGE
and base-metal sulfide mineralization. Above this is the main ore zone termed the ‘B-reef’
which was defined as a coarse-grained feldspathic pyroxenite with 50-90% orthopyroxene,
intercumulus plagioclase and common base-metal sulfides. The top of Platreef is made up of a
PGE-poor, fine-grained poikilitic feldspathic pyroxenite containing up to 70% clinopyroxene
and was termed ‘C-reef.” This is, however, a very simplified (as originally stated by White,
1994) and purely mineralogical characterization, and the recognition of all three zones along
the strike of the Platreef is difficult, and in many places impossible. According to Viljoen and

Schiirmann (1998), all three reef types are present on the northern farms of Overysel and
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Drenthe, and White (1994) notes that recognition of all three reef types is possible on
Tweefontein Hill, due to the chemically less reactive nature of the banded ironstone footwall.
Despite the very simplified nature of the classification, the terms have become entrenched in
both the literature (e.g. Lee, 1996; Viljoen and Schiirmann, 1998; Maier, 2002) and mining
terminology. In 2004 and 2005, two Platreef workshops involving mining companies and
academics have attempted to highlight the untenable nature of this classification in the light of
the much wider knowledge that recent studies have produced and it is only now that this

classification is staring to be dropped.

The most southerly farm on which the Platreef crops out is Townlands, where it overlies
quartzites and shales of the Timeball Hill Formation. Manyeruke et al. (2005) described one
core from the farm which appeared to be made up of a 150m package of three distinct
intrusive phases based on geochemical constraints, separated by shales. The Platreef rocks are
gabbronorites and feldspathic pyroxenites. However, a recent re-evaluation by Snowdon
Mining Consultants for AIM Resources of drilling data generated during the 1990s by Thabex
Exploration on Townlands revealed the Platreef to be a pegmatoidal pyroxenite, interfingered
with pyroxenites, norites and melanorites, and containing xenoliths of footwall sediments,

with no indication of intercalated sediments (AIM Resources, 2004).

There have been several recent studies on the Platreef in the Macalacaskop and Turfspruit
areas, where the floor is comprized of hornfelses and dolomites of the Duitschland Formation,
that have revealed a particularly thick Platreef sequence and a greater variety of rock types
than were known from the Tweefontein-Overysel area (Kinnaird et al., 2005; Kinnaird, 2005;
Hutchinson and Kinnaird, 2005; Sharman-Harris et al., 2005). Again, the Platreef is
predominantly feldspathic pyroxenite, but also contains norites, melanorites, serpentinites and
gabbronorites and micronorites classified as Marginal Zone. Xenoliths of quartzite are
common at Macalacaskop. Buchanan and Rouse (1984) describe cores from one core from
Turfspruit which has around 70m of perditotites towards the base of the succession. Kinnaird
et al. (2005) and Mothetha and Kinnaird (2005) also note the presence of serpentinized
peridotites, which Kinnaird et al. (2005) classify as Lower Zone rocks. There are no further

reports of such rocks north of Mokopane other than the satellite bodies.
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North of Turfspruit, on Tweefontein Hill (Fig. 2.6) aluminous argillaceous shales of the
Duitschland Formation form the immediate footwall to Platreef feldspathic pyroxenites which
contain xenoliths of ironstone and shale on the southern side (Wagner, 1929). On the hill
itself, the footwall is banded ironstone of the Penge Formation, which has been partially
metamorphosed to magnetite-bearing hornfels (White, 1994). The Platreef sequence is
relatively thick and appears to have developed in a structural downwarp, where the relatively
inert nature of the footwall is thought to have allowed gravitational settling of a sulfide liquid,
producing net-textured and massive sulfides (White, 1994; Viljoen and Schiirmann, 1998;
Nex, 2005). Nyama et al. (2005) describe the Platreef on Tweefontein as being a 220m thick
package composed mainly of pyroxenites and some norites, with a basal micronorite.
Buchanan et al. (1981) describe a core from Tweefontein North that is made up of a basal
pegmatoidal pyroxenite, and note a 6m thick massive sulfide in one borehole. The pegmatoid
is overlain by pre-Bushveld sills and metamorphosed shales, in turn, overlain by 200m of
Platreef gabbros. As this data come from cores, it is uncertain as to what the relationship of
the massive-sulfide-bearing pegmatite to the overlying gabbros is. White (1994) documents
the presence of a chromitite layer in 80% of boreholes drilled on Tweefontein North, and thus
draws a parallel with the Merensky Reef. Chromitite layers are unusual in the Platreef, but
discontinuous bands have been recorded at Sandsloot, Zwartfontein, and in particular,

Overysel, and are described and discussed by Holwell and McDonald (2006, see chapter 6).

The Platreef in the Sandsloot area is probably the most well known due to the number of
studies undertaken in the Sandsloot pit since it opened in 1992 (Harris and Chaumba, 2001;
Bye and Bell, 2001; Armitage et al., 2002; Friese, 2004; McDonald et al., 2005; Holwell et
al., 2005, see Chapter 3; Holwell et al., 2006, see Chapter 5). Medium- to coarse-grained
feldspathic pyroxenites are the most common lithologies in a relatively thin reef package that
also includes gabbros, peridotites, clinopyroxenites, serpentinites and calc-silicate xenoliths.
The overlying gabbronorites often have a mottled anorthosite at the base and the nature of this
contact is described in detail by Holwell ez al. (2005, see Chapter 3). The Platreef rests on
metamorphic clinopyroxenites and calc-silicate hornfels, which are often serpentinized and
variably mineralized. At Zwartfontein South (Fig. 2.6), the footwall rocks are similar to those
at Sandsloot, however the reef package is much thicker and contains a greater amount of
serpentinized lithologies, which are thought to be related to the alteration of rafts of calc-

silicates within the Platreef (Holwell and Jordaan, 2006, see Chapter 4).
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On the northern part of the farm Zwartfontein, the footwall changes from Malmani dolomite
to Archaean granite/gneiss basement. Downdip to the west of the surface outcrop of the
Platreef on Zwartfontein, deep drilling by AfriOre has intersected Platreef with a gneissic
footwall that is made up of coarse grained feldspathic pyroxenites, occasionally
chromitiferous, with calc-silicate xenoliths (Spies, 2005). On the adjacent farm to the north,
Overysel (Fig. 2.6), Cawthorn et al. (1985) describe the Platreef as often having a thin
medium-grained norite at the base which grades into a coarse pyroxenite. Holwell and
McDonald (2006, see chapter 6) describe two cores drilled on the farm which contain
feldspathic pyroxenites, serpentinized calc-silicate xenoliths, intrusive norites, some
chromitite xenoliths and a basal hybrid zone of quartzo-feldspathic pyroxenite formed as a
result of the invasion of a felsic melt derived from partial melting of the footwall. Trial
mining on the farm also encountered some thick, but discontinuous bands of chromitite
(White, 1994; Holwell and McDonald, 2006, see Chapter 6). A series of banded tonalitic
gneisses underlie the Platreef on Overysel and are commonly referred to as granofels,
particularly when brecciated by granitic veins, and beneath the gneisses, the domal body of
the Utrecht granite is encountered (Fig. 2.6). Viljoen and Schiirmann (1998) note the presence
of large rafts of dolomite-derived calc-silicates within the Platreef pyroxenite, tens of metres
across, although no xenoliths of granite or gneiss, despite these rocks being the immediate
country rock. Cawthorn et al. (1985) suggest this may be due to granite fragments being

totally assimilated, whereas dolomite, altered to olivine and pyroxene, remains refractory.

The most northerly section of Platreef with published accounts of the geology is on the farm
Drenthe (Fig. 2.6). Mostert (1982) and Gain and Mostert (1982) describe the Platreef as being
250m and being made up of a basal 40-80m feldspathic pyroxenite that is chilled at the base
against footwall granites. Chilling is not observed on Overysel by either Cawthorn et al.
(1985) or Holwell and McDonald (2006). 170m of norites and melanorites with abundant
calc-silicate xenoliths overly the pyroxenites, which are capped by a 10-30m feldspathic
pyroxenite. Recent work by Naldrett (2005) identified intrusions of hangingwall
gabbronorites into the Platreef, particularly along horizons where altered calc-silicates were
present at Drenthe. The norites in the centre of the Platreef succession that were described by
Gain and Mostert (1982) are unlikely to correspond to such an intrusive body, as they contain
cumulus orthopyroxenes with composition comparable to the Platreef, rather than the

hangingwall.
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Around 10km north of Drenthe, the Platreef disappears and Upper Zone cumulates cut down
to rest upon the basement gneisses. Some 35km north of Drenthe, where the Main Zone
reappears again (Fig. 2.4), a zone of significant PGE and BMS mineralization is developed
between Main Zone gabbro and gabbronorite cumulates and the basal contact of the Bushveld
rocks (Harmer et al., 2004). The host rocks are gabbronorites and olivine gabbros, and
orthopyroxene is very rare, and it is clear that the lithologies cannot be correlated with those

of the Platreef.

2.3.3 Mineralization

Platreef PGE mineralization is generally associated with base-metal sulfides (BMS;
pyrrhotite, pentlandite, chalcopyrite and minor pyrite) and is hosted by both the basal
pyroxenitic igneous package and also the immediate footwall of metamorphosed sediments
and Archaean basement (e.g. Wagner, 1929), although footwall mineralization is highly
inconsistent in both width and grade (White, 1984). Some thin zones of mineralization at the
base of the hangingwall have also been identified (Holwell e al., 2005; see Chapter 3). In the
feldspathic pyroxenites, the sulfides occur as interstitial blebs. The position of the
mineralization is variable and may appear top-, middle- or bottom-loaded within the Platreef
package (Viljoen and Schiirmann, 1998; Kinnaird et al., 2005), although the mechanisms

controlling the stratigraphic position of the mineralization are as yet poorly understood.

Sulfide abundance is variable along strike and can locally reach up to 30 modal% in some
cores (Kinnaird, 2004). The area around Turfspruit and Tweefontein Hill is known to
commonly contain abundant sulfides, with net-textured and massive sulfides being common
(White, 1994; Nex, 2005; Hutchinson and Kinnaird, 2005). At Tweefontein this is attributed
to settling of a sulfide liquid in a structural downwarp (Viljoen and Schiirmann, 1998; Nex,
2005) and at Turfspruit is likely to be a result of upgrading of the original S content of the
magma by assimilation of sulfide from the footwall (Sharman-Harris et al., 2005).
Serpentinized calc-silicate xenoliths and serpentinized zones in the footwall locally carry high
grades of mineralization (Gain and Mostert, 1982; Armitage et al., 2002). PGE grades
(3PGE+Au) range from up to 15g/t (Lee, 1996), and can be as high as 26g/t (Hutchinson and
Kinnaird, 2005) but are more commonly 2-4g/t. Nickel and copper abundances commonly
range between 0.15-0.35% and 0.1-0.25% respectively (Lee, 1996), and although PGE are

usually associated with BMS, there are many cases where decoupling of PGE from BMS
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occur (e.g. Gain and Mostert, 1982; Hutchinson and Kinnaird, 2005; Kinnaird, 2005; Holwell
et al., 2006). This decoupling is likely to be a result of late-stage hydrothermal redistribution
of PGE and/or BMS, and in particular serpentinites may contain variably high PGE and low
BMS contents or vice versa (Armitage et al., 2002; Holwell et al., 2006). The average Pt/Pd
ratio throughout the Platreef is generally around unity or slightly below (e.g. Kinnaird and
Nex, 2003), however at Townlands, the Platreef appears to be relatively Pd-rich with the data
of Manyeruke et al. (2005) indicating a Pt/Pd ratio of around 0.5.

As the footwall rock type changes along strike (Fig. 2.6), the interaction of the Platreef
magma with the underlying rocks differs, which is reflected in the mineralization styles, and
in particular, the platinum-group mineralogy. Until this study began in 2003, work on the
platinum-group mineral (PGM) assemblages in the Platreef had been scarce, with only two
papers covering Platreef PGM in any detail (Kinloch, 1982; Armitage et al., 2002), and a
brief overview by Viljoen and Schiirmann (1998). In the past couple of years however, there
have been three major PGM studies performed on the Platreef at Turfspruit (Hutchinson and
Kinnaird, 2005), at Sandsloot (Holwell et al., 2006, see Chapter 5) and at Overysel (see
Chapter 7). The detailed assemblages and discussion of the changes along strike, together
with a review of the current literature are described in these latter two papers and are therefore
not discussed further here. Briefly, the most common types of PGM in the Platreef are
tellurides, such as moncheite (PtTe;) and kotulskite (PdTe), and sperrylite (PtAs;) with
antimonides, sulfides and bismuthides locally common, however, the abundances and
presence of these PGM types appears to be directly controlled by footwall lithology (Viljoen
and Schiirmann, 1998; Holwell and McDonald, 2005a; Holwell et al., 2006), and this is

shown in summary Fig. 2.7.

2.3.4 Mineralization models and the role of contamination

Due to their highly chalcophile nature, the PGE, along with Cu and Ni, will be effectively
collected by an immiscible sulfide liquid separating from a silicate magma. For this to occur,
the magma must reach a state of S saturation, which it may attain in several different ways.
For stratiform or reef PGE-sulfide deposits, which are generally S-poor, such as the Merensky
Reef, or the J-M Reef in the Stillwater Complex, USA, S saturation is though to have
occurred through magma mixing (e.g. Campbell et al., 1983), via extensive fractional

crystallization of a tholeiitic parent magma (Hoatson and Keays, 1989), by chromatographic
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separation as a magmatic fluid percolates upwards through a cumulate pile (Boudeau and
Meurer, 1999) or by pressure fluctuations in the magma chamber (Cawthorn, 2005). The
Platreef can be categorized as a ‘contact-type’ or ‘marginal’ PGE sulfide deposit, which are
generally more S-rich than the stratiform deposits. Such deposits are common at the bases or
margins of layered mafic intrusions, and are often ‘stratabound’ but not ‘stratiform.’
Examples include various deposits of the Penikat and Portimo Complexes of Finland and
Federovo-Pansky intrusion in the Kola Peninsula, Russia (Alapieti and Lahtinen, 2002); the
Muskox Intrusion in Canada (Irvine, 1988); the Dovirensky Layered Complex, Siberia
(Papunen et al., 1992); the East Bull Lake intrusion, Canada (Peck et al., 2001) and the
Duluth Complex, USA (Miller and Ripley, 1996). Similar deposits also occur in conduit
systems such as the Uitkomst Complex, to the east of the Bushveld Complex (Gauert et al.,
1995) and the Voizey’s Bay intrusion, Canada (Ripley et al., 2002). For these deposits, sulfur
saturation is often attributed to one or more contamination-related processes. The most
obvious is an increase in fS; due to the assimilation of S-bearing country rock by the magma.
Such a process is believed to have been significant in producing the mineralization in the
Uitkdmst Complex, with crustal S from the Malmani dolomites and Timeball Hill shales
being assimilated by the magma (Li ef al., 2002), which has implications for Platreef
mineralization due to the common country rock units. Silicic contamination, e.g. from the
assimilation of granites, can also cause S saturation (Irvine, 1975), as can an increase in
oxygen fugacity, for example as the result of devolatilization of assimilated country rocks
within the magma. This can lower the FeO content and thus the S-carrying capacity of the
magma and can therefore also induce economic sulfide mineralization (Buchanan and Nolan,

1979).

The Platreef has intruded a wide range of country rock lithologies and the interaction of the
Platreef magma with these rocks has been considered by many workers to have been
important in the generation and abundance of mineralization, by means of triggering sulfur
saturation by silicic or sulfurous contamination. Cawthorn et al. (1985) showed the Platreef in
the Overysel area to be contaminated with a partial melt from the gneissic footwall. Harris
and Chaumba (2001) calculated that up to 18% dolomite had been assimilated by the Platreef
magma in the Sandsloot area based on oxygen isotope studies. In particular, the addition of
country rock sulfur to the magma through assimilation of S-bearing footwall rocks has been

considered by some to have been an important trigger in initiating sulfur saturation in the
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of S from anhydrite in country rocks such as the Malmani Subgroup, and silicic
contamination from dolomite and granite triggered the precipitation of immiscible sulfides.
Sharman-Harris et al. (2005) also attributed S saturation in the Turfspruit area to be the result
of the assimilation of sulfide in the footwall Duitschland shales. Barton er al. (1986),
however, considered the contamination at Overysel to post-date S saturation and Lee (1996)
developed this by suggesting that the sulfide mineralization was of primary magmatic origin,
with pre-formed PGE-enriched sulfides introduced from a staging chamber and settling out
along the base of the intrusion to form the proto-Platreef, with contamination occurring as a

post-emplacement event.

Sulfur isotope studies provide evidence for the source of sulfur and the potential role of any
country rock S in upgrading the S budget. In the primary magmatic model advocated by Lee
(1996), the S isotope signature of the early-formed sulfides should be magmatic (have a 6**S
value 0+2%o). In the contamination-driven hypothesis, the isotope signature will involve a
component of crustal S, derived from the country rocks. Until very recently, the only sulfur
isotope work that had been performed on the Platreef was by Buchanan et al. (1981) and
Buchanan and Rouse (1984), who presented sulfur-isotope data for various metallic sulfides
from the farms Tweefontein and Turfspruit that indicated a significant contribution from an
isotopically heavy source of S in the footwall, that they thought was most likely to be
anhydrite associated with the Malmani dolomites. It is from these early studies that anhydrite
in the Malmani Subgroup came to be considered as the most likely source of country rock S
added to the Platreef. More recent studies would suggest, however, that the Malmani was not
the only source of additional S. For example, Manyeruke et al. (2005) presented data from the
Platreef on Townlands, where Timeball Hill shales and quartzites make up the footwall,
which also indicated a significant country rock contribution to the sulfur budget. A more
detailed study by Sharman Harris et al. (2005) presented data from Rietfontein, Turfspruit and
Macalacaskop, which identified pyrite in Duitschland shales to be a significant source of

external sulfur in the area.

However, the work of Holwell ef al. (Chapter 8) has shown that contamination by footwall S
would appear to be strictly a localized process that upgrades the S content of the Platreef, but
is not directly responsible for triggering S saturation. In addition, sulfate in the floor, for

example in the Malmani Subgroup is unlikely to have had a major contribution to early
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sulfide mineralization, and is more likely to have been incorporated into later-stage

hydrothermal fluids. The details of these findings are presented in Chapter 8.

2.3.5 Hydrothermal activity

Platinum-group elements, and in particular Pt and Pd, are known to be mobile in aqueous
fluids, and can be transported in a range of ways, including as chloride complexes, in
bisulfide solutions, as hydroxides and in organic-ligand complexes (Wood, 2002). Aqueous
fluids have the ability not just to modify economic PGE deposits by removing or upgrading
PGE, but they can also be a primary concentration mechanism to some deposits. For example,
the Pt deposits of the Waterberg, South Africa, are known to be hydrothermal in origin
(McDonald et al., 1995).

The interaction of the Platreef magma with the country rocks into which it intruded is also
likely to have fundamentally influenced the nature and volume of hydrothermal fluids present
at the time of mineralization, which in turn, are likely to have had significant effects on the
style and distribution of the mineralization. Whilst the origin of the PGE is clearly magmatic,
hydrothermal fluids have the potential to modify or redistribute PGE within the Platreef, and
in particular, have the ability to transport PGE into the footwall. The changes in PGM
mineralogy along strike as described by Kinloch (1982), Viljoen and Schiirmann (1998),
Armitage et al. (2002), Hutchinson and Kinnaird (2005), Holwell et al. (2006) and Holwell
and McDonald (Chapter 7) show characteristic types of PGM species in areas of the same
footwall lithology. In addition, Holwell ef al. (2006, see Chapter 5) show that individual
lithologies within the Platreef also host characteristic assemblages dominated by certain types
and associations of PGM. These changes are directly related to the nature of fluids released by
assimilation and metamorphism of the individual floor rocks on both a kilometre and metre
scale, and the PGM mineralogy within individual rock types is a result of this. An effect of
some of this hydrothermal activity is to cause decoupling of PGE from BMS, a feature which
is particularly evident in the highly fluid-affected or serpentinized rocks such as calc-silicate

floor rocks and xenoliths.

Hydrothermal activity is the most likely mechanism to have distributed mineralization into the
footwall, and this certainly appears to be the case where the floor rocks are reactive sediments

such as the dolomites at Sandsloot and Zwartfontein, where footwall mineralization is
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such as the dolomites at Sandsloot and Zwartfontein, where footwall mineralization is
common (e.g. Armitage et al., 2002; Holwell et al., 2006; Holwell and Jordaan, 2006). In
other areas, however, such as where the floor rocks are hornfelses, distribution of PGE into
the footwall is limited and grade falls off sharply into the footwall (Hutchinson and Kinnaird,
2005). Hydrothermal activity is, however, not the sole mechanism of distributing
mineralization into the footwall. Where the floor rocks are Archaean basement gneisses,
Holwell and McDonald (2006), note that the anhydrous nature of the floor rocks make the
volumes of fluids released relatively small, and using textural evidence, suggest that
mineralization penetrated the gneisses through an interconnected melt network in the partially

melted footwall rocks.

2.3.6 Magmatic Emplacement

The timing of the emplacement of the Platreef and its position within Bushveld stratigraphy is
currently contentious. Many workers such as Wagner (1929) and White (1994) have
correlated the Platreef with the upper Critical Zone of the RLS primarily on the presence of
the “Pldtinum Horizon within pyroxenitic rocks, overlain by Main Zone rocks. Cawthorn et
al. (2002) suggest that the magma which formed the UG2 chromitite layer in the eastern limb
(where the Pt:Pd is closer to unity as in the Platreef) may have flown north, but without
forming chromitite layers. Hulbert (1983) and van der Merwe (1978) regarded the GNPA
member south of Mokopane as Critical Zone, but placed the Platreef at the base of the Main
Zone. This is a view favoured by Kruger (2005a), who suggests that the Platreef and
Merensky Reef are time equivalent and that the main pulse of Main Zone magma entered the
chamber from north of the TML, spread out over the northern limb, picking up sulfur from the
country rocks, before overtopping the TML, to flood into the rest of the complex, thus
forming the Platreef as a basal unit in the north, and the Merensky Reef as the base to the
Main Zone, overlying Upper Critical Zone rocks in the rest of the complex. On mineralogical,
geochemical and textural grounds, McDonald et al. (2005) suggest that the GNPA member is
not Critical Zone, but more likely a mixture of Lower Zone and Main Zone magmas, and that
the Platreef and the GNPA member were formed in one or more of these mixing events. Field
evidence form van der Merwe (1978) would suggest, though, that the Lower Zone was fully
consolidated and tilted before emplacement of later magmas, however the transgressive
relationships described are of the satellite bodies, and not the sequence south of Mokopane. It

has been argued by Nell (1985) on the basis geothermobarometry data that the metamorphic
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the emplacement of Lower Zone magma under estimated conditions of 750°C and 1.5kbar,
and the second to the emplacement of Critical, Main and Upper Zone magmas at 900°C and
4-5kbar pressure. In a similar two-stage emplacement model, Kruger (2005b) used Cr/MgO
ratios to suggest that the Platreef was intermediate between Main Zone and Lower Zone, but
rather than a mixture of two magmas as suggested by McDonald et al. (2005), he suggests
that the initial Main Zone magmas assimilated Lower Zone rocks, using the presence of

chromitite schlieren in the Platreef as evidence for this.

One other possible explanation is that the Platreef was intruded post-lower Main Zone. Friese
(2004) and Friese and Chunnet (2004) suggest that the Platreef was intruded as a syntectonic
sheet-like intrusion along a thrust zone that formed along the contact between the Main Zone
and the country rocks. The timing is suggested to correlate with that of the Pyroxenite Marker
in the rest of the complex, though this seems unlikely due to the paucity of PGE within the
Pyroxenite Marker (the highest 3PGE+Au concentration in any of the samples from the
Pyroxenite marker in Maier et al., 2001, is 109ppb; mean: 21ppb). There is a lack of evidence
for a thrusted contact at the base of the Main Zone or at the top of the footwall in all other
studies (e.g. Armitage et al., 2002). In addition, the nature of the contact between the Platreef
and the overlying hangingwall rocks also do not support the post-lower Main Zone

emplacement. This is discussed by Holwell ef al. (2005) in Chapter 3.
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2.4 Introduction to and context of the papers in Chapters 3-8

Chapters 3 and 4 present the results of geological mapping of the Platreef at Sandsloot and
Zwartfontein and provide important constraints on the timing of magmatic and structural
events related to the intrusion of the Platreef and the hangingwall magmas. Chapter 5 is a
petrological and mineralogical study of the Platreef at Sandsloot that investigates the role of
magmatic and hydrothermal processes on the distribution and style of mineralization. Chapter
6 follows this work up with a similar study at Overysel, where the floor rocks are dramatically
different to those at Sandsloot, to investigate any footwall control on the mechanisms
controlling the mineralization at that location. Chapter 7 is a detailed mineralogical
investigation into the PGM mineralogy at Overysel coupled with laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS) analyses of the sulfide minerals and
provides important evidence of the role of a sulfide liquid in the initial mineralising event.
Finally, Chapter 8 uses S isotope data to assess the role of floor rock contamination in the
generation of sulfide mineralization. This is used to constrain the source of mineralization in

the Platreef and develop a more comprehensive model for its formation.
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3.1 Abstract

Observations on the nature of the contact between the Platreef and its hangingwall have
revealed that not only were the hangingwall gabbronorites intruded after the Platreef, but that
there appears to have been a significant time-break separating the two intrusive events. The
hangingwall gabbronorites truncate several features present within the Platreef pyroxenites
but not in the hangingwall, such as shear zones and reef which have undergone alteration by
Fe-rich fluids, implying that these features were formed prior to intrusion of the
gabbronorites. A fine-grained leuconorite at the base of the hangingwall exhibits textures
showing erosion of Platreef orthopyroxene by fine-grained cumulus plagioclase, suggesting
intrusion of a hot magma over cooled Platreef. Xenoliths of reef pyroxenite are also found in
the hangingwall. PGE mineralization is present within basal zones of the hangingwall where
the hangingwall overlies mineralized Platreef pyroxenite. We interpret the contact as a
magmatic unconformity and, as the gabbronorites do not appear to be PGE-depleted, suggest
that PGE and S were scavenged or assimilated from the reef by the intruding magma,
producing zones of orthomagmatic PGE mineralization in topographic depressions at the base
of the crystallizing hangingwall. The presence of calc-silicate xenoliths in the hangingwall
gabbronorites can be explained by footwall anticlines or diapirism which the relatively thin
Platreef had not overtopped, allowing footwall dolomite to be exposed to the main influx of
hangingwall magma. The identification of a time-break between Platreef and hangingwall
intrusion, and the most likely source of basal hangingwall PGE mineralization being the
underlying Platreef, shows that the magma that formed the gabbronorites could not have been

the source of PGE for the Platreef as previously thought.

3.2 Introduction

The Platreef of the northern limb of the Bushveld Complex, South Africa, is currently one of
the most extensively explored deposits of platinum-group elements (PGE) in the world. It is a
pyroxenitic unit located between gabbronorites attributed to the Main Zone of the complex,
and floor rocks comprising Palacoproterozoic metasediments and Archaean basement granite.
PGE mineralization is heterogeneously distributed through the pyroxenite unit, and is usually
present in the immediate footwall and occasionally in the immediate hangingwall (Armitage
et al., 2002; Holwell et al., 2004; Lee, 1996; Viljoen and Schiirmann, 1998). The northern
limb of the Bushveld Complex comprises a succession of ultramafic-mafic lithologies, that

have been broadly correlated by some authors with the Rustenburg Layered Suite (RLS)
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present in the eastern and western limbs (Wagner, 1929; van der Merwe, 1976; von
Gruenewaldt et al., 1989; White, 1994). The well-defined igneous stratigraphy of the RLS
comprises the Lower Zone of harzburgites and pyroxenites, the Critical Zone of cyclic
chromitites, pyroxenites and norites, the Main Zone norites and gabbronorites, and the Upper
Zone of magnetitites, gabbronorites and anorthosites. In the northern limb the stratigraphy
differs in several important respects. The ultramafic Lower Zone is only developed south of
the town of Mokopane, and as satellite bodies within the floor rocks north of the town(Fig.
3.1). Recent work has also shown that the Lower Zone extends for a limited distance north of
Mokopane, with a series of serpentinized peridotites and pyroxenites present on
Macalacaskop being attributed to the Lower Zone (Kinnaird et al., 2005). The Critical Zone is
not fully developed, and there is debate as to whether it is present at all (McDonald et al.,
2005). The Main Zone of the northern limb lacks correlatory horizons with the Main Zone in
the rest of the complex, and includes a sequence of troctolites unique to the northern limb
(van der Merwe, 1976). The Upper Zone has not been linked extensively with the rest of the
complex, though one magnetite layer has been correlated with the Main Magnetite Layer on
the basis of.V,0s content (van der Merwe, 1976, 1978). The footwall lithologies rest upon a
succession of progressively older sedimentary units of the late Archaean - early Proterozoic
Transvaal Supergroup, and Archaean granite basement, in what has been termed an ‘igneous
transgression’ (Wagner, 1929). The footwall units are, north from Mokopane: quartzites and
shales of the Timeball Hill Formation; sediments of the Duitschland Formation; the Penge
banded iron formation; the Malmani dolomite and, north of Zwartfontein, the Archaean

basement granites and gneisses (Fig. 3.1).

The timing of intrusion of the Platreef with respect to the units above it, and the general
stratigraphy of the northern limb of the Bushveld Complex remain contentious issues.
Traditionally, the Platreef pyroxenites north of Mokopane have been correlated with the
Merensky Reef (Wagner, 1929; White, 1994), and a series of norite-pyroxenite-anorthosites
with a chromitite layer (the GNPA member) south of Mokopane (Fig. 3.1), with the Critical
Zone (Hulbert, 1983; van der Merwe, 1976; von Gruenewaldt et al., 1989; White, 1994).
Overlying gabbronorites have traditionally been correlated with the Main Zone. Kruger
(2005a) suggests that the Platreef is the equivalent to the Merensky Reef and formed as a
result of the first influx of Main Zone magma, therefore placing both reefs in the lower Main

Zone. McDonald er al. (2005) suggest another alternative; that the Platreef and the GNPA
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Chapter 3. Observations on the relationship between the Platreef and its hangingwall

member are the products of one or more mixing events between Lower Zone and Main Zone
magma, and these represent a transitional zone before the intrusion of the major influx of
Main Zone magma. All these models imply that the Platreef was intruded before the Main
Zone gabbronorites. Conversely, Friese (2004), and Friese and Chunnett (2004) suggest that a
thrust zone developed along the intrusive margin between the Main Zone gabbronorites and
the footwall country rocks, and hypothesize that the Platreef represents a syn-tectonic, sheet-
like intrusion intruded along this shear zone in post-lower Main Zone times. This paper aims
to review these models using first-order field and petrological observations to constrain the

relative timing of the Platreef and hangingwall gabbronorites.

3.3 Methods

Samples and observations presented in this paper are part of an ongoing study into the
Platreef between Sandsloot and Overysel. Field relationships have been mapped and samples
collected from Anglo Platinum’s open pit mines at Sandsloot and Zwartfontein South and
from borehole cores drilled at Overysel (Fig. 3.1). The down-stepping benches in the two pits
have subvertical faces 10-15m high, and several faces from both pits were mapped in detail at
1:100 scale and sampled at regular intervals. Examples from the Sandsloot pit are given Fig.
3.2, and in Armitage et al., (2002) and McDonald et al. (2005). Two cores from Overysel
(boreholes OY335 and OY387) were also logged and sampled, and many others were logged
and described. Detailed mineralogical analysis was performed at Cardiff University using a
Cambridge Instruments LEO S360 scanning electron microscope, coupled to an Oxford

Instruments INCA energy dispersive X-ray analysis system.

3.4 Lithological units

The hangingwall is made up of medium-grained norites and gabbronorites containing
cumulus plagioclase, cumulus and intercumulus orthopyroxene (Enss.70) and generally
oikocrystic clinopyroxene. The base of the hangingwall is often characterized by a thin fine-
grained poikilitic leuconorite up to 30cm thick, containing up to 90% cumulus plagioclase and
oikocrystic pyroxenes. Occasional xenoliths of calc-silicate derived from metamorphosed
dolomite similar to that observed in the footwall are present in the hangingwall (Gain and

Mostert, 1982; Kinnaird and Nex, 2003), and pyroxenites with petrographic and geochemical
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characteristics similar to the Platreef are present within the hangingwall (McDonald et al.,

2005).

The Platreef is made up primarily of heterogeneously textured feldspathic pyroxenite,
containing cumulus orthopyroxene (Enz4.78), and intercumulus clinopyroxene and plagioclase.
Base metal sulfide (BMS) and PGE mineralization is present within the interstitial
assemblage. There is occasionally a fine-grained feldspathic pyroxenite, barren of BMS and
PGE mineralization at the top of the Platreef succession. The maximum thickness observed
for this unit in any of the faces mapped is 7m. In parts of the Sandsloot pit and at
Zwartfontein, portions of the pyroxenites appear to have been affected by a late-stage Fe-rich
fluid (McDonald et al., 2005) which has removed plagioclase, and overprinted pyroxene with
Fe-rich olivine (Fogo.70) forming ultramafic lithologies that we have termed olivine-replaced
reef (ORR). This has altered the normally telluride-dominant platinum-group mineral (PGM)
assemblage to one dominated by alloys (Holwell et al., 2004). Calc-silicate xenoliths are

common within the reef and often extensively serpentinized (Armitage et al., 2002).

The nature of the footwall varies along strike (Fig. 3.1). At Sandsloot and Zwartfontein South,
the Platreef rests on dolomite of the Malmani Formation, which is metamorphosed to calc-
silicates, which are variably serpentinized. At the transition from Platreef pyroxenite into
calc-silicate, a unit termed ‘parapyroxenite’ is usually present which contains granoblastic
clinopyroxene and is considered metamorphic in origin on the basis of whole-rock Cr and
CaO content (Harris and Chaumba, 2001). Below this transitional zone, parapyroxenite also
occurs as smaller lensoid bodies with gradational contact to the surrounding calc-silicate. At
Overysel, where Archaen basement granite forms the floor rock, a hybrid unit of banded
tonalitic gneisses of variable thickness termed ‘granofels’ is present, which separates the

pyroxenites from the underlying granite.

3.5 Observations

3.5.1 Macroscopic relationships

In most of the faces studied, a planar magmatic contact is observed where poikilitic
leuconorite or gabbronorite directly overlie the reef pyroxenites. Only a few faces show

evidence for a sheared contact, and in these sections the uppermost pyroxenites are sheared
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1990). Such assemblages have not been observed in the Platreef pyroxenites (Armitage et al.,
2002; Holwell et al., 2004; Hutchinson et al., 2004). The presence of mineralization appears
to be very localized, and highly constrained by the nature of the reef on which the

hangingwall rests.

3.5.4 Xenoliths

Xenoliths of calc-silicate are common throughout the Platreef and are also present in the
hangingwall, up to 100m above the Platreef contact, and are also present further north several
kilometres north of the last footwall outcrop of dolomite, e.g. at Drenthe (Gain and Mostert,
1982). At Sandsloot we have mapped rare occurrences of pyroxenite xenoliths in
gabbronorites at the base of the hangingwall. These pyroxenites have whole-rock and
cumulus orthopyroxene (Ensg) compositions consistent with the Platreef. Intercumulus

clinopyroxene showed evidence of partial recrystallization.

3.6 Discussion

In almost all current models for the formation of the Platreef and northern limb of the
Bushveld Complex, the Platreef is taken to be the lowermost unit of the complex north of
Mokopane, and the gabbronorites attributed to the Main Zone conformably overlie the
Platreef. Prior to this study, most authors, with the exception of Friese (2004) have believed
that the Platreef and the gabbronorites formed together, without any significant break in time
and that the magma above the Platreef contributed some (or all) of the PGE to the reef
(Buchanan and Rouse, 1984; Kruger, 2005a). The field relationships and mineralogical
evidence presented in this paper identify features of the Platreef-hangingwall contact that
have not been previously recognized and require a fundamental reassessment of these

assumptions. Each line of additional evidence is considered in turn below.

3.6.1 Cross-cutting relationships

Some of the earliest work undertaken on the Platreef by Wagner (1929) describes veins of
hangingwall norite intruding down into the Platreef, which would clearly imply a post-
Platreef intrusion of the hangingwall. Evidence of a time-break between the emplacement of
the Platreef and the gabbronorites lies in the truncation of certain features of the Platreef. For
example, where the reef has been partially replaced by Fe-rich olivine, the olivine

replacement is present directly below the hangingwall contact, but does not extend into the
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hangingwall at all. The replacement is thought to be formed from the percolation of a late-
stage, Fe-rich fluid through the reef (McDonald et al., 2005) that post-dates formation of
interstitial plagioclase and telluride-dominant PGM. Late Fe-rich ultramafic replacement
bodies preferentially replace plagioclase-rich units in the RLS in the eastern and western
Bushveld (Viljoen and Schoon, 1985), producing a Christmas-tree pattern of replacement and
there seems no obvious reason why they should stop and not continue into the plagioclase-
rich hangingwall at Sandsloot — unless it was not there. The obvious and consistent truncation
of the Fe-rich olivine-replaced reef, and serpentinization in some of the pyroxenites, by the
gabbronorites shows that the Platreef pyroxenites had both crystallized, and undergone

alteration before the intrusion of the hangingwall gabbronorites.

Shear zones that are common in the Platreef pyroxenites, with associated alteration appear
truncated by the hangingwall gabbronorites, with the hangingwall occasionally resting on
sheared pyroxenite, but with no evidence of deformation or extension of alteration into the
gabbronorites. This would imply that either the shearing took place before intrusion of the
gabbronorites, or that competency contrasts between the pyroxenites and gabbronorites led to
pyroxenites being sheared preferentially under conditions of deformation. In the first case, the
gabbronorites must have been intruded after the Platreef and the shearing events. In the
second case, it is not possible to constrain any relative timing, but preferential shearing of the
reef is considered unlikely for shear zones which exhibit a high angle to the hangingwall

contact.

We have mapped occurrences of pyroxenite xenoliths at the base of the hangingwall that have
orthopyroxene compositions consistent with the Platreef. This relationship also provides

evidence of a post-Platreef intrusion of the hangingwall magma.

3.6.2 Chilling and erosion at the base of the hangingwall

Perhaps the most compelling piece of evidence for this is shown in Fig. 3.3. The erosion of
the Platreef orthopyroxene by fine-grained hangingwall plagioclase can only be explained by
the intrusion of a hot magma onto cool, crystallized Platreef pyroxenite. The texture clearly
demonstrates erosion of a solid pyroxenite with rigid properties, not a crystal mush. This
inherently requires a significant time-break after the Platreef emplacement so as to cool the

rock sufficiently for it to behave in this manner.

42



Chapter 3. Observations on the relationship between the Platreef and its hangingwall

3.6.3 PGE mineralization in the hangingwall

The observation of hangingwall mineralization occurring exclusively in places where the
gabbronorites directly overlie mineralized reef is intriguing, and one that has not been
previously recognized. The question is: where does the PGE in the mineralized zones of
hangingwall come from? The Main Zone itself is a possible source of PGE. In the Merensky
Reef, the overlying Main Zone is depleted of PGE (<10ppb Pt and Pd, Maier and Barnes,
1999); however, in the Platreef hangingwall, we have consistently found Pt and Pd
concentrations to be around 10-15ppb, which indicates that the Main Zone in the northern
limb is PGE fertile, and by implication did not have any of its PGE extracted to form the
Platreef. The localization of hangingwall mineralization in anorthosite and gabbronorite
directly overlying mineralized Platreef pyroxenite and its corresponding absence above non-
mineralized feldspathic pyroxenite strongly suggests incorporation of reef PGE into the basal
zone of Main Zone magma by localized processes operating on a metre-scale. The barren,
fine-grained feldspathic pyroxenite is stratigraphically higher than the coarser-grained,
mineralized feldspathic pyroxenite, and is quite thin (maximum 7m in the sections mapped).
It is possible that-this barren, fine-grained unit was present continuously after the Platreef was
intruded, and that the Platreef-hangingwall contact represents a magmatic unconformity
surface, which has cut down through the uppermost barren pyroxenite and in places cut into
mineralized reef, assimilating some PGE and enough sulfur and PGE to attain sulfur

saturation, and producing very localized, basal zones of orthomagmatic PGE mineralization.

The 3-dimensional structure of the contact on a larger scale is uncertain due to the limited
lateral distance exposed by the bench faces, but it is likely to be either an irregular, undulatory
surface (Fig. 3.4A); or contain abrupt pothole-like structures (Fig. 3.4B); or it may be a planar
surface, with the contact between fine-grained and coarse-grained pyroxenite undulatory (Fig.
3.4C). In either of the first two cases, PGE are scavenged from the reef and recrystallized
virtually in-situ in depressions. The localization of mineralization within these depressions
suggests that the overlying Main Zone magma was static, or had very low turbulence at the
time of formation. Such a situation would support the pothole-like model, where the potholes
may have formed after the hot Main Zone magma had been sitting on the cold Platreef for
some time before melting the footwall, and creating a pothole-like structure. In such a model,
one would expect to ccasionally see the edges of such structures exposed in the bench faces,
with the mottled anorthosite cutting down and truncating the fine-grained reef, although as

yet, none of the faces we have mapped have shown such a relationship, and further mapping
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topography is one explanation: if structures such as the domal dolomite tongue, immediately
to the south of the Sandsloot pit (Fig. 3.1) are pre-Bushveld, then the relatively thin Platreef
may have intruded around such structures, thus leaving areas of exposed dolomite
topographically higher than the Platreef. Such areas would therefore have been exposed to the
Main Zone magma as it was intruded, and the incorporation of xenoliths of calc-silicate
within the Main Zone is entirely possible. Pre-existing fold structures do appear to be
influential in controlling the thickness of the reef. The Sandsloot pit shows some large
antifomal and synformal footwall structures (Friese, 2004), and our mapping indicates that the
Platreef is thicker (>30m) in synformal basins and thinner (<10m) close to the crests of the
antiforms. This supports the possibility that the Platreef may not have completely covered

larger antiforms.

Another possible explanation that produces an analogous situation is that of footwall
diapirism initiated by the intrusion of the Platreef. Domal structures in the floor of the eastern
Bushveld Complex have been interpreted to represent diapirism in the floor rock sediments of
the Transvaal Supergroup during the early stages of magma emplacement (Uken and
Watkeys, 1997). The process produces basins with finger-shaped intrusions separated by
domes and ridges. If this were also the case in the northern limb, then structures such as the
dolomite tongue (and presumably many unexposed structures) would represent syn-Bushveld
structures, but would facilitate the exposure of footwall lithologies above the topographic

level of the Platreef, as in the previous model.

A third possible explanation of calc-silicate xenoliths within the Main Zone is the possibility
that they are xenoliths derived from country rocks that formed the roof of the Platreef. In the
main part of the Bushveld Complex, the floor rocks are quartzites of the Magaliesburg
Formation. These were unconformably capped by volcanic rocks of the 2061Ma Rooiberg
Group, and the intrusion of the mafic suite of the Complex is thought to have immediately
followed the eruption of the Rooiberg Group, and was intruded along the unconfomable
contact, with the Magaliesburg quartzites forming the floor rocks and the Rooiberg acting as a
low-density carapace. Thus, the roof rocks in the main part of the complex are thought to have
been the Rooiberg Group. This is not necessarily the case in the northern limb. It is clear from
the transgressive nature of the Platreef-footwall contact that the Platreef was intruded

obliquely to the country rock stratigraphy, as shown in the face maps in Fig. 3.2 and in
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Armitage et al., (2002) and it is entirely possible that the country rocks which formed the

floor of the relatively thin Platreef also formed its roof.

Our observations outlined above are mutually supporting and strongly suggest that the
Platreef was intruded first, and that there was a sufficient break in time to allow almost total
crystallization, cooling and local alteration of the Platreef before intrusion of the hangingwall
gabbronorites. If the fine-grained pyroxenite at the top of the Platreef represents the remnants
of an upper chill zone, it implies that the Platreef may have originally been a very thin,
possibly sill-like, package of pyroxenites without any significant column of magma above it.
Intrusion of the magma that formed the hangingwall took place as a separate, later event, and

the cold Platreef formed the floor of this larger intrusion.

With such evidence, the model of Platreef intrusion in post lower Main Zone times (Friese,
2004; Friese and Chunnet, 2005) seems untenable. This model is based on several lines of
evidence that can be interpreted in more than one way, or is directly contradicted by the new
evidence that we present. Friese (2004) considers a thrust zone at the contact between the
footwall and the Main Zone, along which the Platreef has later intruded, and states that the
Platreef is bounded by major thrust zones at the contacts with the footwall and hangingwall.
Whilst there is occasionally sheared pyroxenite below the hangingwall contact, this is by no
means widespread, and no evidence of shearing in the hangingwall is seen. We have also
found no evidence of the footwall contact being sheared, and Friese (2004) misinterprets the
observation by Armitage et al. (2002) of lenses of serpentinite following the layering as
representing thrust duplexes. These bands are elongate bodies and layers of serpentinite,
usually with transitional boundaries, which represent compositional variations in the original
bedded sediments, where forsterite has preferentially formed during contact metamorphism
and been subsequently serpentinized. Figure 3.2 shows that the bands/lenses of compositional
variations in the footwall have a relatively high angle to the footwall contact, and are
truncated at the contact, strongly suggesting that they are not tectonic lenses formed by

shearing along the contact zone.
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3.6.5 Source of PGE in the Platreef

The discovery that there is a magmatic break associated with the base of the hangingwall has
profound implications for the genesis of PGE mineralization in the Platreef. Until now, most
studies have assumed that there was an extensive column of magma above the Platreef
(represented by the hangingwall units) that could have supplied PGE via settling of
immiscible sulfides to the reef. If the Platreef was intruded and crystallized before intrusion of
the hangingwall magma, this cannot be the source of PGE for the Platreef. The mass balance
question of how to account for the enormous mass of PGE in the Platreef is unresolved
(Cawthorn et al., 2002). If the hangingwall magma is not responsible, another source of and

mechanism for concentration of PGE in the Platreef must be considered.

3.7 Conclusions

The evidence we present from mapping observations on a metre scale to mineralogical
textures on a millimetre scale support the hypothesis that the Platreef formed prior to intrusion
of the hangingwall gabbronorites. Furthermore, the presence of: (i) PGE mineralization
located at the base of the hangingwall where it is in direct contact with mineralized reef; (ii)
mineralogical textures at the contact that indicate chilling and erosion; (iii) the truncation of
replaced reef and sheared pyroxenite by the hangingwall; and (iv) partially recrystallized reef
xenoliths within the hangingwall suggest that the Platreef pyroxenites were cooled and almost
completely crystallized before the Main Zone was intruded. The intrusion of the Main Zone
magma imparted an unconformable contact on the Platreef, and where the Main Zone magma
cut down into mineralized portions of Platreef, PGE and S from the reef were incorporated
into the new magma, and localized zones of basal PGE and BMS mineralization were formed
in topographic hollows. The incorporation of xenoliths of calc-silicate into the Main Zone
magma show that if the Platreef was intruded first, it could not have formed a complete
barrier between the footwall and the Mam Zone magma. This can be explained by there being
an irregular floor topography at the time of Platreef intrusion, possibly caused by syn-
emplacement diapirism of the footwall; or by interpreting the xenoliths as derived from the

roof of the cold, thin Platreef, rather than from the floor beneath.
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4.1 Abstract

The Platreef is a pyroxenitic unit with Ni-Cu-PGE mineralization that forms the base of the
layered igneous succession in the northern limb of the Bushveld Complex. It rests upon
sediments of the Transvaal Supergroup and Archaean granite/gneiss basement, and is overlain
by norites and gabbronorites assigned to the Main Zone of the Complex. Detailed lithological
mapping of a series of bench faces on bench 222 of the Zwartfontein South pit was
undertaken to define a rectangular block. This information, coupled with drill chip data
obtained during the drilling of the blast grids in the enclosing area has allowed us to constrain,
with a high degree of confidence, the three-dimensional nature of the lithological
relationships on a local scale, not achieved by any previous study. The inter-connectivity of
the mapped faces has allowed the first well constrained, three-dimensional representation of
the Platreef-hangingwall contact to be generated. It has revealed finger-like intrusions of
hangingwall gabbronorite which cut down into the Platreef along zones of low competency
such as NE-SW and N-S trending shear zones. This relationship demonstrates that the
emplacement of Main Zone-type hangingwall magma occurred after a significant period of

time that had allowed both crystallization and deformation of the Platreef to take place.

4.2 Introduction

The Platreef of the northern limb of the Bushveld Complex is one of the world’s largest
deposits of platinum-group elements (PGE) with associated Ni and Cu, and is currently
undergoing an period of intense exploration activity. The advent of mining of the Platreef in
1992 by the opening of Anglo Platinum’s Sandsloot mine (Fig. 4.1) paved the way for a new
wave of research on the deposit (Bye and Bell, 2001; Armitage et al., 2002; Friese, 2004;
Friese and Chunnet, 2004; McDonald et al., 2005; Holwell et al., 2005; Holwell et al., 2006).
The success of the operation at Sandsloot led to the opening of Anglo Platinum’s
Zwartfontein South mine (Fig. 4.1) in 2002 and to a boom in exploration along the entire
length of the northern limb by both Anglo Platinum and a host of junior companies. The shear
volume of core drilled during these recent exploration programmes by junior companies has
facilitated an expanding number of academic studies to be performed outside of Anglo
Platinum’s lease area (Hutchinson and Kinnaird, 2005; Kinnaird, 2005; Kinnaird et al., 2005;
Naldrett, 2005). The majority of these studies have utilized borehole core samples which have
obvious limitations in trying to interpret three- or even two-dimensional geological

relationships and structures. Some of the studies undertaken in the open pit mine at Sandsloot
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sediments of the Transvaal Supergroup and Archaean basement in the northern part of the
Kaapvaal Craton. The ultramafic-mafic sequence is divided into five zones (Hall, 1932)
comprising a Marginal Zone of norites, Lower Zone pyroxenites and harzburgites, Critical
Zone chromitite-pyroxenite-norite cyclic units, Main Zone gabbronorites and Upper Zone
anorthosites, gabbronorites and magnetites. The Complex is divided into five limbs: roughly
symmetrical eastern and western limbs, a southern (Bethal) limb covered by younger
sediments to the south of the eastern limb, a far western limb and a northern limb, which is
sinuous in outcrop (Fig. 4.1). The Lower Zone is only partially developed in the northern limb
and there is debate as to whether the Critical Zone is present at all (McDonald et al., 2005).
The Platreef is located in the northern limb of the Complex and is a 10-400 m thick package
of pyroxenitic lithologies with PGE and base-metal sulfide (BMS) mineralization. It is located
at the base of the layered mafic igneous sequence and overlies progressively older
sedimentary units of the late Archaean - early Proterozoic Transvaal Supergroup, and

Archaean basement, north from the town of Mokopane (Fig. 4.1).

The Platreef is a complex orebody and is made up of many distinct lithologies. The early,
broad classification of the Platreef stratigraphy into a basal pegmatitic A-reef, a coarse-
grained, mineralized B-reef and a fine-grained barren C-reef (White, 1994) is now considered
to be over simplified and, in many cases, inapplicable on a local scale. Several recent
studies"”*'"""? have shown the Platreef to be made up of pyroxenites, gabbronorites, norites,
harzburgites, peridotites, serpentinites and a variety of hybrid lithologies (Armitage et al.,
2002; Hutchinson and Kinnaird, 2005; Kinnaird, 2005; Kinnaird et al., 2005, McDonald et
al., 2005; Holwell et al., 2006). Xenoliths of footwall sediments are also common along
strike, with calc-silicate blocks and rafts up to tens or even hundreds of metres across, derived
from the Malmani dolomite, being particularly common north from Sandsloot, even where the
floor rocks are no longer dolomites. PGE mineralization within the pyroxenitic units is
generally associated with BMS, although the distribution is heterogeneous. PGE distribution
into the footwall is also sporadic and can attain depths of over 100 m. Hydrothermal
redistribution, both within the reef and into the footwall, is common in areas where the floor
rocks are particularly reactive, such as at Sandsloot, and this can result in the decoupling of
PGE from sulfides (Holwell et al., 2006). In contrast, where the floor rocks are particularly
anhydrous, such as the gneisses on the farm Overysel, hydrothermal activity is minimal and
PGE and BMS are more intimately associated (Holwell and McDonald, 2005a). The

hangingwall rocks are gabbronorites and norites attributed to the Main Zone of the Bushveld
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