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ABSTRACT 

Ore samples and platinum mineral conentrates, collec-

ted by the author during a field study of the structure of the 

Merensky Reef at Rustenburg and Union mines in the western Bushveld 

of South AfricR, have beJn Investigated. New details of the geology 

of the Merensky Reef including the potholes and koppies are discussed 

in the light of recent theories of origin. New compositional, opti-

cal, and physical data for the platinum group minerals in this ore 

are presented, and critically compared to existing data. Attention 

is particularly focused on the nature and genetic interpretation of 

the platinold mineral intergrowths. The principal methods of investi-

gation were reflected-light microscopy, combining measurements of 

reflectance and microhardness, electron-probe microanalysis, and 

X-ray powder diffraction. 

The present confusion over the published properties of 

cooperite and braggite is discussed, and resolved by the presentation 

of new data. The unique occurrence of an iridium-osmium-platinum 

zoned laurite is described, as well as two new rhodium sulphides 

which are believed to be present in the Merensky Reef. Compositional 

and hardness data on the natural Pt-Fe alloys in this ore supports 

the unreliability of microhardness as a tool for determining their 

iron content. The author's original published data for six new 

bismuthotellurides of platinum and palladium, including type meren-

skyite, are presented, and are discussed in the light of new obser-

vations and published data on other occurrences and synthetic equiva-

lents. 
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The textural features of the ore are explained in 

the context of fractional crystallisation of an interstitial 

olatinife,-ous sulphide melt. Residual pegmatitic and hydrothermal 

fractions are recognised as responsible for the location of some 

of the minerals. Intergrowths explained in particular detail 

include the replacement of pyrite by pyrrhotite, cooperite by 

braggite, merenskyite by kotulskite, and the exsolution of graphic 

Pt-Fe alloy from pyrrhotite and pentlandite. The significance of 

this investigation to the geochemical behaviour of the platinum 

group metals is finally discussed. 
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CHAPTER 1 

INTRODUCTION 

1.1 The Bushveld Igneous Complex  

Although references to rocks of the Bushveld Igneous 

Complex are to be found in the literature as early as 1872, the 

first systematic mapping of the Complex began in 1902 with the for-

mation of the Geological Survey of the Transvaal. By about 1916, 

with the additional incentive provided in 1908 by the discovery of 

platinum in the chromitite horizons, most of the exposed part of the 

Complex had been mapped and its general areal distribution shown. 

Notable amongst those responsible during this period were Hall, 

Kynaston, Mellor, Wagner, and Molengraaff. This discovery of pri-

mary platinum resulted in widespread and intensive prospecting in 

the area which, with the discovery of the platiniferous(1) dunite 

pipes and the Merensky Reef, led to extensive mining developments 

and to the uncovering of valuable fresh petrological and structural 

data. A summary of previous work and a large bibliography of workers 

on the Complex up to 1928 is given by Daly (1928) and Daly and 

Molengraaff (1924), and up to 1932 by Hall in a memoir which still 

forms the most comprehensive geological account of this great igne-

ous body. However, with regard to the platiniferous deposits and 

particularly to our knowledge of the Merensky Reef, Percy Wagner's 

outstanding book (1929) forms a monumental contribution, and still 

(1) 'platiniferous' is used to refer to rocks, minerals, ores, 
deposits etc. which contain the six platinum group elements 
in trace but potentially economic quantities. 
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stands as a relevant and valuable reference on the subject. Since 

that time a multitude of publications have followed and, although 

the knowledge amassed is considerable, there are still important 

fundamental problems and controversies to be settled. Even without 

producing further data much could be accomplished from a conscient-

tious assessment of that already available. This evaluation of the 

data is most valuable when accomplished by a person with extensive 

first hand knowledge and experience of the region. Review papers 

by Willemse (1959, 1964, 1969) are particular examples. 

1.1.1 The Areal Distribution and Structure of the rocks com-

posing the composite igneous body, appropriately called the Bushveld 

Igneous Complex by Daly and Molengraaff (1924), is shown on the map 

by Willemse (1969) in figure 1.1. The Complex is composed of ex-

trusive, hypabyssal, and plutonic rocks which together produce a 

lobulate form having an areal extent of about 67340 km2, including 

that area covered by younger formations. The longest east-west axis 

of the body is 463 km with the north-south axis from Pretoria of 

246 km. The Mafic Zone (Cousins, 1959) or Layered Sequence (Willemse, 

1969) forms a nearly continuous belt enveloping the more acid mem-

bers, attaining maximum thicknesses on the axes of the lobes which 

have a flat synclinal structure and which plunge towards the centre 

of the Complex at angles of 9 - 500. The Mafic Zone consists in the 

lower part of a high proportion of pyroxenites and chromitites with 

norite and anorthosites. The greater upper part is composed of 

gabbroic and dioritic rocks with magnetite bands near the top. A 

shallow extension of the Mafic Zone occurs west of the Pilanesberg 

alkaline intrusive mass. 
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The encircling sedimentary rocks of the Transvaal 

System alp-near in plan to show a generally concordent dip with the 

Mafic Zone rocks, although a transgressive relationship has been 

demonstrated and emphasised by Willemse (1959). These rocks are in-

tab,_Idded with andesitic lava, tuff, and conglomerates, and intruded 

by diabase sills emplaced along quartzite/shale contacts of the 

Pretoria Series. Large areas of the Complex are overlain by younger 

formations, notably rocks of the Waterberg and Karroo Systems. How-

ever, sufficient outcrops and borehole data in these regions, com-

bined with the results of a gravity survey published by the Geolo-

gical Survey in 1958, allow the structure of the Mafic Zone to be 

seen as five basin-like masses adjoining and perhaps overlapping 

one another (Willemse, 1964). 

The central acid members of the Complex consist domin-

antly of (a) extrusive felsite (the Rooiberg felsite) with interbed-

ded pyroclastics, (b) granophyre, leptite, and microgranite of con-

troversial and complex genesis, and (a) the extensive Bushveld 

Granite which intrudes all other rocks except for much later alkaline 

intrusive masses and Waterberg and Karroo sediments. The Granite/ 

Mafic Zone contact generally conforms to the layering in the Mafic 

Zone, and the Granite is, therefore, essentially basin-shaped in 

form, but contacts with the 'roof' felsite and granophyre rocks are 

mostly transgressive as well as contacts with disrupted fragments of 

the Transvaal System. A number of later alkaline complexes occur 

throughout the region, notable amongst them being the Pilanesberg 

which intrudes and disrupts the Mafic Zone in the western Bushveld. 

Recent isotopic age measurements (Davies et al, 1970) give an age 
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for the Complex of 1950,-30 million years. 

1.1.2 Location of the Bushveld Igneous Complex. The Complex 

is situated in the Kaapvaal Craton. This is one of eight cratons 

in Africa established as relatively stable blocks over 2500 m.y.ago 

(Clifford, 1970). The fusion of subsequent orogenic zones onto 

these blocks, adding to them and joining them, has resulted in the 

present African Craton. The broad structural setting of the Complex 

and related intrusives in this craton is shown in figure 1.2. 

Hall(1932) pointed out that a line drawn through the 

Great Dyke to the Vredefort dome granite bisects the Complex. This 

line was extended north by McConnel (1955) to include the east 

African Rift Valley, and southward by Kent (1957). The Trompsburg 

intrusive is also on this line (Cousins, 1959). Cousins considered 

that this lineament may mark the position of a fracture in the Earth's 

crust reaching to extreme depth, through which deep-seated magma was 

forced at favourable positions to sites at or near the surface. In-

tersection of this lineament with a possible E-W one through the 

Pilanesberg intrusive may have been a control factor. However, one 

should note that the Vredefort dome is some 580 m.y. older than the 

Mafic Zone, and the Trompsburg intrusive is dated as 600 m.y. younger. 

Therefore, if this is the case, this lineament has a long history of 

activity. 

Following the Sudbury meteorite impact theory by Dietz 

(1964), and the later impact theory for the Vredefort Dome, Hamilton 

(1970) postulated that meteorite impacts were the triggers to mag-

matism in the case of the Bushveld Complex. He suggested that three 

separate meteorite impacts were responsible for the convergent arc 
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shape of the Complex and described for each a central area of uplift 

with a fringing ring structure. Shattering beneath the ring syncli-

nes would then form the channelways and receptacles for the rising 

magma. Each central granitic area formed according to Hamilton by 

"fusion of crustal and mantle rocks, either instantaneously by shock 

melting and explosive release of overburden pressure, or shortly after 

the event as a result of the establishment of a steep thermal grad-

ient by conduction from the mantle through the explosively heated 

thinned crust". However, no evidence of shock-metamorphic effects 

have yet been found in the Bushveld rocks. 

Recent studies (Crockett, 1969; Hunter, 1976) have 

shown that a basin was developing on the site of the Bushveld Complex 

as the lowest stage of the Transvaal System was being deposited, and 

that a final collapse of this basin took place prior to the intrusion 

of the Mafic Zone. This basin may have formed by subsidence along 

a linear fracture perhaps initiated by the formation of the Vrede-

fort Dome. The centipetal dip of the Transvaal rocks, which in-

creases towards the margin of the Bushveld Complex, was thus a result 

of this subsidence. Around the major portion of the flanks of the 

basin the strata accommodated themselves to such subsidence in a 

broad sinusoidal curve. Thus the dip of the Transvaal System gradu-

ally increases inwards from the basal Black Reef series. Dips may 

have been flat in the central part of the basin. In the western 

area of the Transvaal, Crockett reported decollement and gravity 

sliding structures in the Pretoria series. Isolated Transvaal 

System 'rafts' in the middle of the Bushveld Complex were interpre-

ted as tectonic slides translated along low-angle fracture planes. 
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One might note that this collapse could still be of meteoritic 

origin, but that the collapse is also a natural progression of crus-

tal instability evident in the Transvaal System rocks. 

Crockett (1969) has suggested that the cause of basin 

formation on the Kaapvaal Craton is linked with intermittent ductile 

flow of mantle material away from the foci of subsidence. The out-

breaks of mafic andesite volcanicity that preceded the Bushveld 

Complex are considered to be the products of the periodic heating 

and melting of the base of the steadily sinking crust. He postu-

lates that the significantly different nature of the Bushveld 

magmas, which display a differentiation into basalt and granite, 

may be indicative of a more sudden collapse of the Transvaal basin 

which would leave little time for magmatic mixing so that thqoleiitic 

magmas were injected, while the granite represents mobilization of 

sialic crustal material. 

Hall (1932) was of the opinion that the pronounced and 

regular basining of the Transvaal System was due to its gradual bend-

ing down by the magma load of both the granitic and mafic portions 

of the Complex, combined with lack of adequate support through the 

withdrawal and ascent of originally underlying magma. Visser (1957) 

held a similar opinion but thought it was just due to the weight of 

magma. However, these views are contradicted by the subsequent 

geological and geophysical work (Cousins, 1959; Smit et al.,1962) 

which shows that the Mafic Zone consists of three or four distinct 

bodies and not a single lopolith. Gravity surveys also show that 

the weight of gabbroic rocks is small compared to the Bushveld Basin 

as a whole. 
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1.1.3 The Sequence of Events leading to the formation of the 

Bushveld Complex are considered therefore to be as follows: 

1. Deposition of the Transvaal System in a subsiding 

basin on the Kaapvaal Craton, with some contemporaneous volcanicity. 

The Snolterskop Stage of the Pretoria Series consists of a high pro-

portion of lavas and pyroclastics and represents an approach to the 

peak of volcanic activity prior to the emplacement of the Mafic Zone. 

The most widespread extrusion, extending some 500 km to the SW 

beyond the Bushveld Complex, is the Ongeluk Lava which occurs about 

halfway up the Pretoria Series and reaches thicknesses of up to 1500 

metres in the Zeerust area. 

2. Final collapse of the Bushveld Basin initiating 

gravity sliding of Transvaal System rocks round the margin. 

3. A sill phase of diabase sheets injected into the 

now inclined Pretoria Series. Although the composition and mineral-

ogical character of these sills is very variable, due in part to 

varying degrees of assimilation of sedimentary material, two main 

types of diabase have been defined. Close to the Mafic Zone is the 

Maruleng Type with orthopyroxene as a typical constituent, and which 

includes at least some of the noritic rocks of the erratic Chill 

Zone of the Mafic Zone. Away from the contact with the Mafic Zone 

the sills become more aluminous and less disrupted and contaminated 

with products of assimilation. These hornblende-clinopyroxene bear-

ing diabases have been termed the Lydenburg Type. They are believed 

to represent the original undifferentiated magma of the Complex in 

chemical composition (Willemse, 1964). 

4. An epicrustal phase represented by the Rooiberg 
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felsite, leptite, and granophyre. Although it is generally accepted 

that processes such as felspathisation of sediments, anatexis of 

sedimentary rocks, replacement of alkaline solutions, and metamor-

phic recrystallisation have taken place in the formation of these 

rocks, it is generally considered (Wine:Ilse, 1969; Fourie, 1969) 

that the rocks were for the most part initially products of volcan-

ism. 

5. The mainplutonic phase which produced granodio-

rite, dioritic, mafic and ultramafic rocks of the Layered Sequence 

or Mafic Zone. Now universally accepted as formed by magmatic dif-

ferentiation, although controversy still arises with regard to its 

structure at depth and to the mechanisms involved in producing the 

layering. 

6. A plutonic phase represented by the Bushveld 

Granite. 

1.1.4 The Mafic Zone is a layered sequence of mafic and ultra-

mafic rocks some 7600 m thick forming a lobulate belt from 8 to 20 

km wide round the periphery of the Complex. The intrusive nature 

of this zone is in little doubt, with the layering and diversity of 

rocks due to magmatic differentiation. The layering conforms fairly 

closely to the strike and dip of the Pretoria Series, varying from 

5 to 50°. At Rustenburg mine the average dip is 91°  and at Union 

mine 20°. As seen in figure 1.1 the layering dips everywhere to-

wards the centre of the Complex. The thickness of the zone varies, 

and increases towards the axes of the embayed areas as in the 

Rustenburg and Northam embayments. Also the Northam (Union mine) 

Mafic Zone sequence, although displaying the same differentiation 
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pattern as at Rustenburg, is considerably thicker, the increase in 

thickness taking place across an E-W line approximately through the 

Pilanesberg mass (Vermaak, 1976). Mapping of marRer horizons, part-

icularly chromitite layers, has demonstrated that the lower parts of 

the sequence are not continuous round the Complex, but are best de-

veloped in the embayed areas and 'cut out', with overlap of higher 

layers, against the edges of the embayments such that, as recorded 

by Cousins (1959) "the contact between the Mafic Zone and its floor 

closely resembles that between sea and land along a coast line 

which, in places, has been drowned". 

The differentiation trend is broadly from magnesium-

rich undersaturated rocks at the base towards iron-rich and alkaline 

oversaturated rocks at the top. In general the first 2400 m is 

highly differentiated with a bewildering diversity of rocks forming 

extensive sheets and lenses from one or a few centimetres to many 

metres thick, often persistent over many miles. A prime example is 

the Merensky Reef pyroxenite which is traceable round most of the 

Complex. The remaining 5200 m is generally more uniform and less 

differentiated, although layering is still a prominent feature. It 

must be remembered, however, that because of the occurrence of econ-

omic chromite and platiniferous horizons in the lower part of the 

Mafic Zone much more is known of this part, from borehole and under-

ground observations, than is the case for the remaining 'monotonous' 

and poorly exposed upper two thirds. 

For a considerable time now the Mafic Zone has been 

divided into zones based on the recognition of certain easily recog-

nised and laterally continuous marker horizons (fig. 1.3). Thus the 
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top of the lowermost and dominantly pyroxenitic portion, named the 

Basal Zone, is taken as the first prominent and thick chromite layer. 

In the eastern Bushveld the exploited Main Chromitite Seam or Steel-

port Band is used. In the western Bushveld this chromite horizon is 

also present but the Magazine Reef, traceable from west Brits to 

beyond Swartkop Chrome mine, could be used instead (Willemse, 1964). 

The dominantly pyroxenitic Basal Zone gives way to intensely layered 

and rhythmic sequences of chromitite, pyroxenite, norite, and anor-

thositic rocks of the Critical Zone, the top of which is considered 

to be the Merensky Reef. The top of the succeeding Main Zone, poorly 

differentiated noritic to gabbroic portion, is taken as a prominent 

magnetite horizon called the Main Magnetite Seam. The Upper Zone  

rocks above range from gabbro to ferrodiorite and diorite, and con-

tain numerous magnetite horizons. 

Although petrologically these divisions are perhaps 

not justified, there is some broad coincidence of these marker 

horizons with mineralogical and chemical breaks (fig. 1.3) as well 

as with some major unconformities. The mining companies, however, 

use other equally persistent marker horizons in correlating borehold 

data, as for example the UG1,UG2,UG3, etc. chromite seams in the 

Rustenburg area (Cousins and Feringa, 1964). However, in using these 

marker horizons in correlations throughout the whole Bushveld it 

should be born in mind that the Mafic Zone was probably intruded as 

two or more separate arcuate sheets fed from separate feeders, in-

volving periodic influxes or surges of new magma which, quite reason-

ably, have produced a similar overall differentiation sequence. 

1.1.5 The Critical Zone. Since the Merensky Reef is a product 
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of the formation of this highly layered zone by magmatic differenti-

ation, it is relevant to this thesis that some of the main characte-

ristics of this zone are mentioned. 

This portion of the Mafic Zone consists of a generally 

repebal:Ive 3oquence oC chromitite, pyroxenite, norlte, anorthositic 

norite and anorthosite, with the chromitites and pyroxenites sub-

ordinate. In the eastern Bushveld the thickness is about 1100 m, in 

the Rustenburg embayment it varies between 350 - 670 m, and in the 

Northam embayment about 840 m (Willemse, 1969). Most of the chromi-

tites occur in this zone and have been described in detail by 

Cousins and Feringa (1964) for the western Bushveld, and by Cameron 

and Desborough (1969) for the eastern Bushveld. 

The Critical Zone is particularly noted for its easily 

visible parallel layered structure, the layers behaving like strati-

graphic units traceable over many miles, even layers of a few centi-

metres thick. This remarkable continuity of the layers and the re-

liance that can be put on it has made the exploration of the econo-

mic horizons a relatively easy task, especially as the layers have 

not undergone any deformation, except for some major regional fault-

ing. The layers range from less than a centimetre to many metres in 

thickness, with gradational and sharp boundaries between them. In 

some parts of the sequence a distinct separation plane is present, 

as between the Bastard Reef pyroxenite and the underlying mottled 

anorthositic norite at Rustenburg mine. Other sharp breaks appear 

to be disconformities marked by an irregular contact, as at the base 

of the Merensky Reef pyroxenite at Rustenburg where the Reef peg-

matitic pyroxenite rests on an undulating anorthosite surface. 
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Cameron and Desborough (1969) record numerous disconformities in 

the eastern Bushveld which "are extensive over distances of miles 

and marked by scour and other features indicative of erosion, by 

abrupt changes in rock type, or by changes in composition of one or 

more phases" during magmatic sedimentation. The intensity of the 

layering was illustrated by them in the north-eastern Bushveld where 

160 distinct layers occurred over a thickness of 12 m. 

The visible layering is produced by differences in 

cumulate phases, intercumulus phases, phase proportions and in tex-

ture, giving rise to various field descriptive terms like anortho-

site, spotted anorthosite, mottled anorthosite, spotted anorthositic 

norite, pegmatitic pyroxenite, chromitite, spotted mottled anortho-

sitic norite etc. Although parallel layering is by far predominant 

'crossbedding' features do occur. Also large scale unconformable 

relationships occur as in the case of the 'pots' at Rustenburg mine 

where, in extreme cases, the Bastard Reef, lying some 12 m above the 

Merensky Reef, dips downward through the layering and rests directly 

against it, forming a marked inclined separation plane. Koppies are 

another example of an unconformable relationship between the Merensky 

Reef pyroxenite and its footwall anorthosite. Features like this 

may be indicative of magmatic convection currents but an alternative 

explanation is given later by the author. 

A further feature of the Critical Zone is the existence 

of a rhythmic sequence of magmatic sedimentation creating a series of 

units, each commencing with a chromite seam displaying a sharp lower 

contact and passing upwards into pyroxenite and then into more anor-

thositic rocks. The next unit begins again at a chromitite seam. 
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The ideal rhythmic unit is often terminated by the start of another 

one. It is possible that this broad rhythmic pattern is a result 

of intermittent surges of magma into the chamber, each new surge 

triggering a new differentiation sequence and producing a repetition 

of the previous one. A further mechanism suggested by Lauder (1964) 

may also have operated by which layers of magma were isolated from 

each other in the chamber by the formation of 'rafts' of cumulate 

crystals at various levels. 

The cryptic compositional variations have been studied 

to some extent (Cameron & Desborough, 1969), but more research needs 

to be done in this field to provide a more fundamental picture of 

the magmatic differentiation process for this body. A generalised 

picture of the compositional trends of plagioclase, orthopyroxene, 

and olivine through the whole mafic zone was summarised by Willemse 

(1969) from various sources from 1934-1956. The trends (fig.l.3) do 

indicate that the Mafic Zone is compatible with a layered sequence 

produced by progressive differentiation of an intrusive mass. How-

ever, the occurrence of periodic surges of new magma is considered 

an important factor in explaining breaks in the sequence. 

1.1.6 The Merensky Reef is a horizon of platiniferous felds-

pathic pyroxenite containing disseminated Fe-Cu-Ni sulphides and 

situated at or near the top of the Critical Zone. The term Merensky 

Horizon or Merensky Suite is often used to describe the whole pyrox-

enite horizon, and Merensky Reef is used to describe that part which 

is mined. In most places the pyroxenite is in part pegmatitic. At 

Rustenburg and Union mines the lower part of the Merensky Horizon 

is pegmatitic and delimited by a thin chromite band at the base and 
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top. At these mines the platinum group metals are concentrated in 

the pegmatitic facies and associated chromite bands, although at 

Union mine, where the pegmatitic pyroxenite is up to 51 m thick, only 

the top part is of economic grade. Some of the finer grained hanging-

wall pyroxenite is included during mining. The Merensky Horizon 

forms a generally traceable layer of varying character which has been 

located and followed round most of the Mafia Zone. There are, how-

ever, numerous other platiniferous pyroxenite horizons below the 

Merensky Horizon, and most of the chromitite horizons contain values 

of up to 2 ppm of platinum group elements. Some of the pyroxenite 

horizons are very close to being of economic grade. Any genetic 

explanation of the concentration of platinum group metals in the 

Merensky Reef must, therefore, embrace these other occurrences. Un-

fortunately the economic importance and extensive exploitation of 

the Merensky Reef has led to an unjustified emphasis of its geolo-

gical uniqueness, and has given rise to unique explanations for its 

origin. It is considered that magmatic differentiation and frac-

tional crystallisation of interstitial platiniferous base-metal sul-

phide liquid adequately accounts for the minerals and textures that 

can be seen. Residual hydrothermal fluids would naturally be derived, 

from which some platinum group mineral precipitation would take place. 

The Merensky Reef is being exploited at Rustenburg Mine 

which is still the World's largest individual platinum producer, and 

occupies a strike length of about 30 km. Other producing areas 

(fig. 1.1.) include the Bafokeng Mine near Rustenburg, the Western 

Platinum Mine (Alpha Mine) in the Brits area, the Union Mine near 

Northam, and the Atok Platinum Mine in the Lydenburg district. The 
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Amandelbult Mine, situated 30 km NE of Union Mine, is still in the 

development stages. 

1.2 Discovery and Development of the Merensky Reef 

1.2.1 The Discovery of the Merensky Reef in 1924 was a climax 

to a series of discoveries of platinum group elements (PGE) in the 

area, which commenced with investigations into the presence of these 

elements in the chromitite layers by Hall and Humphrey of the 

Geological Survey, and independently by Merensky and Von Dessauer. 

Results of these investigations published in 1908 indicated the pre-

sence of platinum group elements, particularly platinum, in sub-

economic amounts. In 1923 Adolph Erasmus located a platiniferous 

lode deposit in the Rooiberg felsite of the Waterberg District. 

This was mined until 1926. In 1924 discoveries of alluvial and 

eluvial 'platinum' in the eastern Bushveld by Lombaard, a prospector-

farmer, and Dr. Hans Merensky led to a primary source in a dunite 

pipe on Mooihoek 147. In September 1924 Lombaard located 'platinum' 

in a pyroxenite in the Lydenburg district, which was first called 

the Lombaard Reef and later changed to Merensky Reef in honour of 

Merensky who was mainly responsible for the success of the pros-

pecting programme. Under his guidance the Merensky Reef was later 

located in the Potgietersrust area, and also in the Rustenburg 

district where it is at its richest, and in the equally important 

location just north of Northam. The Merensky Reef was soon traced 

Footnote  

The abbreviations PGE for platinum group element(s), and PGM 
for platinum group mineral(s) will be occasionally used in this 
thesis. Introduced by Cabri (1972), and now internationally 
accepted by Commission on New Minerals and Mineral Names. 



round most of the Mafic Zone, and other occurrences of platini-

ferous dunites of the Mooihoek type were also found and exploited 

at Onverwacht 330 Mine and Driekop Farm Mine, about five km north 

of Mooihoek, by about 1928. At the same time sub-economic platini-

ferous pipes of disseminated, poikilitic, and solid sulphide ore 

were found in the Rustenburg district on the farm Vlackfontein 902 

and also in the Marico district WNW of Vlackfontein (Wagner 1924); 

further indications of similar deposits were found north of Pretoria. 

1.2.2 The Early History of Development of the primary platini-

ferous deposits, especially the Merensky Reef, is well documented 

(Beath, Cousins and Westwood 1961). Immediately on the discovery of 

these deposits, a short-lived mining boom took place as numerous 

mining companies began to work them. This was followed in the late 

1920's by a slump as the price of platinum fell rapidly. Out of 

this situation two mining companies, namely the Potgietersrust 

Platinums Ltd. and the Waterval (Rustenburg) Platinum Mining Company, 

survived and merged to form Rustenburg Platinum Mines Limited in 

1932 to work the Merensky Reef in the Rustenburg district. The 

Merensky Reef outcrop on Swartklip farm near Northam was later 

worked by the Union Platinum Mines Company which was formed in 1947, 

and which by 1949 had amalgamated with the Rustenburg Company. The 

Swartklip development now constitutes the Union section of the 

Rustenburg Platinum Mines Limited. For eighteen years Rustenburg 

and Union mines were the only producers of PGE in the Bushveld and 

produced approximately 40% of the World's platinum. In September 

1967 the Union Corporation confirmed that an exploration programme 

on the Bafokeng area NW of Rustenburg had proved the Merensky Reef 
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there to be satisfactory for exploitation. A lease for the mining 

rights was obtained, and in November 1968 Impala Platinum Ltd. was 

formed with Union Corporation holding 46.75% of the equity and UC 

Investments 11.69%. Following development of the Bafokeng mine on 

the farm Vaalkop, concentrates were first produced in January 1969. 

This mine, with its two other Wildebeestfontein sections is now the 

second largest primary PGE producer in the World. In 1970 the 

Lonrho group, after drilling an area between Brits and Rustenburg, 

began shaft sinking operations on the farms Wonderkop and 

Middalkraal at Marikana near Brits. In August 1970 Lonrho Ltd. 

joined with Falconbridge Nickel Mines Ltd. and Superior Oil Company 

of Housten, Texas to develop this area under the subsidiary Western 

Platinum Ltd. Milling of ore from the now named Alpha Mine (Western 

Platinum Mine) started in 1971 with the shallower Middelkraal section 

and has now extended to the deeper Wonderkop section. In late 1970 

the Atok Platinum Mine was established in the Lydenburg district on 

the farm Middelpunt by Atok Mines, a subsidiary of African Triangle 

Mining, Prospecting and Development Co. (Pty) Ltd., and adminis-

tered by the Anglovaal group. 

1.2.3 Mining of the Merensky Reef is generally on the herring-

bone system down dip, with a stoping width of about 74cm. Ore is 

trammed from the face to central winzes via tracks(drives) spaced at 

about 12m intervals. The ore is then moved by scrapers to ore passes 

connected to the main footwall haulage drives from where it is trammed 

to the main ore pass at the shaft or up main inclines to the surface. 

Rustenburg and Union Mine 'heavy' concentrates from the corduroy 

tables go to James tables for the recovery of the PGM ('metallics') 
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which are despatched direct to the refinery at Wadeville near 

Johannesburg. The remainder goes through conventional flotation 

processes and the resulting sulphide concentrate is smelted to con-

verter matte. This is sent for the extraction of nickel and copper 

to Matte Smelters Ltd. at Rustenburg. Johnson and Matthey and 

Company has a 50% interest in this company. The matte is roasted 

and leached with sulphuric acid which dissolves the nickel and copper. 

These by-products are then extracted from the solution by electrolysis 

and the sludge treated to produce a product containing about 60% PGE 

plus gold. Further refining is carried out at Wadeville, which has 

been in operation since late 1969, or at Johnson Matthey's refinery 

at Brimsdown in Great Britain. For the Western Platinum Mine's con-

centrates the Kristiansand plant in Norway is used. The concentrates 

from Bafokeng mine are refined at Springs at a refinery completed in 

mid-1969 on the site of East Geduld Mines. The PGE from this mine 

are marketed by Ayrton Metals. Impala Platinum Ltd. also controls 

Metallurgical Processes Ltd. who process the nickel and copper by-

products into alloys. 

1.3 Ore Minerals of the Merensky Reef. 

The petrology of the Merensky Reef, particularly with 

regard to the occurrence of the PGE and PGM, has been the subject 

of extensive investigations over the last ten years by research 

mineralogists working for the various mining companies exploiting 

this orebody. The incentive came from the increasing demands of the 

industrial processors and metallurgists to understand the mineralogy 

precisely, both from the need to reduce losses in the tailings, and 

from the problems arising from the production of the refined metals 
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from the mineral concentrates and smelter mattes. The decision by 

the mining companies to form PGE research groups was aided by their 

eventual realisation of the value of the electron-probe microanaly-

ser in this field and that it was an essential analytical tool to 

possess, However, these companies have been reticent about allow-

ing the publication of their results. Although earlier reports on 

the silicate-oxide and base-metal sulphide petrology of the Merensky 

Reef have appeared (van Zyl, 1970; Liebenberg, 1970), it is only 

within the last two years that some of the PGE data has become 

available with the publication of the results of mineralogical in-

vestigations at the Atok Platinum Mine by Schwellnus et al (1976), 

the Western Platinum Mine (Alpha Mine) by Brynard et al (1976), and, 

for the properties in general of the Johannesburg Consolidated 

Investment Co. Ltd., by Vermaak (1976), and Cousins and Vermaak 

(1976). Until this 1975-76 outburst, the first and last published 

electron-probe and quantitative microscopic study of the PGM of the 

Merensky Reef was by the author in 1966. 

Before the discovery of platiniferous deposits in the 

Bushveld during the period 1923-1928 a number of the PGM which were 

to be later found in the concentrates from these deposits, had al-

ready been described from other parts of the world. Sperrylite PtAs2  

had been found in the Vermilion mine at Sudbury and described by 

Wells and Penfield in 1889. Laurite RuS2 had been recorded from the 

platiniferous gravels of Borneo by Wohler in 18'66 and also from 

Colombia. Native platinum, generally alloyed with iron, was well 

known by 1923 since its occurrence was first described from the river 

gravels in Colombia in 1748, although the actual recognition of 
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platinum as an element occurred in 1750 mainly through the work 

of Professor Wollaston. The first concentrates obtained from the 

Bushveld were, therefore, assumed to contain mostly native platinum, 

but mineralogical and chemical studies of the concentrates from the 

various deposits revealed other mineral phases to be present. 

Sperrylite was the first other phase to be found, be-

sides ferroplatinum, as bright metallic specks in a concentrate 

obtained by panning the oxidised sulphide ore from one of the nickel-

sulphide pipes on the Vlackfontein farm 902 in the Rustenburg dis-

trict in 1923. These grains were confirmed as sperrylite by Wagner 

and Rogers (Wagner 1924). Crystals of sperrylite in crushed zones 

of banded ironstone underlying the norite were also described from 

the Waterberg district by Spencer (1926), and later, large octahedral 

and pyritohedral crystals up to 1.85cm. across were found in the 

Potgietersrust district (Wagner 1929). The crystals from both these 

districts were confirmed as sperrylite and studied by X-ray tech-

niques by Bannister and Hey (1932). By 1929 sperrylite had also been 

confirmed as occurring in the Merensky Reef in the Lydenburg and 

Rustenburg districts. 

The first new mineral to be found was cooperite PtS 

which was located in the concentrates from the Rustenburg district 

by Cooper in 1928. Confirmatory tests and analyses were carried out 

by Adams (1931) 'and the crystal structure of cooperite determined by 

X-ray techniques by Bannister (1932). Another new mineral, 

stibiopalladinite Pd
3
Sb, was found in the contact metasomatic and 

pegmatitic deposits of the Potgietersrust district and was described 
*tat. 

by Adam (1927). More recent studies (Clark,11970 suggest the com- 
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position Pd5Sb2. In 1932 Bannister confirmed laurite as being pre-

sent in concentrates from the Potzietersrust area, and also dis-

covered a new mineral braggite (Pt,Pd,Ni)S in material collected by 

Cooper from the Rustenburg district. This was the first new mineral 

to be Isolated and determined by X-ray methods. 

It was not until 1961 before any further new minerals 

were found, although a geochemical study of the Pt, Pd, and Au con-

tents of the igneous rocks of the Bushveld had been completed by 

Hagen in 1954. Then, with the advent of the electron-probe micro-

analyser, Stumpfl (1961) found and analysed nine new platinoid phases - 

geversite PtSb2, PtSb, Pt(Sb,Bi), (Pt,Ir)As2, Pt(Ir,Os)2As4, Pd2CuSb, 

Pd(Sb,Bi), Pd8CuSb3, and Pt4Sn3Cu4  - in concentrates from the Dreikop 

mine, followed by the mineral hollingworthite (Rh,Pt,Pd)(As,S)2  in 

1965 from the same locality. At this time the author (1966) dis-

covered four platinum and palladium bismuthotellurides in the 

Merensky Reef at Rustenburg and Union mines. Two were new minerals, 

namely merenskyite (Pd,Pt)(Te,Bi)2  and (Pd,Hg)x(Te,Bi)y, and two, 

moncheite (Pt,Pd)(Te,Bi)2  and kotulskite Pd(Te,Bi), constituted a 

second reported occurrence in the world, having previously been found 

in the Monchegorsk deposit by Genkin et al (1961, 1963). 

No additional minerals were reported in the Bushveld 

until 1975 when rustenburgite Pt 0.398
Pd0. 386Sn0.217 and atokite  

Pd
0.486Pt0.302Sn0.212 were described by Mihalik et al. in concen-

trates from the Merensky Reef, and stumpflite Pt(Sb,Bi) and irarsite  

IrAsS from the Dreikop pipe by Tarkian and Stumpfl. These were fol-

lowed by paolovite Pd2Sn from the Atok Mine in 1976 by Schwellnus 

et al. Irarsite and paolovite had been described previously by 
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Genkin et al in 1966 and 1974 respectively. Schwellnus et al also 

mentioned the occurrence of an As-Sn-Pd and an Sb-As-Pd intergrowth. 

1.4 Aims of the Thesis  

Prior to the initiation of the author's investigations 

in 1962. the silicate petrology and to a lesser extent the structure 

of the Merensky Reef at Rustenburg and Union mines had been described 

satisfactorily by various workers such as Wagner (1929), Schmidt 

(1952), and VanZyl (1960). However, studies of the opaque mineral-

ogy, particularly the PGE and PGM and their mode of occurrence, left 

ample scope for further work. Developments in determinative tech-

niques, such as the electron-probe microanalyser, had provided an 

incentive to mineralogists to research into the mineralogy of plati-

niferous ores and, in the author's case, to re-examine the Merensky 

Reefwhcse opaque mineralogy had not been examined since the pioneer-

ing ore microscopic study by Schneiderhohn (1929). Up to 1962 the 

PGE in these ores had only been recognised as occurring in a rela-

tively small number of platinum group minerals. The platinum 

mineralogy was generally thought to be fairly simple, consisting of 

five or six major minerals together with a large proportion of the 

PGE content accounted for by Schneiderhohn as occurring in solid 

solution in the base metal sulphides, pyrite, pyrrhotite, pentlandite 

and chalcopyrite. However, workers on other platiniferous deposits, 

in particular Stumpfl on the Dreikop pipe (1961), Borovski et al 

(1959) and Genkin et al (1961, 1963) had described a large number 

of new platinum group minerals. It was thus reasonable to suspect 

that many of these phases, together with other unreported PGM were 

present in the Merensky Reef. An important aim then was to locate 
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and describe fully the mode of occurrence of any new phases as well 

as phases previously reported in the literature. In the initial 

stages of this study all the previously reported PGM from this de-

posit were recognised as well as a number of other phases, the most 

important of which were the platinum and palladium bismuthotellu-

rides (Kingston 1966). Two of these bismuthotellurides were new 

minerals. Since 1966 other workers on the Merensky Reef have re-

ported a further three new but very rare PGM phases (Mihalik et al 

1975; Schwellnus et al.,  1976). 

One particular aim of this thesis, therefore, is to 

report on and critically assess the present state of knowledge of 

the composition and properties of the platinum group minerals in 

the Merensky Reef, particularly in the Rustenburg and Union mine 

sections. Where published data was already in existence then this 

is supplemented and discussed on the basis of the author's own re-

sults and experiences. Although there have been many determinative 

studies made of platinum group minerals in other deposits, particu-

larly since 1961, there is still much to be done to define known 

phases more precisely in terms of structure, composition and compo-

sitional variations, their respective compositional systems, and 

their compositional and structural relationships with their .physical 

and optical properties. Also from a consideration of the geochemical 

character of these elements many more new phases are still to be dis-

covered. 

The form and mode of formation of intergrowths of the 

platinum group minerals with each other and with the commonly asso-

ciated base-metal sulphides, and also the significance of these inter- 
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growths as regards the genesis of the orebody, are obvious sources 

of disagreement amongst PGE researchers. Therefore, a further con-

tribution in this study is to describe and offer an explanation of 

the mode of intergrowth of these minerals as exhibited in polished 

sections of the ore and concentrates, and to discuss their signifi-

cance with regard to PGE geochemistry and ore genesis. 

The geochemistry of the platinum group elements is still 

far from being completely understood, particularly with regard to 

their 'inclusion' in the lattices of silicate and oxide minerals. 

Geochemical data on the platinum group elements in the Mafic Zone has 

not been substantially added to since Hagen's study (1954), although 

some new data on the partitioning of these elements in the Merensky 

Reef have recently been reported by Crocket (1976). Chapter 9 intro-

duces and discusses what is known about their geochemical behaviour, 

in particular the evidence for their separation during the genesis 

of the Merensky Reef. 

Finally it should be noted that the descriptions of the 

nature and structure of the Merensky Reef at Rustenburg and Union 

mines are based on personal observations during a period of ten weeks 

of sampling and underground mapping at these mines in 1962. 
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CHAPTER 2  

STRUCTURE AND PETROLOGY OF THE MERENSKY REEF 

AT RUSTENBURG AND UNION MINES  

2.1 Introduction  

The first description of the petrology and structure of 

the Merensky Reef was by Wagner (1929) who provided valuable data on 

this platiniferous pyroxenite at its early stage of exploitation, 

including the present Rustenburg and Union mine areas. His objec-

tive descriptions still make up a valuable reference on this subject 

and include much data and conclusions which have often been over-

looked by others in this field in more recent years. Schneiderhohn 

(in Wagner, 1929) was the first to study and describe the nature and 

paragenesis of the base-metal sulphides, and to attempt to examine 

the platinum group minerals in polished sections of the ore. His 

report is still a useful reference, although the only other mineral-

ogical report on the base metal sulphides of the Bushveld Complex 

in general by Liebenburg (1970) has largely superseded it. Since 

1929 several accounts of the petrology and structure of the Merensky 

Reef at Rustenburg and Union mines, particularly at Rustenburg mine, 

have been published. Schmidt (1952) provided, in addition to Wagner, 

petrological descriptions of the various rock units at Rustenburg 

mine, which included a detailed comparative study of the orientation 

of the orthopyroxenes and feldspars composing the normal undisturbed 

Merensky Reef with those of the potholes. Van Zyl (1970) carried out 

an even more comprehensive petrological study at Union mine. Legg 

(1967,1969) completed an electron-probe microanalyser and X-ray dif- 
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fraction study of the UG1 chromite seam, and the chromite bands of 

the Merensky Reef at Rustenburg mine. General accounts of the com-

position and structure of the Merensky Reef have been provided by 

Cousins (1964,1969) and Beath, Cousins, and Westwood (1961). 

Recent papers specifically on the Merensky Reef by 

Vermaak and Hendriks (1976), Vermaak (1976),Sdhwellnus et al (1976), 

and Brynard et al (1976) provide further data on the structure and 

silicate-oxide mineralogy as introductory parts to their treatment 

of the economic and genetic aspects. Vermaak and Hendriks provide 

a particularly useful condensation of petrological data, which in-

cludes information from an unpublished company report by Ramsden and 

Wilmshurst. The general structure and composition of the Mafic Zone 

in the western Bushveld is adequately covered by Feringa (1959), 

Cousins and Feringa (1964), Coertze (1970), and Vermaak (1970,1976), 

together with the various review papers already mentioned in the 

introduction. These papers include the broad structural and strati-

graphical aspects of the Merensky Reef. 

There is still a lack of uniformity in the use of the 

several available terms for describing the economic platiniferous 

horizon near the top of the Critical Zone. An example of the present 

confusion is the term 'Merensky Reef' itself which was originally 

used to describe the first discovery of this horizon at Lydenburg, 

where no pegmatitic layer was present and the platinum-metal carrier 

was a medium grained pyroxenite. Wagner (1929) reported the upper 

part of this pyroxenite horizon as being "platinum-bearing Merensky 

Reef" and the lower portion as being "platinum-poor or barren 

Merensky Reef". A coarse pegmatitic pyroxenite was later found to 
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be the principal PGE carrier in the Rustenburg area, but the term 

'Merensky Reef' was still retained for the Platinum-poor overlying 

finer grained pyroxenite. During the period when Rustenburg and 

Union mines were the only working mines, the term 'Merensky Reef' 

became established as describing the whole pyroxenite horizon, and 

during the authors visit in 1962 the pegmatitic pyroxenite was ref-

erred to as the 'Reef' pyroxenite, and the overlying finer grained 

pyroxenite as the 'Merensky' pyroxenite. Underground the term 

'Merensky Reef' was naturally also used for that part of the pyrox-

enite being mined, as for example at Union mine where'only the cen-

tral part of the whole pyroxenite horizon is being mined (fig.2.1). 

The use of this term for the whole thickness of pyroxenite has also 

been adopted at Atok mine (Schwellnus et al, 1976) and at Western 

Platinum mine (Brynard et al, 1976). Unfortunately Vermaak and 

Hendriks (1976) have caused further confusion by redefining the 

"economically valuable pegmatoidal layer" in the Western Bushveld 

as the Merensky Reef. To avoid confusion in this thesis the terms 

to be used in describing this horizon are as follows. 

Merensky Unit or Merensky Suite refers to the layered 

succession extending from the footwall contact of the Merensky Reef 

up to the footwall contact of the Bastard Reef. The succession 

(fig. 2.1, 2.2, 2.3) begins with a platiniferous pyroxenite layer 

containing two or more thin chromitite bands, which grades upwards 

into norite, spotted anorthosite (spotted leuconorite) and finally 

into mottled anorthosite (mottled leuconorite). The Bastard Reef 

is the basal pyroxenite member of a similar but thicker sequence 

which extends to the Main Zone contact, and which makes up the 
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RUSTENBURG SECTION 

	
UNION SECTION 

Fig. 2.1  Geological sections through the Merensky Unit at Rustenburg 
and Union mines, showing the difference in thickness of the 

Merensky Reef and the ore sections which are being exploited. 
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Bastard Unit or Suite. 

The Merensky Reef or Merensky Horizon are synonymous 

terms to describe the basal pyroxenite layer of the Merensky Unit, 

which is usually underlain by 'light' anorthositic rocks, particu-

larly spotted and mottled anorthosites. This layer is platini-

ferous, although usually only part of it is of economic grade. In 

the western Bushveld about 405 of this pyroxenite layer is usually 

very coarse and pegmatitic (fig.2.l). However, at Western Platinum 

mine there is a rapid decrease in this pegmatitic proportion from 

40% to 10% or less in going from west to east across the property 

(Brynard et al., 1976). At Atok mine in the eastern Bushveld 

(Schwellnus et al., 1976) a pegmatitic pyroxenite layer forms about 

25% of the Merensky Reef and occurs towards the top. Contrary to 

common belief the pegmatitic pyroxenite component (s) of the Merensky 

Reef is not always the main platinum-metal carrier. Although it is 

true for much of the western Bushveld, in the eastern Bushveld the 

pegmatitic pyroxenite is more noted for being barren. Concentra-

tion of PGE is far more related to thin chromitite bands in the 

Merensky Reef, as shown later in chapter 3. Two or three of these 

bands may occur, one of which is invariably at or close to the basal 

contact in the western Bushveld. 

2.2 The Merensky Reef at Rustenburg Mine  

2.2.1 The Hanging Wall and Foot Wall Rocks of the Merensky 

Reef as exposed in the mine are illustrated in figures 2.2 and 2.3. 

A considerable amount of the uppermost part of the Critical Zone is 

exposed in the various crosscuts in the mine, and a good section 

from the Merensky Reef to the start of the Main Zone, and from the 





Fig. 2.3a  Geological section along 12 Level X-cut, Rustenburg Mine, showing the nature or the Footwall 

Rocks from the lowest exposed 'Boulder Bed' to the 'Footwall Marker'. Scale 1 : 200. 
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Wall Rocks from the Merensky Reef to the base of the Main Zone. Scale 1 : 200. 
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'footwall marker' to the 'boulder bed' was mapped along 8-Level 

Crosscut South (fig.2.3b), and 12-Level Crosscut North (fig.2.3a) 

leading off from the Central Deep shaft. This provided an accurate 

picture of the field appearance and thickness values of the various 

components of the Merensky Unit and Bastard Unit. A simplified dia-

grammatic section showing the position of the Merensky Reef relative 

to other prominent horizons in the mine is given in figure 2.2. The 

whole succession dips north at an average dip of 9-fo  . Local changes 

in this dip are brought about by structural features like pots and 

koppies which will be dealt with later together with other struc-

tural aspects. 

The Boulder Bed is probably equivalent to the 'pseudo 

reef' in the footwall at Union mine, and may represent a partly 

formed or disrupted pyroxenite horizon at the base of another dif-

ferentiation unit. The 'boulders' consist of oblate Reef-like py-

roxenite masses containing some disseminated peripheral chromite which 

occasionally forms a weak concentration at their base. They are cir-

cular in plan but oval in vertical section, presumably as a result 

of compaction. They are enclosed by spotted and mottled anorthosite 

(fig.2.4). 

The Footwall Marker is about 9m below the base of the 

Merensky Reef. This horizon is used to position the haulage ways. 

A prominent separation plane (fig.2.2) occurs at the base of this 

marker unit at the contact of a pure anorthosite layer with the under-

lying spotted anorthositic norite. Cousins (1969) and Barry (pers. 

comm. 1962) consider that between 6 - 9m of movement has taken place 

along this plane. A further marker horizon called the 'ten foot mar- 
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Fig. 2.4  The Boulder Bed at Rustenburg Mine. 
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ker' occurs 3.3m above the footwall contact of the Merensky Reef, 

and is especially useful in mapping pothole structures and in deter-

mining the depth to which the downthrown Reef occurs in them. 

Fig. 2.5  The Merensky Reef at Rustenburg Mine. This is an 

example of Normal Reef Facies showing the typical light 

footwall spotted anorthositic norite, the thin white 

anorthosite at the undulating contact with the basal 

chromitite band and Reef pegmatitic pyroxenite, and the 

overlying finer grained Merensky Pyroxenite. For scale 

see figure 2.6. 

The Bastard Reef is a medium grained pyroxenite of 5m 

thickness. Its appearance is identical to the Merensky pyroxenite. 

A few centimetres thickness of the base is often pegmatitic, and 

some sulphides occur together with low platinum metal values. Some-

times a very thin discontinuous accumulation of chromite occurs at 

the base. A prominent separation plane filled with a 'mud seam' 

occurs at the basal contact with mottled anorthosite (fig. 2.2). 

The extent of the movement along this plane is not known, and even 
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where the Bastard Reef dips into a pothole this plane is often pre-

sent. The nature of the top contact of the Bastard Reef is illus-

trated in figure 2.2, and suggests that it was still in a plastic 

condition when the overlying spotted anorthositic norites were 

forming. The top of the Critical Zone occurs about 57m above the 

Bastard Reef. 

2.2.2 The Merensky Reef is variable in appearance throughout 

the property when examined in detail. These various forms can be 

classified into three types according to whether the Merensky Reef 

occurs at the normal reef-elevation in the mine (Normal Reef Facies), 

is downthrown below the level of the footwall contact by potholes 

(Pothole Reef Facies), or is elevated on or around footwall domes 

(Koppie Reef Facies). 

(a) Normal Reef Facies accounts for most of the 

Merensky Reef in the mine and spatially corresponds to a plane which 

dips to the north at 910. Intersection of the Reef by the workings 

at the position of this plane gives rise to the term 'normal reef 

elevation'. Marked downward and upward deviations from this plane 

mainly occur in the area of potholes and koppies respectively. Nor-

mal Reef facies largely conforms to the structure and lithological 

arrangement illustrated in figures 2.5 and 2.6. At the base there 

is a thin chromitite band of variable thickness (as in fig. 2.6) 

which forms an irregularly dimpled or undulating and sharply defined 

contact with a thin pure anorthosite band, which grades rapidly into 

the footwall spotted anorthositic norite. It was observed, in agree-

ment with Cousins (1969), that the majority (about 70%) of the 

'rises' of this contact corresponded to a thickening of the bottom 
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Fig. 2.6  Examples of Normal Reef Facies at Rustenburg mine,showing 
its structure and the relationships between the footwall spotted 

anorthosite (A),the thin white anorthosite (B),the basal chromitite 

band (C),the Reef pegmatitic pyroxenite (D),the top chromitite band 

(Eland the Merensky pyroxenite (F),grading into the hanging wall 

spotted anorthositic norite (G). Quartz-feldspar-mica veins (P). 

Scale 1 cm = 0.1 m. 
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chromitite band at their crests. The bottom diffuse contact of the 

thin (2-4-cm) white anorthosite layer with the footwall spotted anor-

thosite usually undulates sympathetically with its sharp top contact 

with the chromitite, but with far less amplitude. The result is 

that the anorthocite is generally thicker in the cores of the 'rises'. 

Although discussed more fully later, it is considered that the 

Merensky Reef was formed on a still plastic cumulate crystal mush, 

and that the dimpled structure described above has been produced by 

a mechanism analogous to that for sedimentary load casts. 

The basal chromitite band grades rapidly up into a 

coarse and partly pegmatitic feldspathic pyroxenite, commonly known 

as the 'Reef', which has an average thickness of about 18 cm, with 

a range of from 10 - 30 cm. The Reef is not all coarse and pegmati-

tic. A large proportion is composed of medium grained 'granular' 

Merensky-type patches (fig. 2.6) which are fairly evenly distributed 

throughout the Reef, and are often quite well defined from the peg-

matitic material. The overall appearance is one of clots of pegmati-

tic pyroxenite in a matrix of finer grained pyroxenite. It is temp-

ting to compare these clots with the pegmatitic pyroxenite aggre-

gates in the Boulder Bed. This has been done by Vermaak (1976) who 

considers that coarse aggregates like these formed under the influ-

ence of volatiles within an isolated layer of magma, which had been 

confined above the present footwall by a floating anorthosite mat. 

He considers that these pegmatitic pyroxenite 'boulders' sank in 

the magma unit (from which the Merensky Unit was finally formed), 

dimpled the early-formed chromite layer and formed the basal Reef 

pyroxenite. 
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At the sometimes sharp contact or within the sometimes 

gradational contact of the Reef with the overlying less coarse 

Merensky pyroxenite occurs a very thin irregular and discontinuous 

chromitite band. This band becomes more pronounced and thicker as 

the margin of a pothole is approached and the contact between the 

Merensky and Reef pyroxenite is then very clearly defined by it 

(fig. 2.11). The Merensky pyroxenite is usually from 40 - 60 cm 

thick, and grades rapidly through norite to the hanging wall spotted 

anorthosite. Thus at Rustenburg mine the Merensky Reef is generally 

up to 1 m thick. 

Variations from this typical section are to be found 

in the mine. In the Waterval section, to the extreme west of the 

property, the Merensky Reef contains a third 0.5 mm thick chromitite 

band in the centre of the Merensky pyroxenite (fig. 2.8). This band 

is bordered by Reef-like pyroxenite. The chromitite band at the 

Reef/Merensky contact is also very thick (1.3 cm) and persistent, 

whereas the bottom chromitite band is thin, and the undulations at 

the contact with the footwall are small. Figure 2.6d is a further 

example to the immediate east of the Waterval section where a third 

chromitite band occurs, in this case within the Reef. 

Thin pegmatitic veins of dominantly quartz, brown mica, 

and feldspar, together with some sulphides, occasionally occur within 

the Merensky Reef as illustrated in figures 2.6 & 2.7. They strike 

roughly E-W and are nearly vertical to the layering. The veins 

wedge out towards the hanging wall contact and basal chromitite band, 

although in some cases a thin greyish line marks its continuation 

into the footwall (fig.2.7a). The walls of these veins are straight 
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Fig. 2.7  Details of the footwall contact of the Merensky Reef 
at Rustenburg mine showing the appearance of grey diffuse 

sulphide-bearing 'pipes° and 'layers' in the footwall white 

anorthosite (B) and spotted anorthosite (A). Figure 2.710  also 

illustrates the wedging out and continuance of a quartz-mica-

feldspar pegmatitic vein into the footwall. Sulphide mineralisation 

at this locality was visible for approximately 60 cm below the 

basal chromitite band. 
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_Fig. 2.8  A variety of Normal Reef Facies found in the Waterval 

Section of Rustenburg mine. The ore section exhibits three 

chromitite bands. Scale 1 t 10. 
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and sharply defined in the Merensky pyroxenite but become irregular 

and diffuse on passing into the pegmatitic Reef. Pegmatite patches 

of the same mineralogy as the veins are sometimes found within the 

Reef, isolated from the veins. Wagner (1929) considered these veins 

to he shrinkage cracks mineralised during the pneunatolytic stage 

of the crystallisation of the Merensky Reef. He also reported cal-

cite, chlorite, serpentine, and one instance of fluorite in these 

veins. These type of veins appear to be characteristic of the pyrox-

enite layers, since similar ones occur and are restricted within the 

Bastard Reef pyroxenite. 

Often the bottom half of the Reef pyroxenite is cut by 

long gently curving chloritic fractures ('h' in fig. 2.6c). As a 

result the Reef appears greenish and darker than the normal brown 

half above. These fractures lie in the plane of the Reef and pro-

vide no evidence of any lateral movement, even where they cut through 

some of the 'rises' of the chromitite/footwall contact, or the peg-

matitic veins. 

The visible Cu-Ni-Fe sulphide mineralisation extends 

from 43 cm below the footwall contact to 45 - 50 cm above. The sul-

phides occur within the Reef as disseminated interstitial aggregates 

of dominantly pyrite, pyrrhotite, pentlandite and chalcopyrite. The 

bulk of the platinum group metals occur within the Reef and basal 

chromitite band. The sulphide mineralisation is noticeably patchy, 

and concentrations of interstitial sulphides are particularly asso-

ciated with the finer grained Merensky-like pyroxenite patches within 

the Reef, where presumably a greater total intergranular 'pore space' 

was available to localise the interstitial sulphide melt. Sulphide 
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mineralisation in the footwall corresponds particularly with grey-

ish diffuse bands in the thin white anorthosite layer underlying 

the basal chromitite band, and with pipe-like areas projecting down 

from the chromitite band and within the footwall spotted anorthosite 

(fig. 2.7a & b). The layers usually conform to the undulations at 

the base of the Reef, although they are sometimes 'cut off' by them. 

The pipe-like areas are at right angles to the footwall contact and 

are often seen to start at it. Stope-wall sections of these 'pipes' 

presumably account for the apparantly isolated patches which de-

crease in size and number downwards. In the immediate vicinity of 

these patches the pyroxene spots of the anorthosite become diffuse. 

They are clearly related to the sulphide mineralisation in the over-

lying Merensky Reef. 

One occurrence of a massive banded chalcopyrite-rich 

sulphide body of up to 2 m in diameter, and containing about 155 

g/tonne of PGM, was exposed during the authors time at the mine. 

This sulphide pegmatite contained near its margin very large and 

perfectly formed pyroxene crystals, often with a core of sulphide. 

The margin was gradational into the Reef and Merensky pyroxenite but 

sharp against the footwall spotted anorthosite. In the latter case 

thin veins penetrated the rock but wedged out after about 20 cm. 

The body extended from the bottom of the Merensky pyroxenite to 

about 1.5 m into the footwall. Above the top contact the Merensky 

was rich in disseminated sulphides. A similar sulphide mass rich in 

pyrrhotite and poor in chalcopyrite and pentlandite was also exposed 

near the crest of a koppie-type structure, where intensive metaso-

matism of the Merensky Reef had taken place. This body was very poor 
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in PGM, assaying around 2-3 g/tonne. 

(b) Pothole Reef Facies refers to the Merensky Reef 

where it occurs in circular to elliptical depressions which range 

from 15 - 100 m in diameter and 1 - 50 m in depth relative to normal 

reef elevation. These potholes can be catergorised into two types, 

namely 'Normal Potholes' which depress the Merensky Reef by 1 - 5 

metres, and 'Bastard Potholes' which depress it by amounts of the 

order of 100 m, bringing the Bastard Reef pyroxenite down to or be-

low normal reef elevation. 

'Normal potholes' are by definition the most common by 

far, and miners follow the ore section into these and extract it 

without much problem. Typical sections through these pots as expo-

sed in the winzes are illustrated in figures 2.9a & b, and map 1. 

The larger the di, seter of these potholes the more likely is there 

to be secondary or even a tertiary pothole development within it, 

with a consequent greater depth to the whole structure. As the edge 

of a pothole is approached, the thin impersitent top chromitite band 

of the Normal Reef facies becomes thicker and marks the contact be-

tween the Merensky and Reef pyroxenite very clearly. At the edge 

the Merensky Reef suddenly dips downwards, and the pegmatitic Reef 

together with the top and bottom chromitite bands 'wedges out' and 

is cut off by the Merensky pyroxenite (figs. 2.10, 2.11, 2.9). 

Where the pothole sides are gently dipping the basal chromitite band 

may continue at the contact (fig. 2.9b, 2.10b), although the undula-

tions are either not so prominent or not present at all. The thin 

white anorthosite layer is also absent. Sometimes the Reef pinches 

out, at normal reef elevation, several metres from the edge. In this 
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case the bottom chromitite band may persist to the edge of the pot-

hole. The side contact of the pothole, where the Merensky pyroxe-

nite rests directly on the footwall spotted anorthosite, may vary 

from being gently sloping to overturned and undercutting into the 

footwall. This contact is usually sharp but a gradational boundary 

may be found (fig. 2.10a). This figure also shows a case where the 

Merensky pyroxenite has undercut the Reef and footwall and isolated 

a remnant of the basal chromitite band. 

On the floor of the potholes the Merensky Reef is still 

clearly recognizable, with pegmatitic Reef pyroxenite overlain by 

Merensky pyroxenite, and of a similar thickness to the Normal Reef 

facies. It similarly contains economic platinum-metal values to-

gether with disseminated sulphides. However, there are four sig-

nificant differences which any theory for their origin has to explain. 

Firstly there is no white anorthosite band at the contact of the 

Reef with the footwall spotted anorthosite. Secondly there is no 

basal chromitite band, although there may be a top chromitie band. 

Chromite grains are, however, disseminated throughout the pothole 

Reef and clots and stringers of chromite may occur. Thirdly there 

are no small amplitude undulations at the footwall contact as at nor-

mal reef elevation. Fourthly the patches of non-pegmatitic pyroxe-

nite in the Normal Reef are usually absent in the Pothole Reef. In 

one case the author recorded a section (fig. 2.11) of a pothole in 

which there was no pegmatitic constituent, and the Merensky pyroxe-

nite rested directly on a gently undulating footwall contact. At the 

top of the 'rises' the thick bottom chromitite band and underlying 

white anorthosite was still preserved. Some minor faulting towards 
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Fig. 2.9  Two examples of Normal Potholes at Rustenburg mine. The Pothole Reef pyroxenite has no chromitite 
band at its base but a well developed chromitite band at its top contact with the Merensky pyroxenite. 

In the pothole chromite grains are disseminated throughout the Reef pyroxenite. A- Footwall spotted 

anorthosite. B - Reef pegmatitic pyroxenite. C Merensky pyroxenite. D Hanging wall spotted anorthositee  
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(a) 

1 

  

   

(b) 

Fig. 2.10 (a) Edge of shallow Normal Pothole near W1E-5,Rustenburg 

mine. Spotted anorthosite (A), bottom chromitite band (C),Normal 

Reef pegmatitic pyroxenite (D), thin irregular top chromitite 

band (E), and Merensky pyroxenite (F). 

At the lip of the pothole the Reef contains disseminated 

clusters of chromite (1),the Merensky is less pyroxenitic (2) 

and exhibits gradational boundary (3) with footwall.The Pothole 

Reef contains disseminated chromite and no bottom chromitite (4). 

No undulations at the contact with the footwall in the pothole. 

(b) Edge of shallow Normal Pothole exposed in Waterval 9 Inc. 



Fig. 2.11  This is a section of one half of a shallow normal pothole on W14W-8 at Rustenburg mine 
illustrating the occurrence of Pothole Facies in which the Merensky pyroxenite (3) rests directly 

on the footwall spotted anorthosite (4). Where the bottom chromitite band is absent (1) in the 

pothole,there is no thin white anorthosite at the contact. Where remnants of the chromitite band 

are present,the white anorthosite is also present (2). The Merensky pyroxenite grades upwards into 

norite. At Normal Reef Elevation the top chromitite band becomes well defined towards the edge 

of the pothole. 
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Fig. 2.12  A variety of Normal Pothole Reef Facies. Around the pothole 
at normal reef elevation the Merensky Reef was as in fig.2.6. The 

various features of the section above are: 

A - Footwall spotted anorthosite 

B - White anorthosite 

C1- Thin bottom chromitite band 

2 - Black pitch-like Reef 

3 - Fragmented earthy decomposed Reef 
4 - Separation plane of 1-2 mm thick 
D - Reef pegmatitic felspathic pyroxenite 
C2- Thin impersistant middle chromitite band 

E - Reef pegmatitic feldspathic pyroxenite with patches of Merensky 

type pyroxenite 

C3- Thin disseminated impersistant top chromitite band 
F - Reef-type pegmatitic pyroxenite 

G - Fine grained Merensky pyroxenite 
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the centre was also seen. A rare variety of pothole reef facies 

is illustrated in figure 2.12. 

Bastard Potholes are fortunately of minor occurrence 

from the economic point of view. Because of the depth (50 m or 

more) to which the rerensky Reef is 'displaced' from its normal 

reef elevation, it is not economic to extract the ore from them. 

The edge, side, and, as far as can be determined from boreholes, 

the floor features of these structures are similar to the Normal 

potholes. The nature of the floor contact is illustrated by figure 

2.13. A number of features are of particular significance with re-

gard to the origin of these structures. Firstly the layers of hang-

ing wall rocks above the contact roughly conform to the shape of 

this contact. Secondly the hanging-wall spotted anorthosite pro-

gressively thickens towards the centre and deepest part of the pot-

hole, 'filling' and 'smoothing off' the irregular topography of the 

contact. The succeeding mottled anorthosits shows a similar but 

less marked increase in thickness, and the Bastard pyroxenite is of 

fairly constant thickness. Thirdly the layers of footwall rocks on 

the side of the pothole are transgressed by the hanging wall rocks 

and are generally undisturbed. However, there is evidence of dis-

turbance of the layering beneath these pots, as for example at Union 

mine where a thick chromitite bed (the UG1) is in a vertical position 

beneath a particularly large Bastard pothole. Finally the pegmati-

tic Reef pyroxenite is restricted to the low angle contacts of the 

pothole floor. 

All the features so far described for both types of 

pothole are considered to be most easily explained by a sedimentary 
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Anorthositic norite 

Norite 

Pyroxenite 'Merensky & Bastard' 

Pegmatitic pyroxenite (Reef' 

Mottled anorthosite 

Fig. 2.13  Geological section through the only Bastard Pothole to be tested by drilling at Rustenburg mine. The 
central borehole was stopped whilst still in the hanging wall spotted anorthosite (anorthositic norite). 
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process of infilling of hollows formed largely by the magmatic 

scouring of a compact but still plastic footwall crystal cumulate. 

All the features clearly indicate a disruption of the Normal Reef 

pegmatitic pyroxenite and associated chromitite bands during pothole 

formation. This disruption and pothole formation is considered to 

hLve been produced by localised eddies in the magma at the crystal 

cumulate/magma interface during a time when the Reef pegmatitic 

pyroxenite was accumulating over an already formed chromitite layer. 

The currents *producing the eddies were turbulent and acted over a 

short space of time. They were probably produced by influxes of new 

magma. Apart from giving rise to eddies, which scoured out hollows, 

the currents also spread and compacted the 'clots' of pegmatitic 

pyroxenite which were accumulating and which gave rise to the Reef. 

However, it must be stressed that there were processes operating in 

the footwall 'cumulate pile' which are considered to have influenced 

the formation of the potholes by localising and thus intensifying 

the activities of the eddies. The results of these footwall processes 

are evident at the level of the Merensky Reef as updomed areas called 

'koppies'. Localisation of the magma current eddies by incipient 

sags in the footwall are considered to have been another product of 

these processes, particularly in the case of the large Bastard pot-

holes. Therefore, before discussing the formation of potholes any 

further it is particularly important to first mention the nature 

and possible origin of Koppies and Koppie Reef facies, since they are 

the evidence of footwall activity during the formation of the Merensky 

Reef. 

(c) Koppie Reef Facies refers to the Merensky Reef as 
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it occurs on updomed areas of footwall rocks. Cousins (1964) in 

describing a typical koppie says that the contact between the Reef 

and its footwall forms a low dome usually only a few feet high. As 

the contact rises it gradually eliminates more and more of the Reef, 

until only a thin chromitite seam follows the contact between the 

Merensky pyroxenite and the footwall anorthosite. No folding in 

either the hanging wall or footwall layers was seen. 

This description rather oversimplifies the nature of 

koppies. Unfortunately the complete koppie structure is rarely 

exposed by mining because the economic Reef wedges out against the 

limbs. Updomed footwall areas are in fact more common than accounts 

by Cousins (1964,1969) would lead us to expect, and the idea that 

koppies and potholes "may be likened to minor protuberances on an 

otherwise almost perfectly plane surface" gives a wrong impression. 

The Merensky Reef conforms to a highly irregular footwall surface 

when treated as a whole. This is illustrated by Map I, showing the 

relationship between Pothole, Koppie, and Normal Reef facies along 

C2W-9. Two types of updomed footwall areas occur. 

The first type is that described above by Cousins. As 

illustrated in Map I however, the shape of these koppies can be 

quite irregular and are not necessarily circular. The second type 

is illustrated in Map II. This type is associated with discordant 

intrusive-like bodies of very coarse to pegmatitic feldspathic rock 

which occupies the central part of the updomed footwall spotted an-

orthosite. The pegmatitic body of the koppie in Map II exhibits a 

gradational contact with the footwall rocks and Merensky Reef through 

which it passes. In the haulage way below, the footwall marker was 
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bent down and became diffuse near the pegmatitic body which was 

surprisingly 'fading out' at this point. The pegmatitic body in-

creased in size upwards through the Merensky Reef. Unfortunately, 

the further upward passage of this body was not exposed. In other 

parts of the mine similar bodies were seen in the core of some of 

the first type of koppies. In this case they did not reach the 

footwall contact of the Merensky Reef. Similar bodies were also 

mapped where pothole-type conditions were present. In these areas 

the relationships between the various lithological components were 

very complex. Barry (pers. comm. 1962; in Cousins 1969) considers 

that the formation of these pegmatitic bodies or 'alteration 

pegmatites' provide a mechanism for pothole formation by the re-

adjustment of mobilised footwall rock under differential pressures. 

The inference is that the hollows formed by this readjustment were 

filled by the collapse of the hanging wall cumulate crystal mush 

into them. Although the author does not agree with this 'collapse 

theory', the formation of hollows by such a mechanism prior to en-

largement by 'scouring' and filling by 'sedimentation' is considered 

likely in the case of the Bastard potholes. 

In the case of the koppie of Map II, the Merensky pyro-

xenite and Reef pyroxenite were seen to be progressively and selec-

tively replaced towards the pegmatite body, becoming more and more 

feldspathic. However, the top chromitite band became thicker, and 

the bottom chromitite band still persisted on its undulating foot-

wall surface. Thus finally the Reef and Merensky pyroxenite changed 

to an anorthosite with shadowy grey patches of pyroxene and sul-

phides, and 'remnant' patches of pyroxenite. The two chromitite 
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bands were, however, still present in their normal positions. The 

sequence graded into the pegmatitic body which is probably metaso-

matic rather than intrusive. At one point a large (2 m diameter) 

pyrrhotite rich massive sulphide body occurred. This was low in 

Platinum metals. 

Although the exact field relationships and mineralogy 

of these pegmatitic bodies needs to be investigated, their presence 

shows that residual magmatic processes were operating in the foot-

wall. These processes are especially important to the formation of 

potholes since it is considered that they helped to provide an ir-

regular surface in the form of koppies prior to the final deposition 

of the Nerensky Reef, and thus localised and intensified the scouring 

action of magma eddies on the floor. 

Other structures such as jointing, minor faulting, and 

early basic, and later syenitic dykes radiating from the Pilanesberg 

Complex, are not dealt with here. Some redistribution of the pre-

cious metals at the contact of some of the dykes has been reported 

(Wagner 1929). 

2.2.3 The Formation of the Potholes was first explained by 

Schmidt (1952). He considered that they were formed by the swirling 

motion of currents in the magma caused either by convection, or more 

probably by the influx of new magma. He envisaged that these eddies 

picked up the large pyroxene crystals of the Reef pegmatitic pyrox-

enite and, by using them as an abrasive material, cut through the 

bottom chromitite band into the underlying spotted anorthosite which 

had not yet become completely consolidated. He provided mineral-

ogical evidence to support his conclusions, notably that in compar- 



- 81 - 

ing Pothole with Normal Merensky Reef. 

(1) the volume percentage of the feldspar in the 

Merensky Reef was greater inside the pothole because of the addition 

to it of previously eroded feldspars from the footwall; 

(2) there was a more even variation upwards in the 

composition of the orthopyroxenes compared to outside the pothole; 

(3) the orthopyroxene crystals inside the potholes 

have a greater elongation and the orientation is such that they are 

aligned parallel to the sides 

This explanation was supported by Ferguson and Botha.:(1963). How-

ever, because of the large size of the Bastard potholes in particu-

lar, it was difficult to imagine such extensive scouring, and other 

explanations were sought. Cousins (1964) considered they were slump 

structures, but was unable to account for the lost rock material 

necessary to form the cavities into which the Merensky Reef and hang-

ing wall rocks would collapse. Coertze (1963) considered they were 

faulted fold-structures. Barry (pers. comm; in Cousins, 1969, and in 

Vermaak, 1976) has suggested a genetic relationship with the feld-

spathic pegmatitic bodies which trangress the central parts of some 

of the potholes and koppies, and has proposed that readjustments in 

the footwall during the formation of these bodies provided the mech-

anism for the removal of material required for the theory by Cousins. 

Barry maintains that postmagmatic introduction of volatiles prefer-

entially mobilized the low-temperature leucocratic rocks, thereby 

causing slumping of the high-density layers into the resulting pot-

holes. Evidence (Cousins, 1969) that pothole formation postdates 

movement along the Footwall Marker fault is based on sparse bore- 
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hole data, and could be an error in interpretation, since it is in-

conceivable that the features of these structures already described 

could be produced after the rocks were consolidated. 

The author is, therefore, in general agreement with the 

first explanation by Schmidt, although it is considered that the ad-

ditional existence of updomed and downwarped footwall areas con-

trolled the siting of the potholes by affecting the pattern of magma 

flow over the floor, and thus localising and intensifying the scour-

ing eddies. In addition the formation of the very large potholes 

would also promote the development of minor eddies in the vicinity. 

This could explain an often close spatial relationship between 

small Normal potholes and the large Bastard potholes. Unfortunately 

the existence of disturbed layers beneath the Bastard potholes has 

not been properly studied since mine workings rarely pass beneath 

such structures. However, they can be used as further evidence for 

processes operating in the footwall during the formation of the 

Merensky Reef, and they do not contradict Schmidt's explanation, 

since any irregularities of the depositional surface produced by 

such processes have already been proposed here as important to pot-

hole formation by magma scouring. 

2.3 The Merensky Reef at Union Mine. 

At Union mine the various components of the Merensky 

Reef at Rustenburg mine are present but considerably thicker (fig. 

2.1). The bottom 2-3 cm thick chromitite band rests on an undulat-

ing footwall surface of mottled anothosite with an intervening thin 
t 

white anorthosite band, as at Rustenburg mine. The chromitie is 

overlain by a very coarse and pegmatitic feldspathic pyroxenite of 
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3 to 5.5 m thickness that can be equated to the Reef at Rustenburg. 

It is, however, noticeably coarser. At the top of this layer is a 

well defined contact with the overlying finer grained pyroxenite, 

equivalent to the Merensky pyroxenite at Rustenburg. At the con-

tact is a 2-3 cm thick chromitite band which is very persistent. 

The Merensky pyroxenite grades upwards, after about 7 m, into a 

spotted anorthosite. Studies of the platinum-metal distribution 

(see chpt. 3) have shown that only in the vicinity of the top 

chromitite band are the 'values' economic. The result is that, des-

pite the great difference in thickness between the Merensky Reef at 

Union and Rustenburg mines, the sloping width is the same. The sec-

tion mined (approx 0.6 m) consists of about 46 cm of Reef, the 

chromitite band, and, in order to fully recover this POM-rich 

chromitite, about 10 cm of the hanging wall Merensky pyroxenite. 

Because of the large thickness of the Merensky Reef and 

Merensky Unit at Union mine the potholes and koppies are naturally 

usually not exposed in their entirety. However, Normal and Bastard 

type potholes occur, and according to Cousins (1964,1969) and Barry 

(pers. comm.) they are similar in size, number, and character to 

their counterparts at Rustenburg mine, Since the author's visit to 

this mine was brief there was no opportunity to study these struc-

tures at first hand. 

2.4 The Silicate and Oxide Mineralogy  

2.4.1 The Merensky Reef mineralogy has been critically re-

viewed, together with the addition of much new data, by Vermaak and 

Hendriks (1976). They concluded that the Reef pegmatitic pyroxenite 

was a coarse grained feldspathic pyroxenite or melanorite (orthopy- 
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roxene cumulate) in which either quartz or olivine may be present. 

They determined its weighted average composition (in volume %) as 

61.5 % orthopyroxene, 23.7 cZ feldspar, 9.6 % clinopyroxene, 0.1% 

quartz, and 5.0% combined accessories which includes the base-metal 

sulphides, chromite, biotite, phlogopite, hornblende, magnetite and 

ilmenite. They also reaffirmed that the coarse grained fraction of 

the Reef occurs in clots or roughly ovoid bodies surrounded by finer 

grained aggregates. Consequently a grain size range for orthopy-

roxene of 0.8 - 6.0 cm has been reported, although the grain size is 

clearly bimodal with averages given by Vermaak and Hendriks of 2.60 

mm and 1.29 cm. 

The Merensky pyroxenite is described by them as a por-

phyritic pyroxenite of very variable grain size and texture. Accord-

ing to them it is usually a medium-grained granular_segregate of 

cumulus bronzite and variable intercumulus plagioclase, with charac-

teristically large (1.5 cm) oikocrysts of clinopyroxene enclosing 

1 mm-sized chadacrysts of bronzite and biotite. Throughout the rock 

there is an invariable patchiness of coarser grained aggregates of 

either dark (bronzite, hornblende, tourmaline) or light (sodic 

plagioclase, quartz, calcite, phlogopite) minerals, usually accom-

panied by biotite. They also reported some unpublished work by 

Wilmshurst whose electron-probe microanalyses of the plagioclase 

showed a vertically increasing anorthite content from An69  to An79  , 

with decreasing enstatite content of the orthopyroxene from En81  to 

En78 in moving from the Reef into the Merensky pyroxenite. 

The chromite mineralogy of the Merensky Reef was first 

generally reported on by Sampson in 1929 (1932), and specifically at 
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Union mine by van Zyl (1960,1970) and Legg (1967, 1969), and at 

Rustenburg by the same people together with Ramsden and Wilmshurst 

(1972). The immense amount of literary speculation that revolves 

around the problem of the formation of chromite and chromitite de-

posits in general also applies to the thin bands and disseminations 

of chromite in the Merensky Reef. It is not within the written 

scope of this thesis to review and discuss chromite formation. 

However, a few of the more important features and opinions on the 

Merensky Reef chromite resulting from the above studies and those 

of the author need to be mentioned. 

The consensus of opinion (Vermaak and Hendriks, 1976) 

is that these chromitite bands are formed by the gravity settling of 

early formed cumulus chromite. The resulting cumulate texture was 

subsequently modified by postcumulus resorbtion and crystal growth 

(Cameron, 1969). The suggestion by van Zyl (1970), that the chromite 

bands were not an early crystallization product but crystallised 

after the orthopyroxene from a chromiferous liquid which had set-

tled as a result of gravity, has received less support from other 

workers. The existence of an immiscible chromite liquid has, how-

ever, been proposed before by Fockema and Mendelssohn (1954), Fourie 

(1959), Groeneveld (1960), and McDonald (1965). 

The textural nature of the basal chromite band at 

Rustenburg mine and the top chromitite band at Union mine is ilJus- , 

trated in figure 2.14. The basal chromite band at Rustenburg and 

Union mines consists, according to Legg (1967), of three distinct 

parts. The bottom contact with the white anorthosite displays 

irregular, strongly embayed, elongate and crescent-shaped chromite 
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Top Chrome Band 1985 Union Mine 
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Fig. 2.14  The textural characteristics of the bottom chromitite 
band at Rustenburg mine and the top chromitite band at Union 

mine. After Legg (1967). 
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grains enclosed by the silicates. This contact zone passes up into 

a compact and coarser grained zone showing a polygonal mutual bound-

ary structure with very little interstitial silicate material. This 

is generally considered to be a result of adcumulus growth. The top 

part of the chromitite band consists of fine-grained and dissemina-

ted euhedral chromite. Where the chromitite band is very thin the 

irregular-shaped grains may persist throughout. The irregular em-

bayed grains at the bottom contact strongly suggest resorbtion in 

their present position. This may have been caused by reaction with 

the intercumulus liquid from the underlying anorthositic norite. 

There is clearly some direct relationship between the formation of 

the white anorthosite band and the partial resorbtion of the bottom 

part of the band. 

The texture of the top chromitite band at Union mine 

is the reverse of the bottom chromitite band already described. In 

this case resorbtion appears to have taken place at the contact with 

the Merensky Pyroxenite. Rare and complex intergrowths of chromite 

with ilmenite have been described by Legg (1967,1969). He interprets 

them as being formed by high temperature exsolution at low oxygen 

fugacity of a chromiferous ulvospinel from a titanium-rich ferrian 

chromite, which later oxidised to form ilmenite and iron-poor 

chromite. 

The first study of the compositional difference between 

chromite of the top and bottom chromitite bands at Rustenburg and 

Union mines was by Legg (1967). From an electon-probe microanaly-

ser study of the composition of chromite at ten levels through the 

thick UG1 chromitite horizon, he established that for these chromites 
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the reflectance increased with increasing ferric iron content. He 

then used reflectance measurements to monitor the change in ferric 

iron content from the bottom to the top chromitite bands of the 

Merensky Reef. He found that the reflectance of chromite increased 

upwards by 1.5 to 2.5 percent units of reflectance, and concluded 

that this represented a marked increase in ferric iron content. For 

the bottom chromitite band Ramsden and Wilmshurst are reported by 

Vermaak and Hendriks (1976) to have indicated a decrease in iron 

content upwards across it. Their three electron-probe microanaly-

ses (Fe0 34.9, 36.8, 35.3 wt,%) do not, however, support this. 

Legg considered that the enrichment in iron in the top 

chromitite band was caused by an increase in oxygen fugacity, prob-

ably produced by the formation of immiscible sulphide liquid drop-

lets in the magma, with the oxygen fugacity being increased by the 

release of oxygen from S02. However, according to Page (1971) and 

Haughton et al (1974) the removal of iron from the magma, as by 

chromite precipitation, decreases the sulphur-carrying capacity of 

the magma, may bring it to saturation, and thereby cause immiscible 

sulphide droplets to form. Depletion of Fe
2+ 

is considered by them 

as the most important requirement for sulphide separation from the 

magma, although other variables such as oxygen and sulphur fugaci-

ties and temperature also correlate with and influence it. In the 

Merensky Reef there is clearly a correlation between chromitite 

formation and sulphide segregation from the magma. Thus at Union 

mine where there is a well developed top chromitite band the greater 

proportion of the total sulphides of the ore section occur immedia-

tely above it in the Merensky pyroxenite (chapter 3.1.3). This is 
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also the case at Rustenburg where the bulk of the sulphides occur 

in the Reef pyroxenite immediately above the well developed bottom 

chromitite band. Sulphides are also concentrated above the bottom 

chromitite band at Union mine. In contrast there is only a small 

quantity of sulphides above the thin impersistent top chromitite 

band at Rustenburg. The spatial separation of the chromite from the 

sulphides can be explained by differential gravity settling combined 

with the slightly earlier formation of the former. 

2.4.2. Other Main Rock Types making up the Bastard, Merensky, 

and footwall units at Union and Rustenburg mines are summarised be-

low from descriptions by van Zyl (1970). 

The Norites are holocrystalline, hypidiomorphic, and 

consist mainly of cumulus plagioclase (An 64 - 76; 59 vol.%), and 

orthopyroxene (Of 17-40; 34 vol.%), with clinopyroxene (6 vol.%) and 

accessory biotite, quartz, and magnetite (1 vol.%). 

The Spotted Anorthosites (spotted anorthositic norites 

or spotted leuconorites) are holocrystalline, hypidiomorphic rocks 

with about 14 vol.% of orthopyroxene (Of 18-33), 84 vol.% plagio-

clase (An 72-80), 2 vol.% of clinopyroxene, and less than 1 vol.% 

accessory biotite and magnetite. The spots are produced by sparsely 

scattered irregular crystals of orthopyroxene. The order of crys-

tallisation was first plagioclase for a short period, followed by 

both plagioclase and orthopyroxene, and finally interstitial ortho-

and clinopyroxene. 

The Mottled Anorthosites are holocrystalline, hypidio-

morphic rocks consisting mainly of plagioclase (An 75-82; 93 vol,%) 

with subordinate orthopyroxene (Of 22-29; 4 vol.%), clinopyroxene 
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(about 2 vol,%) and accessory biotite and magnetite (1 vol.%). The 

dark mottles of 2-4 cm in diameter consist of large, irregular clus-

ters of pyroxene which is interstitial to the plagioclase. 

The Boulder Bed (fig. 2.4) mineralogy has been studied 

by Kinloel (in Vermaak, 1976, p.1288) who reports the average com-

position of one boulder as being in volume % 12.9 olivine, 22.2 

plagioclase, 27.0 alteration products like talc, serpentine, chlor-

ite, and amphibole, 12.6 orthopyroxene, 16.9 clinopyroxene, 2.0 

quartz, 1.6 biotite, 2.8 amphibole, 0.6 carbonate, and 0.4 spinel, 

chromite, magnetite, and sulphides. From the centre of the boulder 

to the edge there was an increase in clinopyroxene and olivine, a 

decrease in orthopyroxene and alteration products, an increase in 

sulphide and oxide minerals, and texturally the plagioclase became 

finer grained and the mafic minerals became coarser. Vermaak inter-

preted this as indicating its formation in a "foreign rapidly chang-

ing, volatile environment with which there was continuous reaction 

as indicated by the significant amount of alteration", and that the 

increase in olivine outwards shows that "the magma from which the 

aggregate formed became progressively more basic". He uses the 

occurrence and mineralogical features of these mafic aggregates to 

support his genetic model for the formation of the Merensky Unit and 

particularly the Reef pegmatitic pyroxenite. 

2.5 The Formation of the Merensky Reef  

The Merensky Reef is considered not to be unique with 

regard to its genesis, which must apply also to the many other pyrox-

enite layers, all of which contain significant amounts of platinum-

group metals in association with base-metal sulphides, and usually 
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chromitite bands within them or at their base. Pegnatitic facies 

are 
are also not Peculiar to the Merensky Reef. ThereXfour aspects to 

the genetic picture of the Merensky Reef, namely: 

1. The mode of formation of the Merensky Unit as well 

as other cyclic units above and below. This includes the formation 

of the Merensky Reef and associated chromitite bands. 

2. The mode of formation of the potholes and koppies. 

3. The mode of formation of the interstitial base-

metal sulphides. 

4. The source and concentration of the platinum group 

metals, and the explanation of their mineralogical and textural form 

of occurrence in the ore i.e. as discrete minerals and as trace con-

stituents in the sulphides, silicates, and oxides. 

Past discussions and theories on the genesis of the 

Merensky Reef have largely failed to embrace and integrate these four 

aspects and explain all the known data. Even the most recent genetic 

model by Vermaak, to explain the cyclic differentiation units and the 

Merensky Reef, has ignored the potholes, and results in additional 

problems in explaining the ore mineralisation. Similarly hydrother-

mal theories have dealt in isolation with the platinum-metal mineral-

isation (Lauder, 1970; Stumpfl, 1974), have treated the Merensky 

Reef as merely a favourable site for ore localisation, and have ig-

nored its previous ore forming differentiation history and its many 

field and laboratory-observed characteristics, which clearly point 

to the syngenetic nature of this mineralisation. 

Some genetic aspects have already been dealt with dur-

ing this and the previous chapter, particularly in connection with 
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potholes and koppies. Implicit in their explanation was the 

author's agreement with the consensus of opinion that (1) the 

Merensky Unit represents one of several cyclic differentiation 

units in the top part of the Critical Zone; (2) fractional crystal-

lisation and gravity settling was responsible for the visible min-

eral layering and cryptic compositional variations, and (3) the foot-

wall anorthositic rocks were relatively consolidated but still plastic 

whilst the Merensky Unit was forming. In addition the author consi-

ders that the field evidence provided in this chapter shows that the 

bottom chromitite band and Reef pegmatitic pyroxenite, together with 

the bulk of the still liquid interstitial sulphides, had already 

formed on the footwall spotted anorthosite floor after koppie but 

prior to pothole formation. It is also considered that turbulent 

magmatic currents from the influx of new magma were responsible for 

the scouring and enlargement of existing sags in the footwall, pro-

ducing the Bastard Potholes, and for scouring new and shallower hol-

lows, producing the Normal Potholes. Updomed 'koppie' areas in the 

footwall controlled the flow of the magma current over the surface 

and localised the scouring action of the eddies. Sags and updomed 

areas in the footwall were probably caused by the metasomatic pro-

cesses envisaged by Barry, but the draining away of magma at depth 

could be a possible mechanism to produce incipient collapse of the 

partially consolidated layers higher up in the intrusive mass. The 

potholes were eventually filled during the continuing cyclic differ-

entiation of the overlying magma, such that the layers of the Bastard 

Unit were also affected. This mechanism for their formation does not 

accord with the recent theory for the formation of cyclic units by 
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Vermaak (1976), who envisages that the Merensky and other cyclic 

units were formed from the separate differentiation of isolated 

layers of magma delimited at the top and bottom by rafts or mats of 

floating cumulus plagioclase. In the case of the Merensky Unit, the 

footwall unit was presumably already largely differentiated. If this 

theory is correct then the effect of the potholes on the layers of 

the Bastard Unit would be difficult to explain in terms of sedimen-

tation into footwall hollows, although Vermaak conveniently considers 

potholes and koppies as "not pertinent to the origin of the Merensky 

Reef". 

Vermaak cites work by van Zyl (1960,1970) and Meyer 

(1969) as evidence that an upward increase in anorthite content of 

the plagioclase is the general rule for each cyclic unit. He then 

considers that "the only logical explanation for this reversal lies 

in the floating of plagioclase in a magma of similar density, and 

that if the floating was arrested by a compositional, density, or 

temperature inversion, a mat of crystals would form and later cry-

stals would underplate the mat to form the anorthosite layer". How-

ever, there appears to be conflicting opinion, and confusion about 

this reversal, since Van Zyl (1970), despite some of his data, 

clearly states several times that "there is a regular decrease in 

the anorthite content of the plagioclase from the bottom upwards in 

each sub-unit" (cyclic unit). He also confirms a corresponding 

increase in the orthoferrosilite content of the orthopyroxenes. 

With regard to the Merensky Unit, Vermaak envisaged 

that the entrapped magma differentiated as follows: 

1. Progressive 'underplating' of the floating plagio- 
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clase mat by early formed plagioclase crystals. This explained the 

'evidence' for a progressive decrease in anorthite content downwards. 

2. Removal of the plagioclase by this mechanism caused 

enrichment in ferromagnesium constituents in the magma. 

3. Volatiles collected beneath the floating anortho-

site mat and created a low viscosity environment. 

4. Aggregation of mafic minerals into dark, rounded, 

boulderlike masses in the volatile rich zone immediately beneath the 

anorthosite mat. The existence of these aggregates is based on their 

occurrence in the 'boulder bed', and in some weathered portions of 

the Reef. 

5. The bottom chromitite b-i-d formed by gravity settl-

ing onto a 'plastic' footwall. Resorption of chromite represents re-

action with the interstitial liquid of the preceding cycle. 

6. The pegmatitic pyroxenite boulders sank to the base 

of the Merensky magma unit and dimpled the bottom chromitite seam, 

producing the undulations now seen. 

7. The boulders formed the Reef and were buried by sub-

sequent sedimentation of cumulates to produce the finer grained 

Merensky pyroxenite and layered footwall anorthositic rocks. 

This genetic model has much to support it. However, it 

does add to the problem of explaining the potholes, and a satisfac-

tory explanation of the difference in mineralogy between the highly 

altered boulders of the 'boulder bed' and the relatively unaltered 

'clots' of the Reef is lacking, especially as both are reputed to 

have formed in a volatile rich environment and by the same process. 

Other problematical points are: 
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1. The apparant absence of these mafic aggregates in 

anorthosites at other levels in the top part of the Critical Zone; 

2. That such a high concentration of platinum-group 

metals and sulphides should result at Rustenburg from the differenti-

ation of only a 12 m thick layer of magma; 

3. The lack of any folding, sagging, breaks, etc 

(other than those associated with Bastard Potholes) at the level of 

the proposed anorthosite mat, especially as, according to Vermaak, 

there was "extensive magma turbulence and movement causing the mix-

ing and subsequent winnowing of these cumulates"; 

4. The existence of the potholes as evidence of magma 

currents which would be expected to disrupt the mat; 

5. The existence of only sporadic and thin pegmatitic 

patches at the base of the thick Bastard Reef pyroxenite, which is 

the basal member of cyclic unit five times thicker than the Merensky 

Unit, and thus would be expected to give rise to a correspondingly 

thicker pegmatitic layer than the Reef. 

However, the origin of the Reef as an accumulation of 
-rich 

clots of coarse mafic minerals produced in a volatile/environment is 

consistent with the features of this layer as described in this chap-

ter. Whether these and the cyclic differentiation pattern could be 

produced without the necessity of plagioclase rafts is a subject for 

a further thoughts and more quantitative evidence. Finally, the 

author sees no strong objection to the alternative suggestions by 

Schmidt (1952) and Van Zyl (1960,1970) that the cyclicity in the 

Critical Zone probably corresponds to intermittent surges of new 

basaltic magma. 
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In conclusion, the following platinum metal mineralogy 

of the Merensky Reef ore is dealt with in the context of magmatic 

differentiation and the fractional crystallisation of immiscible 

base-metal sulphide droplets which, during their separation from the 

magma and subsequent gravity settling to the base of the Merensky 

Unit, are believed to have scavenged the magma of its platinum metals. 

The droplets finally underwent fractional crystallisation within the 

interstitial confines of the Merensky Reef pyroxenite. The result-

ing platinum-group minerals, their textural relationships with each 

other and with the base-metal sulphides, are described and explana-

tions offered in this thesis. The paragenesis of the ore minerals, 

and the physico-chemical conditions under which they were formed, are 

discussed in chapter 13:. 
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CHAPTER 3 

INTRODUCTION TO THE ECONOMIC MINERALOGY OF THE MERENSKY REEF 

3.1 The Economic Metals and their Distribution  

3.1.1. The Economic Metals in the Merensky Reef are the six 

platinum group elements Pt,Ir,Os,Pd,Ru,Rh, together with Au. Nickel 

and copper are also an important source of revenue, their contents 

in the ore being on average 0.19 %Ni and 0.11 %Cu. Mineralogical 

studies have shown that small amounts of silver, mercury, tin, lead 

and zinc also occur, although no information is available as to 

whether these metals are recovered during the refining process. No 

assay data is available for them. According to Newman (1973) the 

revenue from each of the ore metals, expressed as a percentage of 

the total revenue, is Pt 58.01, Pd 8.6, Rh 5.67, Ru 1.96, Ir 1.08, 

Au 2.32, Ni 19.01, and Cu 3.35 percent. Their relative abundance 

in the ore is given in table 3.1. 

Table 3.1 The content of precious metals in the Merensky Reef 

expressed as a percentage of the total, from various sources. 

Atomic 
Number Element (1) (2) (3) (4) (5) 

79 Au 5 4 3.2 4.00 1.90 
78 Pt 61 6o 59 58.5 65.18 
77 Ir 1 0.7 1.0. 0.70 0.08 
76 Os -- 0.6 0.8 0.60 0.04 
46 Pd 24 27 25 27.90 27.30 
45 Rh 4 2.7 3 2.6o 2.60 
44 Ru 5 5 8 5.7o 2.90 

(1) Newman, 1973. (2) Cousins, 1969. (3) Cousins & Vermaak, 

1976. (4) Rustenburg mine, 1952 (unpublished report by Lever, 

Todd & Powell). (5) Union mine, 1952 (unpublished report by 

Lever, Todd & Powell). 
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3.1.2. The Overall Grade of the ore from Rustenburg mine, 

and Union mine, is privileged company information. Some grade fig-

ures for the Merensky Reef are, however, available from Wagner (1929) 

whose data has been summarised by Vermaak and Hendriks (1976). They 

quote an average overall grade over a width of 76cm of 8.8 g of 

platinum-group elements (PGE) per tonne, with a range of 7 - 12 g/ 

tonne. Newman (1973) gives a range for PGE plus Au, based presum-

ably on his knowledge of the Western Platinum mine, equivalent to 

3.9 - 7.8 g/tonne over a milling width of 76 cm (i.e. quoted as 

2.5 - 5.0 dwt/Aton, corresponding to 75 - 150 inch-dwts over 30 

inches). 

Any statistical treatment of the mine assay data to 

determine the presence of zonal patterns, or high grade zones, which 

might be related to petrological or structural features, has not 

been reported. However, no obvious indication of 'ore shoots' or 

element zonation at Rustenburg mine was apparant to the author from 

a brief examination of the assay results up to 1962. One broad fea-

ture was the general increase of grade with depth (i.e. distance down 

dip). This may in part reflect leaching of the precious metals in 

the oxidised zone, as well as a progressive improvement in the ef-

ficiency of the assay technique. 

3.1.3 Element Distribution Data for the Merensky Reef in the 

western Bushveld has been given by Cousins (1969), Newman (1973), and 

Brynard et al (1976). Cousins graphical plots of average Ni, Cu, and 

Cr2
0
3 
content against average PGE plus Au content for the Merensky 

Reef at Rustenburg mine 	display strong positive correla- 

tions in the case of Ni and Cu, but only a weak positive correlation 
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Fig 3.1  Relationships between platinum group metal content 

in the Merensky Reef at Rustenburg mine and Cu, Ni, and 

Cr203 content, according to Cousins (1969). 
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Fig. 3.2  Vertical distribution of metals in the ore section 

of the Merensky Reef at Western Platinum mine, accord-

ing to Newman (1973). 
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in the case of Cr203. With regard to the detailed vertical distri-

bution plots (fig. 3.1) he concludes that "peak platinoid values 

normally occur in the Basal Chromite band and that the peak sulfide 

values occur immediately above it". 

Newman (1973) provides some further quantitative verti-

cal distribution data for the Western Platinum mine, where the 

Merensky Reef is from 2 - 12 m thick, and where major PGE plus Au 

mineralisation occurs at the top chromite band, as in figure 3.2. 

He also concludes that where there is sulphide mineralization PGE 

plus gold will be present, although the highest PGE and gold values 

are not necessarily associated with the highest nickel and copper 

values but are invariably concentrated in or about the chromite band. 

Brynard et al (1976) also confirmed this strong positive correlation 

at Western Platinum mine of PGE plus Au with Ni and Cu, although 

they found a weaker or negative statistical correlation with chromium. 

However, their graphical representation of the vertical element dis-

tribution shows a peak value correlating with the chromite band. 

No published data on the precious metal distribution 

is available for Union mine. However, Zermatten et al (unpublished 

of- 
report) have carried out an excellent study illar and borehole sec- 

tions through the top 'ore section' of the Merensky Reef at Union 

mine. Although the quantitative vertical distribution plots cannot 

be presented here, their qualitative conclusions are presented be-

cause of their genetic importance. They concluded that:- 

1. The PGE plus Au values peak at the chromite band 

which may contain 30 wt.% or more of the total PGE plus Au content. 

2. The Merensky pyroxenite immediately above the 
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chromite band contains 26 wt.% of the total PGE plus Au content, 

whereas the Reef pegmatitic pyroxenite immediately below the chro-

mite band contains 42 wt.%. 

3. The highest concentration of Cu and Ni occurs imme-

diately above the chromite band. 

4. The chromite band contains only 10 wt.% of the Cu 

and 9 wt.% of the Ni content of the ore section. 

5. The Merensky pyroxenite contains 69 wt.% of both 

the Ni and Cu content of the ore section. 

6. The Reef pegmatitic pyroxenite contains only 21 

wt.% of the Cu and 22 wt.% of the Ni. 

It is considered that the weak to negative statistical 

correlation between 
Cr203 content and PGE plus Au content previously 

cal distribution plots that the chromite bands are heavily enriched 

in platinum group elements. The apparant lack of correlation is be-

cause of the small thickness of the chromite band relative to the 

large remaining chromium poor part of the ore section. Thus the 

relationship with chromium content is obscured by comparing the bulk 

chromium content of the ore section with PGE plus gold content. It 

is considered, therefore, that, in relation to its thickness, the 

chromite band at these mines has in fact acted as a very effective 

PGE collector and, in all cases so far reported, corresponds to PGE 

plus Au distribution peaks. The strong positive correlation of the 

PGE content with Cu and Ni agrees with past and recent ore micro-

scopic studies in which the platinum group minerals are commonly 

found enclosed or at the margin of the interstitial base-metal 

((ouscAs,/90) 
reportedjis misleading, since it is abundantly clear from the verti- 
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sulphides, in particular chalcopyrite and pentlandite. It is consi-

dered probable that the PGE content of the chromite band is largely 

accounted for by Pt-Fe alloy and other alloys types, whereas the PGE 

content of the sulphide bearing Reef and Merensky pyroxenites are 

accounted for by the platinum group sulphides, arsenides, antimonides 

and bismuthotellurides. This will, however, be discussed later. 

3.2 Economic Metal Occurrence  

3.2.1 The Economic Base Metals in the Merensky Reef are nickel 

and copper, which display a fairly constant ratio at the producing 

mines in the western Bushveld of 1.7:1, corresponding to grades of 

around Ni 0.19 and Cu 0.11 wt. percent (Newman, 1973). These two 

metals mostly occur as the base metal sulphides pentlandite and chal-

copyrite. The small remaining Cu and Ni is accounted for by rare to 

very rare copper and nickel sulphides and arsenides, as major and 

minor constituents of some platinum group minerals, and as trace 

amounts in ore and gangue mineral lattices. Subsidiary 'non-revenue' 

elements like zinc, tin, cobalt, and lead occur either in trace 

amounts in other minerals or as very rare minerals. The following 

list of minerals have so far been reported or found in the present 

investigation to account for the above elements: 

Common occurrence in the ore  

Copper & Nickel  

pentlandite (FeNi)9S8  with up to 0.9 wt.% Co. 

chalcopyrite CuFeS2  

pyrite FeS2  some nickel detected 

pyrrhotite FeS with 0.2 wt.% Ni, and 0.1 wt.% Co. 
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Rare to very rare occurrence in the ore  

Copper & Nickel 

cubanite CuFe
2S3 

mackinawite (Fe,Ni,Cu)S with 5 - 7 wt.% Ni, 
0.4 - 6 wt.% Cu. 

valleriite L-CuFeS2=7 . LCMg,A1,Fe)(OH)22 

bornite Cu5FeS4  

chalcocite Cu2S 

niccolite NiAs 

skutterudite (Co,Ni,Fe)As3_x  (unconfirmed) 

braggite (PtPdNi)S 

cooperite PtS with less than 1% combined Cu and Ni. 

Pt-Fe alloy with less than 3 wt.% Cu and 0.5%Ni. 

Lead, Zinc, Tin, Mercury and Bismuth  

galena PbS 

PdPb phase 

sphalerite ZnS 

. paolovite Pd2Sn 

rustenburgite (Pt,Pd)3Sn 

atokite (Pd,Pt)3Sn 

unnamed (Pd,Hg)(Bi,Te) 

bismuthinite Bi2S3 

bismuthotellurides (see 'precious metals' below) 

Tellurium and Antimony (see 'precious metals' below). 

3.2.2 The Precious Metals were first believed by Schneiderhohn 

(in Wagner, 1929) to be largely in solid solution in the base metal 

sulphides. Wagner was clearly not of this opinion, but conceded 

that a significant amount could be. They are now known to occur 
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Table 3.2  The precious metal minerals of the Merensky Reef at 
Rustenburg and Union mines, together with qualitative and 

quantitative (in vol.5) relative abundance estimates by the 

author, and Vermaak and Hendriks (1976) respectively. 

ABUNDANCE RELATIVE TO TOTAL PGN 

MINERAL 

Rustenburg 

Mine 

Union 

Mine 

Vermaak & 
Hendriks  

Vol.% 

Braggite 	(PtPdNi)S v.common minor 35.90 
Cooperite 	PtS v.common minor 13.36 
Laurite 	(RuIrOsPt)S minor v.common 9.77 
Sperrylite 	PtAs2  rare rare 0.29 

Pd4Sb v.v.rare v.rare ---- 

Pd As x 	y v.v.rare N.R. ---- 

Pt-Fe alloy minor v.common 

(a) free grains minor minor 0.51 
(b) myrmekitic common v.common 35.39 
(c) int.cooperite rare rare 3.46 

Au-Ag-Pd alloys minor v. minor 0.40 

Moncheite (PtPd)(TeBi)2 rare v.rare 0.44 

Merenskyite 	(PdPt)(TeBi)2  rare v.rare 0.07 

Kotulskite Pd(TeBi) rare v.rare 0.02 

Michenerite PdTeBi N.D. N.R. 0.01 

(PdHg)(BiTe) v.v.rare N.R. ---- 

Atokite (PdPt)3Sn N.D. N.R. ____ 

Paolovite 	Pd2Sn N.D. N.R. ---- 

Rustenburgite 	(PtPd)3
Sn 

Silver telluride 

N.D. 

v.v.rare 

H.R. ---- 

- . . 

N.D. Reported but not detected by author. 

N.R. Not reported as being present so far. 
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mainly as discrete minerals, although an important but unknown pro-

portion of the total PGE plus gold content is still not accounted 

for. Rhodium is a particular example. Recent studies of the 

Merensky Reef by Vermaak & Hendriks (1976), Brynard et al (1976), 

and C7-ccket et al (1976) have added further weight to the probabil-

ity that solid solution of PGE or submicroscopic inclusions of PGM 

in the base metal sulphides, and even in the silicates and oxides, 

accounts for a significant proportion of the PGE content of the ore. 

The exact nature of the occurrence of these precious metals in these 

sulphides, assuming the samples to have been pure, is controversial 

and difficult to resolve. It is apparant from the present mineral-

ogical study that it would be impossible to be sure of the purity of 

any sample, unless no platinum group metals were detected. Homo-

geneity of results for a large number of separately prepared samples 

would be strong evidence for lattice held PGE, or even dispersed 

submicroscopic inclusions of colloidal size as suggested by Vermaak 

and Hendriks. The theoretical aspects of diadochic substitution of 

PGE in sulphide, silicate and oxide lattices is discussed in chapter 

9. The previous minerals known to occur at Rustenburg and Union 

mines are listed in table 3.2, together with a qualitative estimate 

of their relative abundance by the author (1966), and a quantitative 

estimate by Vermaak and Hendriks (1976). 

• 3.3. Material Studied  

The results of the present ore mineralogical study are 

based on an examination of approximately 150 polished sections of 

ore and concentrates. The ore specimens were collected by the 

author during a three month field investigation of the general mine 
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geology, and structural and petrological characteristics of the 

MerensT:y Reef at Rustenburg and Union mines in 1962. Dr.J.Zer.natten 

of Johannesburg Consolidated Investment Co.Ltd. generously provided 

a collection of prepared concentrate material, as well as samples of 

high grade 'metallic' concentrates from both mines. Platinoid alloys 

for use as electron-probe microanalyser standards were kindly donated 

by Messrs. Johnson and Matthey Ltd. 

Details of the mineral beneficiation process at 

Rustenburg mine are given by Beath, Cousins, and Westwood (1961). 

The concentrates studied by the author were 'metallic' table con-

centrates. These are obtained from the ore, after crushing, grind-

ing and classification, by gravity concentration when the pulp is 

passed over tables covered with corduroy blankets. The heavy plati-

num group minerals are subsequently released by washing the blankets, 

and the corduroy concentrate is then dressed on an elaborate system 

of James tables up to a final concentrate. This is sent direct to 

the refiners. The thickened tailings, containing the Cu-Ni-Fe sul-

phides and a large proportion of platinum group metals, go to the 

flotation plant. The flotation concentrate is thickened and dried, 

after which it goes to the smelters, and a platinum metal-rich Cu-Ni 

converter matte is produced. 

Many of the samples in the polished sections of the 

table concentrates provided by Dr. Zermatten had been acid treated 

and split into various magnetic fractions prior to mounting and 

polishing. This separation on the basis of resistance to various 

acid attacks and magnetic susceptibility was a help by selectively 

concentrating some of the phases, and thus providing sections of 
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dominantly one or two minerals. For example, myrmekitic Pt-Fe alloy 

intergrowths with pyrrhotite were found in abundance in an untreated 

magnetic fraction of a Union mine concentrate, whereas grains of 

this intergrowth type were absent or rare in magnetic fractions 

which had been previously acid treated. This was because all the 

magnetic pyrrhotite matrix had been leached out, leaving only the 

weak to non magnetic Pt-Fe myrmekitic alloy form. Magnetic fractions 

of acid treated concentrates from Union mine would, however, often 

contain abundant examples of large Pt-Fe alloy grains of textural 

type V, to be described later. Treatments with aqua regia resulted 

in non magnetic fractions from Union mine being rich in laurite. 

The acid treatment also served to remove concentrate components which 

were not part of the ore, as for example tungsten carbide, lead, 

pure copper, and iron. Thus the first treatment was to dissolve the 

tramp iron with 20% ferric sulphate and 10% sulphuric acid. A fur-

ther acid treatment to remove base metal sulphides, remaining tramp 

iron, copper, lead and lead compounds, involved boiling with nitric 

acid. Some had been further treated with aqua regia, and also with 

HF to remove silicates. This acid leaching, however, may have pro-

duced changes in the concentrate grains which could be mistaken for 

original depositional textures. One such possible occurrence was 

the replacement of cooperite by a dendritic growth of Pt-Fe alloy in 

an acid treated concentrate from Union mine. This intergrowth was 

common in this particular section but was not found in any others. 

However, other acid treated concentrates displaying cooperite and 

braggite did not shown any signs of such a replacement. The inter-

pretation of this is, however, dealt with later. 
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3.4 Mineralogical Methods Employed 

3.4.1 Reflected-light Methods. Qualitative observations of 

the ore in polished sections formed an important part of the study, 

as only one in every three sections of the ore revealed any plati-

num group minerals. It should also be born in mind that 

Shneiderhohn (1929) did not locate one example of a platinum group 

mineral during his detailed study of these ores. The concentrates 

enabled the various phases to be characterised, but the concentrate 

grains were generally free of attached base metal sulphides, and 

thus paragenetic considerations required their location in the ore. 

The microscopy was also an essential preliminary to and control on 

all electron-probe microanalyser work. This instrument is not a 

substitute for sound ore microscopic observation. Use of it as 

such by some workers has resulted in false analyses, particularly 

in the case of fine intergrowths of minerals of similar composition 

e.g. kotulskite - merenskyite intergrowths, and braggite-cooperite 

intergrowths. 

Spectral reflectivity measurements at the internation-

ally recommended wavelengths of 470, 546, 589 and 650 nm were ob-

tained with the Reichert reflex spectral microphotometer, which 

incorporates a photomultiplier tube and wedge dielectric filter. 

A description of this instrument together with the results of stand-

ardization experiments are given by Santokh Singh (1965). This in-

strument enabled rapid and accurate spectral reflectivity measure-

ments to be made on areas down to 1 pm diameter. In the present 

context the size of the area used for any particular mineral grain 

corresponded to the maximum flawless and flat area available and 
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ranged from 1 to 24 pm in diameter. In the case of the bismutho-

tellurides the rarity of grains of P. suitable size and having a 

flat area limited the number of reflectivity measurements that could 

be made. 

The standards used varied as the investigation pro-

gressed. For cooperite and braggite a secondary standard was used. 

This had been calibrated against N.P.L. Measured pyrite by Millman 

(pers. comm.). For laurite and the bismuthotellurides the author 

is grateful to S.H.U. Bowie for the loan of an N.P.L. Measured 

pyrite (N.1915.1), and also for the loan of N.P.L. Measured silicon 

standard (N.2538.36) for prassoite and zappinite. 

Indentation Microhardness values were obtained with a 

Durimet hardness tester fitted with a Vickers diamond, as described 

by Young and Millman (1964). Some later measurements were done with 

the pneumatically loaded Vickers hardness tester. The problems of 

measurement are dealt with under the respective mineral descriptions. 

3.4.2 X-ray Diffraction. In this particular investigation a 

procedure was required which would enable a very small (0.3-0.01 mm) 

and previously analysed grain to be extracted, with minimum contam-

ination from the enclosing silicates and sulphides, and to be suit-

ably mounted for X-ray powder analysis. A steel needle, a tungsten 

carbide pick, and a microdrill were found too unmanageable and not 

practical for extracting such small grains. However, by using a 

diamond marker in the way described by Williams (1962) it was found 

that with practice very small areas can be pulverized with some pre-

cision. A method suggested by A. P. Millman (pers. comm.), which 

entails using the Leitz Durimet microscope fitted with a standard 
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Leitz wedge-type scratch diamond, was found to have a much greater 

Precision of positioning. The problem of picking up the very small 

quantity of powder which results from this method of extraction was 

solved by the author (1966) as follows. 

The diamond, after being lowered on to the required 

spot, is moved, using the micrometer stage, in the opposite direction 

to the normal one used for scratch purposes. A mound of mineral 

powder is formed at the end of the scratch, the length of which can 

be very precisely controlled. The mineral powder is mounted as 

follows; a clean glass slide is taken and a spot of 'Cow' gum or 

other rubber solution is allowed to adhere to it; the slide is then 

inverted and held over the polished section whilst still observing 

the powdered area under the ore microscope with a low-power objec-

tive (some refocussing is required because of the intervening glass 

slide); the rubber-cement spot, which can now be seen through the 

back of the glass, is lowered on to the powdered area to engulf the 

fragments of broken mineral. After a short while the solvent begins 

to evaporate and the cement can be rolled into a ball containing the 

mineral powder. The slide and adhering rubber ball are then raised 

from the surface of the polished section. Further grinding of the 

powder can be accomplished between two slides, as described by 

Hiemstra (1956), followed by the mounting of the ball on the end of 

a glass fibre. The ball should generally not be greater than 0.5 

in diameter. The larger the ball the more scattering of X-rays 

occurs with consequent fogging of the film. An X-ray photograph of 

a globule of pure cement should be taken first since some varieties 

yield lines in the front reflection region. 



Before destroying the rare mineral grains in the case 

of the bismuthotellurides some preliminary experiments, similar to 

those by Hiemstra (1956), and Genkin and Korolev (1961), were carried 

out on cleavage fragments of galena to determine approximately the 

minimum quantity of material required to produce a distinct powder 

patter. It was found that a cleavage fragment of dimensions 0.06x 

0'05x0.025 mm and of approximate weight 0.6 pg produced a weak but 

measurable pattern. 

3.4.3 Electron-probe Microanalysis  

For most of the electron-probe microanalyser work a 

Cambridge Microscan Mark 1 was used. This is a scanning analyser 

with a vertically incident electron beam and X-ray detection at an 

angle of 20°  to the surface of the specimen. It does not have 

paraxial optics, but positioning is facilitated by the use of a 

back-scattered electron image also obtained at an angle of 20°  to 

the surface. The counts for the characteristic radiation are de-

tected with a semi-focusing spectrometer that incorporates a flow-

proportional counter with a 'dead time' of 5 psec. A pulse-height 

analyser is used for discrimination against unwanted noise while 

scanning photographs are being taken, but it is rarely used while 

counting in order to avoid errors due to pulse-height depression. 

The count rates were corrected for statistical errors 

due to the 'dead time' of the electronics, and also for counts due 

to the background radiation. The apparant mass percentages given 

by these count rates were in most cases further corrected for ab-

sorption, fluorescence, the effect of the difference in atomic 

number, and overvoltage. These corrections were done graphically 
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microanalysis of platinum-iron alloys. 
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in the case of Pt-Fe alloy analyses, and numerically for the others. 

Pt-Fe-Alloy analysis. At the start of the whole in-

vestigation, the natural and artificial Pt-Fe alloys were the first 

to be studied. At that time, although there were various methods 

available for the theoretical correction of absorption and electron 

penetratioh, there were no methods available to correct for the 

effects of fluorescence, atomic number, and overvoltage. Much early 

and unpublished work was done by Kelly, Millman, and the author on 

the theoretical aspects of correction, particularly with regard to 

mass absorption coefficients (Kelly, 1966), and the Pt-Fe system. It 

is not now relevant to present these results here. However, a study 

of artificial Pt-Fe alloys at that time indicated that an early sol-

ution to the Problem of the inadequacy of the available theoretical 

corrections was not imminent. Therefore, in order to proceed with 

the mineralogical study of these alloys the only solution was to use 

a graphical correction. The correction curves of apparant percent-

age against true percentage at 25 and 35 kV are given in figure 3.3. 

Platinoid bismuthotelluride analyses were completed at 

a later date when a reasonably good matrix correction procedure had 

evolved. Absorption was corrected for by a method by Philibert 

(1962); fluorescence by using Castaing's formula (1951); the effect 

of difference in atomic number by using Ziebold's method (1964); 

and overvoltage by using a modification to Philibert's formula made 

by Dancumb (1964). Background fluorescence effects were ignored. 

The values of the absorption coefficients were those given by Kelly 

(1966). Table 3.3 illustrates the effect of these corrections. It 

is noteworthy that the absorption correction is by far the most 
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important. 

Table 3.3  The effect of theoretical matrix corrections on the 

apparant mass percentages for the platinoid bismuthotellu-

,rides merenskyite (1) and kotulskite (2). 

Element 
Apparant 

Mass %. 

Corrections 

Absorption Atomic No. Fluorescence 
i.e. Final % 

Pd 	(1) 

(2) 

Te 	(1) 

(2) 

Bi 	(1) 

(2) 

40.7 

56.8 

54.0 

32.1 

15.7 

18.3 

35.6 

48.8 

57.4 

38.8 

16.3 

18.9 

34.0 

46.6 

56.6 

38.3 

18.2 

21.1 

33.2 

45.9 

56.3 

38.0 

15.1 

17.2 

Rhodium sulphide analyses  were corrected using the 

internationally accepted B.M.-I.C.-N.P.L. computer programme by 

fFrost,IMason, and Reed (1969). 

Other analyses  have only been corrected for absorption. 

The results are, however, considered satisfactory for purposes of 

mineral identification, and to determine the nature of any substi-

tutional trends. 
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CHAPTER 4 

THE BASE METAL SULPHIDES  

The main base metal sulphides at Rustenburg and Union 

mines are pyrite, pyrrhotite, pentlandite, and chalcopyrite, the 

latter occasionally containing exsolved cubanite, valleriite, and 

mackinawite. Co-Ni-Fe arsenides like niccolite and skutterudite 

are known to be present, are very rare, and have not been studied 

in any detail. Bornite, chalcocite, galena, and sphalerite are simi-

larly of rare occurrence. 

Two recent independent abundance estimates by J.C.I. 

company geologists (in Vermaak and Hendriks, 1976) of the sulphide 

content of the ore at Rustenburg mine are 2.9 and 1.89 (1) vol,% 

the latter being estimated from ten chemical analyses of the ore, 

and corresponding to volume percentages of pyrrhotite  0.77, 

pentlandite 0.38, chalcopyrite  0.35,  and pyrite 0.39, equivalent to 

1.09, 0.61, 0.45, and 0.60 weight percent respectively. An idea of 

the sulphide proportions in the Reef pyroxenite are provided by 

Liebenberg (1970) for Rustenburg mine with average volume percent 

values of pyrrhotite 46.9, pentlandite 32.3, chalcopyrite 17.1, 

pyrite 3.4, cubanite 0.5, and mackinawite 0.2. No specific data are 

available for Union mine. However, ore microscopic observations 

suggest the proportions to be similar. Available data (in Vermaak 

and Hendriks 1976, and by Brynard et al, 1976) indicate relatively 

constant proportions throughout the western Bushveld as a whole, 

with an average pyrrhotite: pentlandite: chalcopyrite: pyrite 

Footnote (1) recalculated from weight percent data. 
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ratio of approximately 10:8:3:1. Rustenburg mine is approximately 

10:7:4:1. Marked variations can be expected. For example at Atok 

mine in the eastern Bushveld, pyrite is the main sulphide (Schwellnus 

et al, 1976) forming 45 vol.%, with chalcopyrite 30, pentlandite 13, 

pyrrhAite 8, and violarite 4. 

The textures, mineralogy, and paragenesis of the base 

metal sulphides in the Merensky Reef of the Rustenburg district was 

first studied by Schneiderhohn (in Wagner 1929, pp. 207-215,239-246). 

Because of the relatively consistent mineralogy of the interstitial 

sulphide aggregates, his account has not been rendered obsolete by 

later accounts, although new data can be found in the hundred pages 

of Liebenberg's account of the sulphide mineralogy of the whole 

Mafic Zone, and additional observations in publications on the 

Merensky Reef by Kingston (1966), and Schwellnus et al, Brynard 

et al, and Vermaak and Hendriks (1976). Much additional data is no 

doubt hidden in the files of the mining companies, as indicated by 

Vermaak and Hendriks during their frequent references to unpublished 

and unavailable company reports. 

4.1 General Textural Features  

The large scale structural features of the orebody 

have already been dealt with in chapter 2. On a hand-specimen and 

polished section scale the textural relationships between the 

silicate-oxide aggregates and the interstitial sulphides are essen-

tially the same as those seen in disseminated ores of basic magmatic 

sulphide deposits throughout the world. Thus essentially the tex-

tures have been produced by the entrapment of base-metal sulphide 

droplets in the interstices of a cumulus aggregate of silicate and 
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oxide crystals which were progressively modified by postcumulus en-

largement, overgrowth, and alteration by reaction with residual pore 

liquid. Reaction between the sulphide droplets and the silicates 

produced reaction products, mostly hornblende in the case of pyrox-

enes and biotite in the case ofyci9iocicse_according to Schneiderhohn. 

The hornblende and biotite are orientated crystallographically with 

the minerals from which they have developed. The sulphides are 

intimately intergrown and interfingered with these reaction minerals. 

Subsequent crystallisation of the sulphide droplets and any residual 

silicate liquid gave rise to residual pneumatolytic and then hydro-

thermal fluids which caused further alteration of the silicates, as 

well as some very minor redistribution of sulphides and platinum 

metals. Most of this latter alteration is embraced by the term 

serpentinisation. 

As a result of the process of entrapment and fractional 

crystallisation, much of the ore consists of scattered isolated ir-

regular interstitial aggregates of BMS of 1 mm to several centi-

metres across. Where the proportion of the sulphides is high they 

may join and poikilitically enclose the silicate grains. Where 

these poikilitic patches (up to 10 cm across) occur they usually 

correspond to the finer grained pyroxene aggregates between the 

coarser pegmatitic 'clots'. Richer accumulations have resulted in 

the rare footwall sulphide pegmatites. 

Most of the interstitial base-metal sulphide aggregates 

consist of an irregularly shaped pyrrhotite core enclosed by pent-

landite exhibiting its characteristic polygonal fracture pattern. 

The pentlandite may be separated completely or in part from contact 
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with the enclosing silicates by chalcopyrite. Rarely is chalcopy-

rite in direct contact with pyrrhotite. Exsolution flames of pent-

landite occur within the pyrrhotite, and often flame-like projec-

tions occur at the contact of pyrrhotite with the enclosing granular 

pentlandite 'mosaics'. Pyrite is mainly found within the pyrrhotite, 

and displays varying degrees of replacement by the latter, appearing 

as small ragged inclusions to partly replaced euhedral crystal ag-

gregates. It also occurs as subhedral to anhedral grains in pent-

landite and at the pentlandite-pyrrhotite contact. Exsolution 

laths of valleriite, cubanite, and especially mackinawite may occur 

in the chalcopyrite. Platinum group minerals are found mostly near 

or at the margins of the BMS aggregates, although platinum-iron 

alloy and cooperite in particular do occur centrally. 

The effect of early entrapment of the sulphide drop-

lets by cumulus silicates and chromite, and later entrapment by 

adcumulus growth, may be seen as fine disseminations of minute roun-

ded specks within the silicates, notably plagioclase, or along the 

margins of the silicate grains. Veinlets of sulphides can also be 

seen, even in hand specimens, to penetrate outwards from the inter-

stitial aggregates. Many of these are composed almost entirely of 

chalcopyrite, the latest main product of fractional crystallisation, 

whilst others have clearly resulted from the original BMS liquid 

which has migrated outwards into fractures and cleavage planes. The 

author finds no necessity to invoke the "tectonic remobilisation" or 

"partial redistribution" of already crystallised sulphides to account 

for these veinlets, particularly the chalcopyrite-rich ones, as is 

currently being proposed by Vermaak and Hendriks (1976) and Stumpfl 
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(1976) respectively, especially as the Nerensky Reef is noted for 

its lack of tectonic deformation and metamorphism. The deposition 

of sulphides, together with some solution and redeposition of early 

formed material, by residual hydrothermal fluids derived from the 

differentiation of all intercumulus liquid (sulphide and silicate-

oxide) can be considered to explain other types of primary deposi-

tional textures and mineral assemblages in the ore. For example 

serpentinization has mostly obliterated the original sharp contact 

between the silicates and the sulphides (figs. 4.1 and 6.6 etc). 

4.2 Mineralogy and Microtextures  

4.2.1 Pyrite - Pyrrhotite Intergrowths  

Although Schneiderhohn (in Wagner, 1929) reported that 

pyrite at Rustenburg was nickeliferous, only trace amounts were de-

tected in the present study, and at Western Platinum mine Brynard 

et al (1976) only detected 0.4 wt.% Ni and 0.3 wt.% Co. The reflec-

tivity and colour of Rustenburg pyrite are certainly consistent with 

a low Ni and Co content. However, there are four forms of occur-

rence of pyrite in the ore and the composition above only refers to 

the most dominant one. 

The average composition of the main hexagonal form of 

pyrrhotite in the ore has been determined by Ramsden and Wilmshurst 

(in Vermaak and Hendriks, 1976) as Fe 59.9, Ni 0.2, Co 0.1, and 

S 37.9 wt.%, copper was not detected. Vermaak and Hendriks also 

refer to "nickel-rich pyrrhotite which occurs either as entrain-

ments within ordinary pyrrhotite or along its gangue contact". 

Brynard et al have provided two electron-probe microanalyses of what 

they consider to be hexagonal and monoclinic pyrrhotite. Their 
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analyses show Ni and Co contents of 0.5-0.6, and 0.3-0.4 weight 

percent respectively in both. 

Pyrite dominantly occurs at Rustenburg and Union mines 

tb 
in a matrix of pyrrhotite, and is invariably replaced by itearying 

degrees. All stages of its replacement by pyrrhotite can be found, 

from large euhedral inclusion-free rectangular pyrite crystals and 

aggregates, which may exhibit some corrosion features, to its com-

plete replacement by a granular 'mosaic' pyrrhotite (figs. 6.6, 

4.3, 4.1, 4.2). The first stage was the formation of embayments 

and the 'rounding off' of corners, with the overall crystal outline 

still being retained. This is considered to have been produced by 

magmatic corrosion by the remaining sulphide liquid after crystal-

lisation of the pyrite. It is noteworthy that the pyrrhotite in the 

embayments is in optical continuity with the enclosing pyrrhotite. 

The remaining stages of replacement by pyrrhotite are believed to 

have resulted from a process of desulphurisation after the crystal-

lisation of the pyrite-inclusion free pyrrhotite, and pentlandite. 

• In the initial stages of this pyrite breakdown exten-

sive pyrrhotite veining was developed, forming an irregular rect-

angular network (fig. 6.6). The veins, which have careous margins 

and display an irregular thickening at their intersections, are 

clearly formed by replacement, and a crystallographic control of it 

exists (notably along the 100 & 111 planes). Under crossed nicols 

the pyrrhotite veins are granular and not optically continuous with 

the enclosing pyrrhotite. The degree of pyrrhotite veining varies 

greatly in different sections and in different interstitial aggre-

gates within a section. Figure 4.3 illustrates a more advanced stage 
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Fig. 4.1  Two photomicrographs under plane polarised light (a), and 

under crossed nicols (b), showing the structure and typical 

distribution of pyrrhotite and pentlandite in an interstitial 

sulphide aggregate at Rustenburg mine, as well as their 

irregular and embayed boundary relationship, the character-

istic shrinkage partings and fractures of the marginal pent-

landite, and the typical separation of fine granular 'mosaic' 

pyrrhotite from the coarse pyrrhotite by intervening 

pentlandite. Scale 1 cm =180 )1m. 
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(b) 
Fig. 4.2  Photomicrographs of polished section under PPL (a) and XN 

(b) showing ragged residuals of pyrite enclosed in a granular 

interlocking aggregate of anhedral pyrrhotite grains which are 

considered to have been formed by the replacement of pyrite. 

The pyrite originally filled the whole silicate interspace. 

The patchy nature of the crystalline pyrrhotite suggests a re-

crystallisation process was involved. Rustenburg mine. 

Scale 1 cm = 180 ym. 
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Firs. 4.3  Photomicrographs of polished section under PPL (a) and 

XN (b) showing an early stage in the formation of 'mosaic' 

pyrrhotite from the replacement of pyrite, and the typical 

separation of it from the adjacent coarse pyrite-inclusion-

free pyrrhotite by granular pentlandite. Rustenburg mine. 

Scale 1 cm = 60pm. 
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of replacement, the development of the mosaic pyrrhotite and the 

separation from the pyrite-free pyrrhotite by pentlandite. In the 

stage before complete replacement the pyrite occurs as illustrated 

in figure 4.2a. This shows a case where a pyrite crystal or aggre-

gate, Whose shape had been controlled by the interstitial space it 

filled, has been nearly completely replaced, and only 'wispy' ragged 

pyrite inclusions remain. The granular structure of the resulting 

'mosaic pyrrhotite' is well illustrated in figure 4.2b. 

The existence and consistent structure of these 'mosaic 

pyrrhotite' areas resulting only from pyrite replacement, and the 

fact that they are always separated from the large pyrite-inclusion 

free pyrrhotite areas by pentlandite, is evidence that this replace-

ment could not have been produced by pyrite resorption by an enclos-

ing sulphide liquid from which pyrrhotite subsequently or simultan-

eously crystallised. The replacement process is considered to have 

involved solid diffusion of sulphur atoms out of the system with 

simultaneous recrystallisation perhaps activated by internal or ex-

ternally imposed strain. Whatever the exact mechanism of this re-

placement it is at least certain that this pyrite was the first of 

the base-metal sulphides to crystallise. At Union mine this pyrite 

is rarer and shows less replacement by pyrrhotite, and a greater 

euhedralism than at Rustenburg mine. 

Finally, complex myrmekitic intergrowths of pyrite with 

pyrrhotite and chalcopyrite are very common in the banded sulphide 

pegmatite previously described. These still remain to be studied. 

The apparant absence under the microscope of visible platinum group 

minerals to account for the very high assay values is a further prob- 
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lem with regard to this body. 

4.2.2 Pyrrhotite - Pentlandite Intergrowths  

The composition of the marginal granular pentlandite 

is reported by Vermaak and Hendriks as being Fe 32.95, Ni 33.5, 

Co 0.9, and S "31.85, with copPar not cletected. The composition of 

the feathery exsolution lamellae in pyrrhotite have not been deter-

mined. Pentlandite from Western Platinum mine has a composition 

range from three electron-probe microanalyses (Brynard et al,  1976) 

of Fe 32.8, 33.3, 35.8, Ni 35.2, 32.3, 34.3, Co 0.8, 0.8, 0.8, and 

S 31.8, 31.6, 32.1, weight percent. 

Most of the pentlandite occurs as granular shells 

rimming large irregular-shaped pyrrhotite cores of 'mosaic pyrrho-

tite, and pyrite-inclusion free pyrrhotite. The nature of the boun-

daries between pentlandite and pyrrhotite is well illustrated in 

figure 4.1b, and suggests some resorption of pyrrhotite. These fea-

tures together with a pyrrhotite:pentlandite ratio of at least 10:7 

points to the direct crystallisation of pentlandite from the sul-

phide melt after pyrrhotite. This pentlandite is also a good ex-

ample of the well established volume reduction which takes place on 

cooling to produce octahedral partings and cracks, giving it a 

granular appearance. These shrinkage partings are filled with 

serpentine, chlorite, calcite and other hydrothermal products pre-

cipitated by the activity of residual fugitive constituents. The 

partings and cracks terminate abruptly against the pyrrhotite cores. 

Exsolution 'flames' of pentlandite occur in the pyrrho-

tite, but are not common. These 'flames' were seen at twin bound-

aries, where a classic 'herring-bone texture' was produced, adjacent 
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b 

Fig. 4.4  Photomicrographs of a polished section under PPL showing 
exsolution 'flames' of pentlandite in pyrrhotite along (a) 

pyrrhotite twin planes producing a 'herring-bone texture', 

and (b) along pyrrhotite twin planes and the boundary of 

granular pentlandite with pyrrhotite. Rustenburg mine. 

Scale 1 cm = 15 pm. 
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to fractures filled with gangue, and also at the pyrrhotite margins 

(fig. 4.4). In all cases shrinkage cracks were absent. Pentland-

ite 'flames' were also found in chalcopyrite which was replacing 

pyrrhotite along grain boundaries (fig. 4.5). Pyrite was also a 

product of this replacement. 

Pentlandite often encloses deeply corroded grains of 

pyrite. Pyrite enclosed by chalcopyrite is rare. Where the ore has 

been subjected to supergene influences pyrrhotite is often parti-

ally or sometimes completely replaced by a 'bleached' variety which 

pervades the primary pyrrhotite along the cleavage planes. This 

'bleaching' is also to be seen in the 'mosaic' pyrrhotite in which 

a halo of lighter pyrrhotite is found round each grain. As a result 

of this change, particularly in the case of the large optically con-

tinous areas, shrinkage has occurred along the cleavage planes which 

have been infilled with transparant gangue material. 

4.2.3 Chalcopyrite Intergrowths  

The chalcopyrite is the last formed base-metal sul-

phide of the "liquid magmatic stage" of sulphide fractional crystal-

lisation envisaged by Schneiderhohn (1929). It is consequently found 

at the margins of the sulphide aggregates in contact with the sili-

cates and separated from the pyrrhotite 'cores' by pentlandite. It 

rarely completely rims these aggregates but is often concentrated 

as one or two marginal patches, so that pentlandite is commonly in 

direct contact with the silicates. The chalcopyrite corrodes and 

penetrates the granular pentlandite and may completely enclose some 

grains. As reported by Schneiderhohn it is also found in the inter-

ior of the sulphide aggregates following the intergranular bound- 



-128- 

aries (fig. 4.5). Because a high proportion of the platinum group 

minerals appear to have formed near or at the silicate contact of 

the sulphide aggregates, they are often found partly or completely 

enclosed by chalcopyrite. Where fractured hard platinum group min-

erals like braggite occur at the margin, the fractures are filled 

with chalcopyrite and later silicates. Platinoid bismuthotellu-

rides are particularly concentrated in chalcopyrite. The chalcopy-

rite penetrates into the cleavages of the enclosing silicates and 

is also found as a major filling constituent of microveinlets along 

silicate fractures and grain boundaries. 

With regard to its composition Schneiderhohn reported 

traces (0.00001 wt.%) of cobalt and nickel from an arc spectrogra-

phic analysis of material extracted directly from the polished sec-

tion. A recent electron-probe microanalysis (Vermaak and Hendriks, 

1976) detected only the major elements Cu 33.7, Fe 30.5, and S 33.1 

wt.%. 

The other important intergrowths of chalcopyrite are 

with mackinawite, a brown valleriite-type phase, and cubanite. 

Mackinawite is defined as a tetragonal FeS with up to 

15 atomic % substitution of Fe by Ni, Co, and/or Cu (Uytenbogaardt 

& Burke, 1971). It was first named by Evans et al (1962,1964), 

although several occurrences of this mineral had been described 

earlier but confused with valleriite (Liebenburg, 1970). At that 

time the published properties of valleriite were confusingly largely 

those of mackinawite. Birks et al (1959) provided the first electron-

probe microanalysis of type mackinawite, giving Fe between 51-58 

wt.%, Cu less than 5 wt.%, and sulphur assumed as the rest. Kouvo 
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1 

Fig. 4.5  Polished section photomicrograph under PPL showing 

chalcopyrite, containing small 'flames' of pentlandite 

(pc) and wisps of anhedral pyrite (py), occuring as 

intergranular veins in pyrrhotite. Rustenburg mine. 

Scale 1 cm = 40 pm. 

Fig. 4.6  Polished section photomicrograph under PPL showing 
ragged orientated laths of mackinawite (m) and a 

'valleriite-looking' phase (v), of the same composition 

as mackinawite, enclosed along the margin of chalcopyrite 

with altered primary silicates. Rustenburg mine. 

Scale 1 cm = 40 pm. 
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Fig. 4.7  Polished section photomicrograph under PPL showing 

mackinawite as small branching replacement bodies after 

pentlandite. Rustenburg mine. Scale 1 cm = 15)nm. 

Fig. 4.8  Polished section photomicrograph under PPL showing a 
lath of 'valleriite-looking' iron sulphide (v) with 5-6 

wt.% Ni and up to 6 wt.% Cu, occurring in chalcopyrite, 

and apparantly resulting from the replacement of 

mackinawite (m) by inversion, since there is no compo-

sitional difference between them. Rustenburg mine. 

Scale 1 cm = 15 pin. 
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et al (1963) recorded it in several Finnish orebodies and gave 

X-ray diffraction,wet chemical analysis and electron-probe micro-

analysis data which showed it to be tetragonal (Fe, Ni, Co)S with 

Fe 64-54, MI 0.2-8, and Co<,0.2 - 11 wt. percent. This data was in 

agroea- nt with that of Evans et al which first becane available as 

an abstract of a verbal presentation in 1962. Their analysis de-

tected no copper, and they determined the structure as tetragonal 

with a 3.68, and c 5.03 A, and a space group P4/nmm containing 2FeS. 

Schneiderhohn (1929, pp 213,217,218) gave comprehensive 

details of an 'unidentified ore mineral' in the Merensky Reef occur-

ring as orientated inclusions in chalcopyrite, which were very 

strongly pleochroic from "bright yellow with a pink tint to dark 

grey". A spectrographic analysis by him gave major iron and nickel, 

minor cobalt and palladium, and trace iridium, antimony, silver and 

gold. Despite the precious metals in his analysis, his description 

of its properties and forms of occurrence strongly suggest mackina-

wite. The author subsequently reported mackinawite in the Merensky 

Reef in 1966, although the X-ray powder data and electron-probe 

microanalyses were not given. The analysis of two laths of mackina-

wite from Rustenburg mine gave, after correction for absorption, 

Fe 50.0, 56.0, Cu 6.0, 0.4, Ni 5.0, 6.0, and S 32.0, 36.0 weight 

percent. The X-ray data is given in table 4.1. The poor correla-

tion with data by Kouve et al (1963) requires further investigation. 

No previous electron-probe or X-ray diffraction analyses have been 

reported for Rustenburg mackinawite. 
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Table 4.1 X-ray powder diffraction data for Rustenburg 

'mackinawite' (Co radiation), compared to mackinawite 

from Outokumpu mine by Kou•:o et al (1963). 

Rustenburg Outokumpu 

I d (obs) I d (calc) 

5 5.07 vs 5.03 

1 3.90 s 2.97 

1 3.54 vw 2.60 

10 3.04 s 2.31 

2 2.84 m 1.838 

2 2.49 m 1.727 

3 2.29 w 1.676 

2 2.10 mw 1.563 

2 1.92 w 1.526 

2 1.88 w 1.409 

etc 

Rustenburg mackinawite occurs as ragged orientated 

laths in chalcopyrite (fig. 4.6), commonly at or near the margin 

with the silicates. Their mode of formation is not clear. When 

mackinawite occurs in chalcopyrite, a mineral of identidal proper-

ties to it occurs in the adjacent pentlandite as small dendritic 

bodies at the junction of and along cleavage partings (fig.4.7). 

These are definitely replacement bodies. The mackinawite laths are 

strongly pleochroic from a light pinkish or brownish cream to grey, 

with a bireflectance of from Rp 36.6% to Rg 40.7% at 589nm. Ex-

tinction under crossed nicols is parallel to the long axes of the 

laths, and its anisotropy is very strong. One reliable indentation 
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gave a 
VHN25 of 155, within a range quoted by Vaughan (1969) of 

VHN25 94-181. 

A brown 'valleriite-type' phase with a spotted and 

spongy looking surface (figs. 4,6 and 4.8) and which was distinctly 

anisotoptc, pleochroic from light to dark brown of very low re-

flectance, and slightly softer than mackinawite, may be the 

"valleriite" reported by Liebenburg (1970) and others to occur in 

the Merensky Reef. It appears (fig. 4.8) to have been formed by 

the replacement of mackinawite, since 'residual' mackinawite areas 

can be seen as part of it. Some incipient alteration can also be 

seen in the mackinawite laths along its cleavage. Two electron-

probe microanalyses, however, showed that it was of the same com-

position as mackinawite with Fe 48.0, 53.0, Cu 1.0, 0.5, Ni 7.0, 

5.0, S 35.1, 36.2. It is, therefore, not valleriite. 

Cubanite is rare in the Merensky Reef chalcopyrite. 

It occurs as thin orientated exsolution laths. No compositional 

data is available for it. 

4.2.4 Other base metal sulphides  

Bornite is rare but can be found in near surface ore 

as lamellar replacement intergrowths in chalcopyrite. Vermaak and 

Hendriks (1976) report that most of the bornite occurs either to-

gether with pentlandite and chalcopyrite as small crystals in chrom-

ite, as relatively large particles in the silicates, or as composite 

grains with chalcopyrite. They also reported small free grains of 

chalcocite in feldspar or attached to grains of chalcopyrite. 

Sphalerite exsolution 'stars' have been reported in 

chalcopyrite by Liebenburg, but are extremely rare. 
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Galena has been reported by Vermaak and Hendriks as 

clusters of fine crystals in feldspar. They also reported one small 

grain of bismuthinite intergrown with pyrrhotite in a fracture in a 

feldspar, and the arsenides niccolite, and skutterudite. The author 

has located one intergrowth of the latter. Finally, a Bi-Sn-S phase 

was detected by the author, associated with a silicate inclusion in 

a myrmekitic intergrowth of two Fe-Ti-(o) phases. 

4.3. The paragenesis of the base metal sulphides is intimately re-

lated to the paragenesis of the platinum group minerals and will, 

therefore, be discussed in 111MIRMEINENNEEMCNI chapterj. The evidence 

clearly points to pyrite as the first formed, followed by pyrrhotite, 

pentlandite and then chalcopyrite. This simple sequence is, of 

course, complicated by overlapping deposition, exsolution, and re-

placement. Thus a second generation of pentlandite segregated as 

exsolution 'flames' from pyrite-inclusion-free pyrrhotite after the 

main mass of marginal granular pentlandite had crystallised. Mosaic 

pyrrhotite is also considered to be a second generation pyrrhotite 

formed from the breakdown of pyrite after pentlandite formation but 

prior to chalcopyrite. Some redistribution of the sulphides is evid-

ent where serpentine veins cut the sulphide aggregates. The sug-

gestion (Vermaak and Hendriks, 1976) that tectonism has been import-

ant in mobilising chalcopyrite, pentlandite, and pyrrhotite (in that 

order) to form veinlets and stringers in the silicates does not agree 

with the observed lack of post-depositional deformation of the ore-

body in the field. 
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CHAPTER 5 

PLATINUM GROUP ALLOYS AND INTERMETALLIC COMPOUNDS 

5.1 Platinum-Iron Alloys  

These are by definition natural mineral alloys composed 

dominantly of Pt and Fe, with Fe not exceeding 50 atomic percent, 

equivalent to 22.3 weight percent. The minor amounts of other pla-

tinum group elements, which are often present substituting for Pt, 

rarely exceed 6 wt. per cent total. Similarly the content of metals 

like Cu and Ni, which substitute for Fe, rarely exceed 8 wt.%. The 

contents in both cases are usually far less. No examples of an iron-

platinum alloy in which Fe significantly exceeds 50 al.% has yet 

been reported. 

5.1.1 The Nomenclature for these alloys has been highly con-

fusing and inconsistent. This was because it was based on composi-

tion alone and defined according to weight percent of the various 

constituents. The result was that minor substitution of other ele-

ments gave rise to numerous unnecessary names for essentially the 

same material. Fortunately the terminology has been rationalised 

by a study of the composition and crystal structure of synthetic 

Pt-Fe alloys and their natural equivalents by Cabri and Feather 

(1975). This new nomenclature has been approved by the Commission 

on New Minerals and Mineral Names, I.M.A., and dispenses here with 

the need to review the now obsolete past terminology. The platinum-

iron alloys are classified by them as follows: 

1. native platinum for disordered face-centered cubic 

platinum alloys which contain greater than 80 atomic % Pt (i.e. 
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greater than 93.32 wt.% Pt). 

2. ferroan platinum for disordered face-centered 

cubic platinum-iron alloys which contain from 20 - 50 atomic % Fe 

(i.e. from 6.68 - 22.3 wt.% Fe). The atomic percent content of any 

substituting element is included in the value of atomic % of Pt (in 

the case of Ir,Pd,Rh,Os,Ru,Au,) or Fe (in the case of Cu,Ni,Sb etc). 

The high-iron varieties will have increasing magnetic suscepti-

bility. 

3. isoferroplatinum for ordered primitive cubic 

platinum-iron alloys with compositions usually near Pt
3
Fe (Pt 91.3, 

Fe 8.7 wt.%). Minor amounts of other platinum group elements are 

considered as Pt, and minor Cu and Ni etc. considered as Fe. Cold-

working may produce ferromagnetism in the mineral and disordering 

of the structure to face-centered cubic. 

4. tetraferroplatinum for ordered tetragonal platinum-

iron alloys with compositions usually near PtFe (Pt 77.75, Fe 22.25 

wt.%). Minor substitutions of other elements are considered as be-

fore. This mineral is weakly anisotropic under oil immersion, and 

thought to be ferromagnetic. 

Finally they propose the term platinum-iron alloy or 

Pt-Fe alloy for use when only compositional data are known and the 

structure has not been determined by X-ray diffraction. An equiva-

lent term used by metallurgists and geologists in the platinum 

mining industry is ferroplatinum. 

In the present investigation the structures of the 

analysed grains were not determined. It is, however, considered 

most probable that of the large homogeneous grains of Pt-Fe alloy 
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found in the concentrates, those that are weakly anisotropic, 

strongly magnetic, and have a high iron content are tetraferro-

platinum, and those that are not hand magnetic, isotropic, and of 

low iron content are isoferroplatinum. The myrmekitic Pt-Fe alloy 

in pyrho,Ite is the most likely candidate for being the disordered 

variety, ferroan platinum. 

However, although it is recognised that a study of the 

structure of the Pt-Fe alloys in the Merensky Reef would be of value, 

there are several difficulties to consider. In order to study the 

genetic relationship between structure and mode of occurrence and 

paragenetic position, it is particularly necessary to analyse grains 

in situ, where their paragenetic position can be determined, as well 

as the influence of any deformation or recrystallisation processes. 

The difficulty in locating grains in the ore is an obvious drawback. 

The alternative procedure of studying Pt-Fe alloy concentrates from 

the mine should take into account the strong possibility of deforma-

tion (cold working) of the grains during mineral beneficiation. 

This could produce a disordering of the primitive cubic structure. 

Similarly, cold-working effects are very likely to be produced dur-

ing the extraction of material for X-ray powder diffraction. Finally 

the high temperature face-centered disordered structure can develop 

into an ordered primitive cubic or tetragonal structure on cooling 

(Elcock, 1956), and the present doubt as to whether the disordered 

phase is quenchable anyway (Cabri and Feather, 1975, p.119) is a 

further reason why its presence in an ore, and particularly in a 

concentrate, need not necessarily be related to a primary deposi-

tional process. 
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5.1.2.. The Occurrence. Platinum-iron alloy (syn, with ferro-

platinum) is the most common alloy form and one of the most abund-

ant platinum group minerals in the Merensky Reef. It is the most 

common constituent of magnetic fractions of samples of table concen-

trates from both Rustenburg and Union mines, although, despite the 

small difference in Pt content between the two mines, it accounts 

for a greater proportion of the total Pt content of the Union mine 

than of the Rustenburg mine. Thus at Union mine approximately 70 

wt. % of the total platinum mineral content is Pt-Fe alloy, whereas 

there is only approximately 25 wt.% at Rustenburg mine, with most 

of the remaining Pt content being accounted for in both cases by 

cooperite and braggite (Zermatten, pers. comm.) In polished sec-

tions of ore specimens, Pt-Fe alloy, as with the other platinum 

group minerals, is of rare occurrence, and only a few areas show-

ing it intergrown with the base-metal sulphides have so far been 

located. Fortunately, further information on its mode of occurrence 

in the ore can be deduced by studying composite grains in polished 

sections of the concentrates. 

Platinum-iron alloy has so far been found to occur at 

both mines in five main intergrowth forms. 

Texture Type I - intragranular myrmekitic intergrowths 

with pyrrhotite, pentlandite, and chalcopyrite, as in figures 5.1, 

5.2 & 5.3. 

Texture Type II - intragranular fine and often diffuse 

spongy intergrowths with pentlandite and chalcopyrite, as in figures 

5.4 & 5.9. 

Texture Type III - intragranular aggregates of skeletal 
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'idioblastic' crystals of cubic form in pyrrhotite, pentlandite, 

and chalcopyrite, as in figures 5.6, 5.7 & 5.8. 

Texture Type IV - intragranular fine spongy to graphic 

intergrowths with cooperite, as in figures 5.11, 5.12 & 6.2. 

Texture Type V - homogeneous and relatively large 

euhedral to subhedral crystals (fig. 5.13 and 5.14) which are usu-

ally found as free grains in the concentrates, and rarely with at-

tached base-metal sulphides or other platinum group minerals. 

If a quantitative study of the distribution of platinum-

iron alloy in the ore is to be of genetic value, then it should dis-

tinguish between these various textural types during modal analysis. 

These types are considered to have resulted from distinctly differ-

ent formational processes. Vermaak and Hendriks (1976) classified 

these intergrowths into three types for the purpose of their mineral 

distribution study. They suggested a general mechanism to account 

for the occurrence of Pt-Fe alloy with cooperite and pyrrhotite, 

although they did not relate it directly to the different inter-

growth types. 

A description of the main features of the textural 

types is presented below, and an attempt to explain these features 

and types is presented separately. A discussion of these observa-

tions with regard to mineral paragenesis is dealt with in Chapter 9. 

Textural Type I includes those intergrowths between Pt-Fe 

alloy and the base-metal sulphides which can be described by any of 

the synonymous terms such as graphic (Edwards, 1960), myrmekitic 

(Ramdohr, 1969, p113-127), or eutectoid (Spry, 1969, p102-103). Al-

though myrmekitic intergrowths can be produced by replacement, the 
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intergrowths described under Type I are considered to be formed by 

exsolution. This type is a very common form of occurrence of Pt-Fe 

alloy in the 'metallic' concentrates, together with Type III with 

which it often may occur in concentrates as part of the same compo-

site grain or in the same area of an ore section. Pyrrhotite is by 

far the most common matrix mineral, and occurrences in pentlandite 

are rare, although homogeneous pentlandite may be attached to some 

of the concentrate grains. Frequently chalcopyrite and pyrrhotite 

jointly form the matrix (fig.5.2). 

Of all the terms, myrmekitic probably best describes 

the whole textural form, illustrated by figure 5.1, of a worm-like 

intergrowth of pyrrhotite and Pt-Fe alloy, with 'graphic' being used 

to describe only the form of the Pt-Fe alloy. These intergrowths 

are often so fine as to be hardly resolved, even under the highest 

magnification in oil. The graphic Pt-Fe alloy pattern varies from 

being fairly random to being strongly orientated, even within indi-

vidual concentrate grains. Often a strong orientated wavy or radia-

ting plumose structure occurs across a complete concentrate grain 

(fig. 5.3), although plumose patches occur within grains (fig. 5.1). 

Coarser skeletal veins, giving the appearance of a fishbone or back-

bone, often form an intimate part of the myrmekitic form, and may 

in part be composed of partly formed euhedral crystals (figs. 5.1 

and 5.9). Although these coarser veins laterally interfinger and 

show an obvious continuity with the finer graphic areas, there is a 

reduction in the quantity of the finer graphic Pt-Fe alloy in their 

vicinity (fig. 5.1). This strongly supports a segregation process 

rather than replacement. 



Fig. 5.1 Type I - controlled myrmkitic intergrowth of Pt-Fe alloy 

with pyrrhotite, showing the common structural components of 

skeletal veins adjacent to finer radiating plumose areas. 

High grade concentrate from Union mine. Scale 1 cm = 8)1m. 

Fig. 5.2 Type I - random myrmekitic intergrowth of Pt-Fe alloy with 

pyrrhotite and chalcopyrite,
4-   displaying a slight coarsening of 

the graphic Pt-Fe alloy where enclosed by chalcopyrite. High 

grade concentrate from Union mine. Scale 1 cm 43)Im. 



The growth structure of the Pt-Fe alloy is particularly well dis-

played when the myrmekitic grains are leached with acid to remove 

the matrix base-metal sulphides, as in figure 5.3. Partial leaching 

of this nature may also occur during mineral beneficiation (fig.5.5.) 

A further feature is that the graphic Pt-Fe alloy is 

contained by either optically continuous pyrrhotite areas or coarse 

granular pyrrhotite areas. In the latter case the grain boundaries 

of pyrrhotite can be seen, under crossed nicols, to delimit areas 

exhibiting different patterns. Thus composite grains may display 

textural combinations and variations of orientated coarse skeletal 

veins, plumose or wavy myrmekitic types and random myrmekitic types. 

An example of a myrmekitic form in which the matrix 

sulphide is partly chalcopyrite is illustrated in figure 5.2. In 

this case the boundary between pyrrhotite and chalcopyrite is highly 

embayed, and optically matching patches of pyrrhotite are found en-

closed by chalcopyrite. The graphic Pt-Fe alloy is slightly coarser 

where enclosed by chalcopyrite than by pyrrhotite, although the over-

all 'worm-like' form is the same. This evidence clearly points to 

selective replacement of pyrrhotite by chalcopyrite resulting in 

some redistribution and enlargement of the graphic Pt-Fe alloy. It 

is possible also that trace platinum held in the lattice of pyrrho-

tite was released during the replacement and contributed to this 

thickening. 

Textural Type II is a rare and spongy-graphic type which 

has been found in situ. The nature of this type is shown in figures 

5.9 a & b. In this example the 'invisible' boundaries delimiting 

the triangular spongy areas, as well as the Pt-Fe alloy intergrowth 
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as a whole,are difficult to explain. However, it is significant 

that within the area of the intergrowth (as outlined in fig.5.9) 

the pentlandite shows a granoblastic polygonal structure which is 

emphasised by a dark grey unidentified intergranular film (possibly 

and oxide). This structure is not present outside the intergrowth 

area. Each triangular area of spongy Pt-Fe alloy may be confined 

to a single pentlandite grain, as already described in the case of 

pyrrhotite. However, since the pentlandite was isotropic it was 

not possible to test this under crossed nicols. A further feature 

to note in figure 5.9 is that the skeletal veins of coarse Pt-Fe 

alloy, which in places resemble texture type III, are separated 

Fig. 5.3  Acid leached grain of an original intergrowth of graphic 

and idioblastic Pt-Fe alloy in a groundmass of a base-metal 

sulphide (probably pyrrhotite), showing the nature of the 

radiating plumose structures common to Type I intergrowths. 

An acid treated and non-magnetic tailings concentrate from 

Union mine. Scale 1 cm = 30 um. 
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from the spongy triangular areas by Pt-Fe alloy-free zones, are not 

related to any microfractures, and are not controlled by the polygonal 

structure of the surrounding pentlandite. Finally the intergrowth occurs 

at the pentlandite-silicate contact, and that part which is enclosed 

Fig. 5.4  A composite grain (central) showing a euhed/al graphic 
intergrowth of spongy Pt-Fe alloy in chalcopyrite (Type II 

texture ) enclosing a 'barren' subhedral grain of pyrrhotite. 

A raw high grade concentrate from Union Mine. 

Scale 1 cm = 17 
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by pentlandite has an angular 'crystalline' outline which is appar-

ently independent of the pentlandite structure. 

A further example of a spongy-myrmekitic type similar 

to that shown in figure 5.9 is illustrated by the central grain in 

figure 5.h. In this case the matrix is chalcopyrite, showing a 

partial replacement by a transparant 'gangue' material, and the 

spongy graphic intergrowth encloses a central subhedral pyrrhotite 

grain. The probable euhedral form of the spongy Pt-Fe alloy is in-

dicated by its straight boundary with chalcopyrite to the north, and 

its rectangular liberated form. 

Textural Type III is a common Pt-Fe alloy form in the 

concentrates (fig. 5.6, 5.7), and like type I is considered to have 

been produced by exsolution and recrystallisation. The texture con-

sists of aggregates (0.2 — 0.4 mm across) of small euhedral and 

skeletal crystals which usually exhibit square to rectangular forms 

of about 20 pm in size, and which are intergrown with a matrix which 

is most commonly pyrrhotite, and rarely pentlandite and chalcopyrite. 

The individual Pt-Fe alloy crystals vary in their morphology, and 

occur as idioblastic homogeneous and matrix-enclosing rectangular to 

cubic forms (fig. 5.7), partly euhedral forms (fig. 5.6), and skeletal 

forms showing deeply embayed boundary relationships with the matrix 

(fig. 5.17). The latter form is similar to the skeletal 'segregation' 

veins described for type I, except that no myrmekitic form is closely 

associated. The structure of the Pt-Fe alloy crystals is particu-

larly well displayed in acid-leached concentrate grains (fig. 5.8). 

An intermediate type, between II and III, is illustrated in figure 

5.5. A further feature of type III is that all the idioblastic 



Fig. 5.5  Coarse graphic intergrowth, intermediate between type I 
and type III, consisting largely of subhedral crystals of 

Pt-Fe alloy exhibiting cubic forms in a matrix of partly 

leached pyrrhotite. Raw high grade concentrate from Union 

mine. Scale 1 cm =17 }gym. 

Fig. 5.6  Partly and fully formed skeletal idioblastic crystals of 

Pt-Fe alloy in pyrrhotite, with attached 'barren' pentlandite. 

An example of textural type III. Concentrate from Rustenburg 

mine. Scale 1 cm =33 pm. 
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Fig. 5.7  A good example of textural type III, showing skeletal 

idioblastic crystals of Pt-Fe alloy in pyrrhotite. Raw high 

grade concentrate from Union nine. Scale 1 cm =17 pm. 

Fig. 5.8 The structure of an aggregate of skeletal idioblastic 

crystals of Pt-Fe alloy, emphasised by acid leaching and 

removal of the pyrrhotite matrix. Non-magnetic tailings 

concentrate from Union mine. Scale 1 cm ----211m. 
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Fig. 5.9 Triangular zones of spongy Pt-Fe alloy of textural type II, 

and aggregates of euhedral and skeletal crystals of Pt-Fe alloy 

of textural type III in a matrix of granoblastic pentlandite. 

Photomicrograph (a) shows the structure of the whole inter-

growth which has been outlined to emphasise the angular 

'crystalline' nature of its boundary with the barren pentlandite 

overgrowth. Scale 1 cm =40)lm. 
Photomicrograph (b) provides detail of the zonal structure and 

nature of textural types II and III. Scale 1 cm =15 )um. 
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Fig. 5.10  A graphic intergrowth of Pt-Fe alloy (white) with 

chalcopyrite and a blue-grey unidentified phase similar 

in properties to laurite. Union mine. Scale 1 cm =17 pm. 

Fig. 5.11  A concentrate grain of cooperite displaying a euhedral 

intergrowth area of fine spongy Pt-Fe alloy (white). 

Pyrrhotite appears to be selectively replacing the cooperite 

matrix to this intergrowth. Grains of myrmekitic Pt-Fe alloy 

in pyrrhotite,and gold-silver alloy are also displayed. 

Rustenburg mine. Scale 1 cm =17 	Inn. 
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crystals are small and of a similar size to each other, and their 

distribution in the pyrrhotite matrix is fairly random. It is only 

in cases like figure 5.9, where idioblastic crystals occur as part 

of 'segregation' veins, that any sort of orientation is found. 

Textural Type IV includes all fine spongy to graphic 

intergrowths of Pt-Fe alloy with cooperite. This intergrowth is 

relatively rare in the concentrates, and has not been found in the 

ore. Three varieties have been seen: 

1. a coarse graphic form (fig. 6.2, chpt.6) which is 

similar to the coarser myrmekitic forms of type I. 

2. a very fine gra-,hic variety (fig.5.12) in which 

the Pt-Fe alloy occurs as minute ragged crescent-shaped forms, 

suggesting that they might be intergranular inclusions related to a 

polygonized cooperite matrix. 

3. a spongy or cellular variety similar to type II. 

The spongy Pt-Fe alloy is restricted to certain euhedral areas with-

in the cooperite grain. This is illustrated in figure 5.11, in 

which the matrix cooperite is also being selectively replaced by 

pyrhhotite. 

Textural Type V includes the occurrence in the 'metallic' 

concentrates of Pt-Fe alloy as large and often euhedral to subhedral 

grains of up to 0.4mm across (fig. 5.14). These grains are easily 

visible to the naked eye, and under the microscope are generally 

free of attached or included platinum-group minerals or base-metal 

sulphides. No iridosmine or osmiridium have been found in these 

grains, despite the common occurrence of such phases in Pt-Fe alloy 

grains of this type in many other deposits throughout the World. 
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Fig. 5.12  Photomicrograph of a cooperite grain at a high magnifi-

cation in oil of approx. X 1400, showing the presence of 

ragged and probably intergranular crescent-shaped inclusions 

of Pt-Fe alloy (white). Compare with figures 6.2 and 6.3 in 

chapter 6. Union mine concentrate. 

Fig. 5.13  A corroded crystal of Pt-Fe alloy (white) enclosed by 

chalcopyrite containing laths of grey mackinawite. Silicates 

are black. Compare with fig. 5.14. Polished ore section. 

Oil immersion. Rustenburg mine. Scale 1 cm --110 aim. 
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Fig. 5.14  Diagram of a random sample of grain shapes taken from 
drawings of Pt-Fe alloy grains in sections 1945 and 1946, 

illustrating the combined deeply embayed and euhedral nature 

of the grains which has been largely unmodified by the mineral 

beneficiation process. Compare with figure 5.13. Concentrates 

from Rustenburg mine. 
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No other workers on the Merensky Reef have yet reported these two 

minerals which are relatively easy to distinguish from Pt-Fe alloy, 

as illustrated in figures 5.15 and 5.16. Only one occurrence of 

this type has so far been found in the ore (fig. 5.13). Vermaak 

and Hendriks (1976) have similarly found this form of Pt-Fe alloy 

to be rare in the ore. They distinguished between Pt-Fe alloy  

(equivalent to type V), Pt-Fe alloy - EMS intergrowths (equivalent 

to types I, II, and III), and cooperite-Pt-Fe alloy intergrowths 

(equivalent to type IV). Their abundance figures, in volume per-

cent of the total amount of precious minerals in the Merensky Reef 

of the western Bushveld as a whole, were 0.51, 35.39, and 3.46 vol-

ume percent respectively. 

The shapes of most of the grains are modified by embay-

ments. Often these embayments only effect one or two crystal faces 

(fig. 5.14). This can also be seen in figure 5.13 in which a crys-

tal has grown across the 'gap' between two silicates and has subse-

quently been partly replaced by chalcopyrite. With regard to the 

most common location of such crystals, Vermaak and Hendriks (1976) 

have determined that in the "silicate ore" (Reef pyroxenite) 99.9 

vol% of this form of Pt-Fe alloy occurs associated with pyrrhotite 

along sulphide-silicate contacts, whereas in the "chromite ore" 

(bottom chromite band) 90 vol.% occurs in contact and between the 

chromite grains. It is clear that the common forms found in the 

concentrates, combined with the limited observations of its occur-

rence in the ore, can be explained by simple crystal growth from a 

magmatic sulphide liquid with modification by later corrosion and re-

placement. 
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Fig. 5.15  Subhedral crystals and stringers of iridium in an alluvial 
grain of Pt-Fe alloy from the Urals. Scale 1 cm =17 	Jim. 

Fig. 5.16  Laths of iridosmine (light grey), in an alluvial grain of 
Pt-Fe alloy from the Urals. Scale 1 cm =20 pm. 
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Other Textural Types and combinations of the types 

described above can be found in the concentrates. Vermaak and 

Hendriks (1976) drew attention to this during their brief description 

of the major types. Future examinations will no doubt reveal more 

of the rarer types of textures exhibited by composite grains in the 

concentrates. Examples of particular genetic interest found in this 

study are: 

1. Myrmekitic Pt-Fe alloy in pyrrhotite enclosing a 

deeply embayed central area of cooperite. This can be interpreted 

as a reaction between early formed cooperite and iron rich sulphide 

melt to give an intermediate Pt-Fe-sulphide mixed-crystal which 

segregates into a myrmekitic intergrowth of Pt-Fe alloy in pyrrhotite. 

2. Grains of Pt-Fe alloy rimed by cooperite. These 

may be interpreted as a result of the interaction of Pt-Fe alloy 

with interstitial sulphide liquid containing excess sulphur. 

Alternatively, as suggested by Vermaak and Hendriks, the rim could 

have been formed by precipitation of cooperite from an interstitial 

sulphide liquid containing excess sulphur, with the excess sulphur 

combining with platinum in the liquid. 

3. Idioblastic crystals of type III enclosing gold as 

in figure 5.23. 

4. Ragged or sub-graphic inclusions of Pt-Fe alloy (fig 85.10) 

permeating an intergrowth between chalcopyrite and a blue-grey, 

isotropic,hard phase having an estimated reflectance of 405 in 

sodium light. This phase may be laurite. It is possible that replacement 
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of an original pyrrhotite or pentlandite myrmekitic intergrowth by 

chalcopyrite has resulted in some remobilisation of Pt-Fe alloy 

into the 'laurite'. Alternatively the platinum could have been in-

troduced during the copper metasomatism, or chalcopyrite precipita-

tion round the 'laurite' crystal aggregate. 

5.1.3. Interpretation of the Textural Types  

Textural Types I, II and III are considered to have 

been produced by unmixing and recrystallisation. This assumes that, 

during the initial stages of the crystallisation of the base-metal 

sulphides, crystals of a Fe-Pt-S or Fe-Ni-Pt-S phase were formed. 

It is suggested that these crystals nucleated on the marginal sili-

cates and grew into the interstitial sulphide droplets (fig. 5.9). 

This marginal preference of the graphic intergrowths of Pt-Fe alloy 

was confirmed by Vermaak and Hendriks (1976) who showed that 79.68 

vol.% of the myrmekitic type occurs at sulphide-silicate contacts, 

of which 62.33 vol.% has a matrix of pyrrhotite, 12.78.% a matrix 

of pentlandite, and 4.57 vol.% a matrix of chalcopyrite. It is con-

sidered that the presence of chalcopyrite as a constituent of these 

intergrowths is due to selective replacement of pyrrhotite. 

Breakdown of these mixed crystals by duplex crystalli-

zation (Spry, 1969) then occurred. This involved exsolution by co-

nucleation and the mutual growth, during the breakdown of the origi-

nal mixed crystal, of Pt-Fe alloy and pyrrhotite or pentlandite, to 

produce a normal eutectoid texture. According to Spry "conditions 

of growth are such that crystallization takes place rapidly under 

strong chemical or energy gradients and dendritic growth results. 

The geometry of the forms produced depends on the branching of the 



- 157 - 

original duplex nucleus. The spacing between branches or fingers 

depends on the kinetics of diffusion, the rate of release of free 

energy of transformation, and on interface energy requirements". 

Varying Pt concentration throughout the mixed crystal, as well as 

the possibility of undercooling before precipitation should also be 

considered. 

The type II spongy triangular areas of Pt-Fe alloy il-

lustrated in figure 5.9 may represent mixed-crystal regions of 

greater Pt concentration, or areas where greater undercooling has 

taken place. Greater undercooling or greater concentration of the 

solute is well known to result in a smaller critical radius of the 

nucleus, and hence easier nucleation, more nucleii, and smaller ex-

solved bodies (Spry, 1969, P.98). The zonal arrangement in figure 

5.9 may reflect an original compositional zoning in the mixed-

crystal. However, the barren zones may also be due to depletion by 

the migration of Pt into the supersaturated zones, or outwards to 

contribute to the formation of the coarser skeletal idioblastic cry-

stal aggregates. 

Type III textures are considered to have resulted from 

either one or a combination of two mechanisms. Firstly slow cooling, 

combined with lower concentrations of Pt in the mixed-crystals than 

for myrmekitic formation, will result in larger critical radii of the 

nucleii, together with the time for diffusion and crystal development 

according to surface free energy requirements. The second mechanism 

involves the initial formation of a myrmekitic texture, and its modi-

fication to varying degrees by recrystallisation. The drive to re-

crystallise comes from a need to reduce lattice strain in the 
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myrmekitic form, especially as cooling takes place. Deformation may 

also be a later contributing factor. Nucleation and growth of new 

strain-free crystals or grains is at the expense of the strained 

myrmekitic intergrowth, and graphic Pt-Fe alloy recrystallises to 

euhedral and skeletal forms, whereas a granoblastic texture may de-

velop in the pyrrhotite or pentlandite. This mechanism would help 

to explain why the matrix pentlandite in figure 5.9 only exhibits a 

polygonal structure in the area of its intergrowth with Pt-Fe alloy. 

The angular shape of this intergrowth, its position at a silicate-

sulphide contact, its enclosure by 'barren' pentlandite, the termin-

ation of enclosing pentlandite fractures at the intergrowth boundary, 

as well as the granoblastic texture of the matrix pentlandite, and 

graphic and skeletal form of the Pt-Fe alloy, strongly suggests the 

original presence of an earlier formed crystal aggregate of a phase 

which has broken down or unmixed by simultaneous exsolution crystal-

lisation. 

Both mechanisms may have operated to produce the euhe-

dral Pt-Fe alloy occurrences of type III. Where the density of Pt-Fe 

alloy crystals in pyrrhotite is low (fig. 8.3), a low initial Pt con-

centration is indicated and the former direct mechanism is more 

likely to have operated without the intervening formation of a myrme-

kitic form. However, in the case illustrated by figure 5.9, where a 

high initial concentration is indicated, together with a similarity 

of the coarse aggregates to the vein-like skeletal forms of myrme-

kitic type I (fig. 5.1.), recrystallisation is more likely to be re-

sponsible. 

Although the author favours an exsolution origin for 
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these textures, it is important to note that a remarkably similar 

myrmekitic texture can be produced by the replacement of cooperite 

as illustrated in figure 6.3 in chapter 6. This intergrowth is pos-

sibly the result of supergene or serpentinisation processes. It is 

temptin3; to compare the residual cooperite areas and the dendritic 

veins with the triangular spongy areas and skeletal veins respect-

ively of figure 5.9. It could be that resorption of early formed 

and marginally dispersed cooperite crystals by the base-metal sul-

phide melt produced the local concentration of platinum necessary 

for the mixed crystal to form. The mechanism may have even been a 

simultaneous replacement and breakdown to a myrmekitic intergrowth. 

Such a process is supported by the rare occurrence of anhedral 

cooperite enclosed either by myrmekitic Pt-Fe alloy in pyrrhotite 

or by homogeneous Pt-Fe alloy, as well as graphic cooperite-Pt-Fe 

alloy associations as in figure 5.11. 

Textural Type IV. A mechanism to account for the asso-

ciation of cooperite with Pt-Fe alloy, and which may account for some 

examples of this type in which Pt-Fe alloy occurs as small inclu-

sions, has been Put briefly forward by Vermaak and Hendriks (1976). 

They suggest that when the interstitial sulphide droplet is oversat-

urated in iron, and the sulphur fugacity inhibits oxide formation, 

the platinum combines with iron to produce Pt-Fe alloy. If excess 

sulphur is available then cooperite will form. Although this could 

account for grains of cooperite enclosed by Pt-Fe alloy, and vice 

versa, it does not explain the graphic form of type IV. However, a 

process of incipient replacement produced by desulphurisation of 

cooperite is a related mechanism, and may account for the variety 
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illustrated in figure 5.12. In this case the ragged crescent-

shaped forms of the Pt-Fe alloy inclusions suggests that they might 

be intergranular to a polygonized cooperite matrix, and that their 

formation may be due to desulphurization during primary recrystal-

lisation. 

In the case of the spongy variety in figure 5.11 the 

cooperite appears to be selectively replaced by pyrrhotite. Com-

plete replacement would account for some occurrences of textural 

type II. The general confinement of the replacing pyrrhotite to 

the two regions of spongy Pt-Fe alloy suggests a close genetic re-

lationship, and that the latter could be an incipient replacement 

produced in advance of the pyrrhotite replacement front. 

The coarse graphic form in figure 6.2 has all the 

appearance of type I intergrowths and may have formed in the same 

way by simultaneous exsolution crystallisation of a mixed crystal. 

At presence, however, the author finds this particular texture dif-

ficult to explain, especially as 'normal' cooperite is generally 

associated with braggite and never displays these graphic Pt-Fe 

alloy textures. Also the author has not yet found type IV inter-

growths in the ore itself, and the paragenetic position is therefore 

a little obscure. 

Finally the author has nothing more at present to add 

to the brief explanations already offered with regard to type V and 

the other textural types. The paragenetic position of all the vari-

ous forms of Pt-Fe alloy will be discussed further in chapter 9. 

5.1.4 The Composition  

At the start of this investigation in 1961, native 
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platinum alloyed with iron, called then ferroplatinum, was generally 

accepted as being a major constituent of the concentrates from the 

Merensky Reef, although the nature of its form in the concentrates 

and ore was either not known or had not been reported. It appeared 

to be merely known to those exploiting this deposit as grey metallic 

grains in the concentrates. The author (1966) was therefore the 

first to identify and briefly report Pt-Fe alloy as occurring 

"commonly associated with pyrrhotine as a fine graphic intergrowth, 

suggesting a eutectic relationship, or as euhedral partially cor-

roded grains". A photomicrograph and X-ray scanning micrographs 

provided the evidence for textural type III. 

In the initial stages therefore the electron-probe 

microanalyser was used qualitatively to identify the 'white iso-

tropic phase of high reflectance' which occurred in the various 

forms already described. From this qualitative study and a similar 

qualitative examination of concentrates from Ethiopia, Columbia, 

Alaska, Urals and the Witwatersrand (Arias 1968; Toma, 1975) it was 

clear that past chemical analyses of 'platinum grains' were unavoid-

ably bulk analyses because they had not taken into account the com-

mon occurrence of inclusions of iridium, osmiridium, and iridosmine 

(figs. 5.15 and 5.16), as well as other platinum group minerals 

like prassoite and zappinite (chpt. 6.4). The advent of the 

electron-probe microanalyser solved this problem, and since that 

time many analyses of Pt-Fe alloys from other deposits have been 

done (Stumpfl and Tarkian, 1973; Tarkian and Stumpfl, 1975; Cabri 

and Gilles Laflamme, 1974; Stumpfl and Clark, 1965; Cabri and 

Feather, 1975; Feather, 1976, and others). These have shown that, 
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apart from iron which is present in amounts up to about 22 wt.%, 

minor amounts of Pd,Rh,Ru,Os,Ir,Au,Cu,Ni, and Sb may occur in the 

Pt-Fe alloy lattice. However, as far as the author knows no analy-

ses for Pt-Fe alloys in the Merensky Reef have yet been published. 

At the time of this Pt-Fe alloy investigation the de-

velopment of the present day sophisticated matrix correction pro-

cedure was only in its infancy. A preliminary study of artificial 

Pt-Fe alloys was therefore made in order to check the accuracy of 

the analyses. It soon became clear that the matrix correction pro-

cedure available at that time was inadequate for the Fe-Pt system. 

Therefore an alternative graphical correction method was adopted. 

The background to this work, and the graphical plots of true Fe and 

Pt percentage values against apparant percentage values at different 

voltages, have been presented in chapter 3.4.3. 

Analysis of Pt-Fe Alloy Types I, II, and III Because 

of the unavoidable subsurface and lateral irradiation of the matrix 

pyrrhotite in textural types I and II, only a qualitative study was 

carried out on the graphic Pt-Fe alloy, and it was not possible to 

determine with certainty whether or not the iron which was present 

was actually part of the alloy. An examination of acid leached 

grains may however be a solution to this problem. Unfortunately 

this has not yet been done. Apart from iron (and sulphur from the 

underlying pyrrhotite), platinum was the only other element detec-

ted. 

Electron-probe microanalyses of Pt-Fe alloy of type 

III are presented in table 5.1, together with a photomicrograph in 

figure 5.17 showing the nature of the analysed crystals. Because of 
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the small size of the Pt-Fe alloy crystals, and the possible resul-

tant iron contribution by subsurface irradiation of the enclosing 

pyrrhotite, all the grains for analysis were selected by line scans 

to test their homogeneity, and care was taken to avoid pyrrhotite 

inclusions. The lack of variation in iron content across grains se-

lected for analysis gave some confidence that subsurface pyrrhotite 

irradiation was negligible. No zonal variation was detected. Trace 

quantities of other platinum group elements plus copper and nickel 

were not determined. The analyses were done at 25 kV and the ini-

tial percentages were corrected using curves previously constructed 

from the artificial Pt-Fe alloy study. 

Analysis of Pt-Fe Alloy Type V. Prior to the analysis 

of these large subhedral to euhedral grains of Pt-Fe alloy, forty of 

them were indented, and their microhardness measured. This served 

three purposes. Firstly it was a means of selecting suitable grains 

for analysis so that correlations could be made between hardness and 

composition, in particular the iron content. Secondly any grains 

showing an abnormally low or high value of hardness might be com-

positionally abnormal, or be a different alloy altogether. One ex-

ample of such a discovery is a Pt-Fe-Au phase. Finally, indenting 

and drawing grains was a useful means of locating and identifying 

them under the electron-probe microanalyser. 

Grains from a non hand-magnetic fraction and a hand-

magnetic fraction were analysed in order to determine the range of 

iron content and its correlation with hardness, as well as explain 

the difference in magnetic susceptibility between the two fractions. 

The results are presented in table 5.2, and suggest that magnetic 
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Fig. 5.17 Skeletal platinum-iron alloy crystals of cubic outline 

(white) in a matrix of pyrrhotite (grey). Analyses of grains 

A, B, and C, are presented in table 5.1 below together 

three other grains to the west of the area shown. 

Table 5.1 Showing the range of platinum and iron content of 

crystals of platinum-iron alloy as illustrated in the 

figures 5.17 and 8.3 

Grain 
Composition in wt. % At. Proportions 

• 
Pt Fe Pt Fe 

A 84,o 15.5 0.43 0.28 

E 85.0 12.0 0.44 0.21 

B 89.0 11.0 0.46 0.20 

D 88.o 10.5 0.45 0.19 

C 91.0 10.0 0.47 0.18 

F 87.0 9.5 0.45 0.17 

Note: a graphical correction method was used. See chpt.3.4.3. 
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Table 5.2 Electron-probe microanalyses in wt.% of large 

homogeneous grains of platinum-iron alloy from a hand 

magnetic fraction of a concentrate (section 1946) and 

a non hand magnetic fraction (section 1945), from 

Rustenburg mine. 

Section 

Grain 
Pt Fe Cu,Ni 

Ru 
Rh 
Pd 

Os Ir Total X100 

, I I 

1946 (2) 83.0b  21.2a  approx.3 nd nd nd 102.2 326 

(3)  81.0b  22.4a  2.5, 	0.5 nd tr nd 106.4 237 

(4)  93.0b  13.1a  nd nd nd nd 106.0 431 

(5)  86.0b  14.0a  ? ? ? ? 100.0 --- 
(6)  92.0b  13.4a  nd nd nd nd 105.4 297 

(7)  93.0b  12.6a  nd nd tr nd 105.6 249 

(8)  86.0b  12.6a  approx.7 nd nd nd 105.6 363 

(9)*  95.0b  13.6a  nd nd tr tr 108.6 340 

1945 (4) 95.0c  8.0c  nd nd 	' nd nd 103.0 380 

(8) 97.0c  9.0c  1.0, nd tr nd nd 108.0 383 

(9)  (96) 9.0c  tr, tr nd nd nd (105) 519 

Footnotes 

a - no matrix corrections, constant specimen current, 16.5 kV. 

b - graphical correction, constant specimen current, 35.0 kV. 

c - graphical correction, constant specimen current, 25.0 kV. 

* - weakly anisotropic under crossed nicols. 

nd - not detected or not detected with certainty. 

tr - trace 
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susceptibility is related to Fe content, with the hand magnetic 

grains having a mean Fe content of 15.4 wt.% compared to 9 wt.% for 

the non hand-magnetic grains. However, a few noticeably anisotropic 

grains (e.g. no 9) were seen in section 1946, and therefore crystal 

structure may be a factor to consider. This combination of aniso-

tropy, high magnetic susceptibility, and high iron content strongly 

suggests that many of the grains in section 1946 are tetraferro-

platinum. Similarly the low iron and non magnetic grains of sec-

tion 1945 are probably isoferronlatinum. 

5.1.5 The Optical and Physical Properties. Pt-Fe alloy at 

Rustenburg and Union mines appears white in air, and creamy white 

in oil. The higher the iron content the more creamy or yellowish 

it becomes. Compared to moncheite and merenskyite it is more creamy. 

The former are however distinct to strongly anisotropic. Confusion 

with sperrylite is easily resolved by the measurement of microhard-

ness. Some grains of type V are weakly anisotropic and may be 

tetraferroplatinum. Most however are sensibly isotropic. The crys-

tal forms in the ore and concentrates have already been described. 

The Hardness could only be determined for type V Pt-Fe 

alloy, for obvious reasons. Values for each grain were obtained 

from two or three indentations using a 100 g load. The mean micro-

hardness from the measurement of 41 grains in sections 1945 and 1946 

(table 5.2) was VH11100  396. The range of values was VH14100  237 - 600, 

although 90% of the grains fell within the range of 
VHN100 

 237 - 446. 

Comparison of sixteen hand-magnetic grains in section 1946 with 

twenty-five non hand-magnetic grains in section 1945 gave values of 

VN100 237 - 600, mean 363, and VHN100  357 - 519, mean 396, respec- 
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Fig. 5.18  Graph of Vickers indentation microhardness against 
iron content in wt.% for synthetic Pt-Fe alloys,together 

with a plot of values for Pt-Fe alloy from Rustenburg mine. 
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Fig. 5.19  Hardness of annealed platinum alloys. After E.M.Wise 
in 'Platinum' by International Nickel Ltd., (1976). 
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tively. All indentations were sigmoidal with no shell, radial or 

side fractures. Since the grains in section 1946 have a signifi-

cantly higher iron content than those in section 1945, it might be 

concluded that an increase in iron content leads to a general de-

crease in hardness. This would contradict the well known increase 

in hardness with iron content for artificial Pt-Fe alloys. Figure 

5.18 shows this relationship between Fe-content in artificial alloys 

and indentation microhardness as determined by the author. However, 

a decrease in hardness with iron content has been reported before, 

as by Utenbogaardt & Burke (1971) who quote Lebedeeva (1963). 

This difference in mean hardness could reflect a struc-

tural difference i.e. possibly between isoferroplatinum in section 

1945 and tetraferroplatinum in section 1946. If this is the case, 

then a relationship between hardness and composition can only be 

expected with Pt-Fe alloy grains of the same structure. However, a 

plot (fig. 5.18) of indentation microhardness against Fe content for 

the grains in section 1946 exhibits a random relationship. This is 

to be expected, since (Cu Ni) contents vary from not detectable to 

7 wt. percent, and there are also trace amounts of Ir,Os,Ru,Rh, and 

Pd, all of which are known to increase the hardness when alloyed with 

platinum (Wise, 1935, 1938, 1940, 1953). This is illustrated in 

figure 5.19. 

In conclusion therefore, although microhardness values 

for the artificial Pt-Fe alloys demonstrate an increase in hardness, 

reaching a maximum around a composition of PtFe (i.e. 22.5 wt.%), 

care must be taken in extending this relationship to natural equiva-

lents. In artificial alloys the presence of any of the other five 
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platinum group metals, and the effect of heat treatment, cold work-

ing, and annealing (fig. 5.19), are well known to substantially 

effect the hardness. In considering the natural Pt-Fe alloys these 

latter factors could be equated to thermal metamorphism, deformation, 

and recrystallisation, all of which will produce changes according 

to the structural possibilities discussed by Cabri and Feather (1975). 

Cold working can be expected to operate during transport of alluvial 

grains by rivers (Stumpfl & Tarkian, 1973; Tarkian & Stumpfl, 1975). 

It is therefore to be expected that the hardness of Pt-Fe alloy 

grains of the same Fe content but from different sources will vary 

widely. Even within the same deposit more than one period of Pt-Fe 

alloy formation may have occurred, as in the case of the Merensky 

Reef. Hardness may also vary with orientation in the polished sec-

tions, although this appears to be a small effect. 

A detailed investigation of the relationship between 

hardness, composition, and structure of natural Pt-Fe alloys com-

bined with their correlation with the factors of environment of de-

position and subsequent geological history, would be of great inter-

est. However, it is considered that the usual presence of minor 

copper, nickel, and other platinum group elements, together with the 

effect of post-depositional processes and the different structural 

possibilities, invalidates the use of indentation microhardness as a 

tool for determining the iron content. It was, however, of value in 

this investigation in distinguishing these alloys from other plati-

num group minerals of similar appearance, in particular white iso-

tropic and hard sperrylite. 

The Reflectance values of Pt-Fe alloy have not been de- 
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termined in this investigation. Stumpfl and Tarkian are so far the 

only ones to have made available reflectance data for these alloys 

i.e. from Borneo (1973) and Driekop mine (1975). They determined 

that Pt-Fe grains falling within the three ranges of Fe content in 

wt.% of 4.4 - 4.9, and 6.6 - 7.8 for Driekon mine, and 10.1 - 10.7 

for Borneo gave mean values of reflectance at 589 nm of 69.5, 67.8 

and 66.4 percent respectively. However, although this suggests that 

iron content can be determined by reflectance measurements, it 

should be noted that all these grains contained similar and small 

quantities of Cu,Os,Rh,Ru, and Ir, which would allow the effect of 

the iron to predominate and correlate with reflectance above an 

even 'background' of trace elements. Often, however, there are sev-

eral percent of these combined elements which may appreciably add to 

or subtract from the reflectance influence of the iron. Also it is 

significant that the Pd content in the Borneo samples exhibits a 

broad antipathetic correlation with the reflectance. Until more 

data becomes available it is considered that reflectance, like micro-

hardness, should be used with caution in forecasting the iron content 

of Pt-Fe alloys, especially as the range of reflectance variation ap-

pears to be small at all wavelengths. 

5.2 Other Platinum Alloys  

5.2.1 Alloy of Pt-Fe-Au. This phase was found in a hand-

magnetic table concentrate from Rustenburg mine. The section con-

tained mainly Pt-Fe alloy grains together with rare stibiopalladi-

nite and arsenopalladinite. The Pt-Fe-Au alloy was light grey and 

isotropic, and formed part of a composite grain with a white iso-

tropic phase of VHN100 
 which was found to consist dominantly of 
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./1 

Electron Image 
	 Au 

Fig. 5.20  X-ray scanning micrographs showing the distribution of 
Au Loc, Pt Loc, and Fe Koc, emissions over a composite grain 

in a hand-magnetic table concentrate from Rustenburg mine. 
The presence of a Pt-Fe-Au alloy (A), and a Au-Pt alloy (B) 
is indicated, as well as small inclusions of possibly chromite. 

Section no. 1946. 
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gold. Analysis of the Pt-Fe-Au alloy gave initial uncorrected per-

centages of Pt 41.7, Au 12.0, Fe 13.4 wt. percent, corresponding to 

an estimated corrected percentage of Pt 45, Au 14, and Fe 13 wt.%. 

Unfortunately, the possible presence of one or more other elements 

to account for the apparant deficiency in the total weight percent 

could not be confirmed because the grain progressively disinte-

grated under the electron beam, and finally 'disappeared' before a 

detailed compositional scan could be completed. This also applied 

to the gold phase. Figure 5.20 shows the nature of the intergrowth, 

together with X-ray scanning micrographs for Pt, Au, and Fe. Some 

platinum was present in the gold phase, but in an amount estimated 

as less than 2 wt.%. This amount is probably not enough to account 

for the loss in colour of the gold. It is probable that silver was 

the other element in both cases since a brief semi-quantitative 

study of another white isotropic grain of VHN10050 displayed a small 

silver content, giving an approximate initial percentage of Pt 60, 

Fe 15, Ag 5 wt.%. 

*Schwellnus et al. (1976) are the only others to report 

gold with platinum in the Merensky Reef. Electron-probe micro-

analyses by them of three grains gave ranges of Au 79.84-95.55, 

Ag 3.91-19.56, Pt 0.40-0.52, Cu 0.23-0.68, Ni 0.0-0.02 weight percent. 

5.2.2 Pt-Pd-Sn Intermetallic compounds have recently been found 

as small grains of very rare occurrence in the Merensky Reef at Atok 

and Rustenburg mines (Mihalik et al., 1975; Schwellnus et al., 1976). 

Three minerals have been defined. Niggliite, PtSn, has not yet been 

reported in the Bushveld. 

Rustenburgite (Pt3Sn) and Atokite (Pd3Sn) are defined 
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by Mihalik, Hiemstra, and de Villiers (1975) as face-centered cubic 

end-members of a solid-solution series as shown in figure 5.21 They 

reported that these two minerals were scarce in the concentrates and 

ore, and that in each case only one grain of sufficient size (approx. 

100 um) for analysis was found. However, the existence of a solid 

solution series was established by experimental work on the Pt-Pd-Sn 

ternary system. On the basis of their study the two natural grains 

which were analysed were defined as palladian rustenburgite  

and platinian atokite 0.398 Pd0.386 Sn0.217' dltii 	tkit  Pd 0.486 Pt0.302 Sn0.212' 

These are both reported as being light cream in colour, 

weakly anisotropic due to strain, and of high reflectance, with mini-

mum and maximum reflectance values at 589nm for palladian rusten-

burgite of 59.9 - 60.9, and for platinian atokite of 60.4 - 63.5 per-

cent, and VHN25 values of 365 and 357 respectively. Finally they 

propose that zvyagintsevite (Genkin et al., 1966), a lead-rich equiva-

lent of atokite, be reserved for the composition (Pd,Pt)
3
(Pb,Sn), 

where Pd >Pt and Pb ›Sn. Where the Pb content is less than Sn, then 

the names rustenburgite or atokite apply, depending on whether 

Pt >or e Pd. 

The author has not yet found these two phases in the 

material investigated. However, their identical properties to the 

bismuthotellurides, combined with their rarity of occurrence and 

small size, means that to find them a systematic analysis of all 

'bismuthotelluride-looking' grains would be required. 

Paolovite (Pd2Sn) was first found by Genkin et al (1974) 

in the copper-nickel sulphide ores of the Oktyabr deposit, Talnakh 

orefield, in cubanite-chalcopyrite, cubanite-talnakhite, and 
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Fig. 5.21 Pt-Pd-Sn ternary diagram showing the relationships 

between already known minerals in the Pt, Pd-rich portion 

at room temperature. Diagram from Mihalik,Hiemstra, and 

de Villiers (1975). 
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cubanite-mooihoekite ores. It is orthorhombic, with noticeable bi-

reflectance and pleochroism from dark lilac-rose to pale rose. Its 

reflectance at 600nm ranges from Rg 51.0 - 57.6 to Rp 48.4 - 53.8 
, percent, and it has a 

VHN50 range of 360 - 400 kig/mm
2  . Its com-

position from their three analyses averages to (Pd 0.98 Pt0.02)1.98 Sn.  

Paolovite was first discovered in the Merensky Reef at 

Atok mine, eastern Bushveld, by Gasparrini et al. (1975), and sub-

sequently reported in the western Bushveld by Vermaak and Hendriks 

(1976), although in the latter case no details were given to support 

it. It was presumably of very rare occurrence. The author has not 

yet found this phase at Rustenburg or Union mine. 

5.2.3 Others. Vermaak and Hendriks (1976) report, but give no 

details, that the following alloys have been detected: 

1. Pt-Sn-Fe-Pd alloy with major Pt and Sn, moderate Fe, 

and minor Pd. 

2. Pt-Cu-Fe alloy. 

3. Pd-Pb alloy with Pd:Pb roughly 1:1. 

5.3 Gold-Silver-Palladium Alloys  

5.3.1 Introduction. The author (1966) was the first to report 

the occurrence in the Merensky Reef of native gold and electrum con-

taining substantial amounts of palladium. The presence of gold was 

already known, although, like Pt-Fe alloy, its mode of occurrence in 

the ore was unknown. There is some confusion in the literature as 

to the definition of electrum and native gold. Electrum has been 

variously defined in textbooks as gold containing silver in excess 

of 20 wt.% (Berry and Mason, 1959), 30-45 wt.% (Ramdohr, 1969), and 

25 wt.% (Uytenbogaardt & Burke, 1971). As far as is known binary 
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and ternary alloys involving Au, Ag, and Pd are probably free of 

transformations, and natural occurrences of these phases are solid 

solutions having a face-centered cubic structure. Following the 

example set by Cabri and Feather (1975) for Pt-Fe alloys, it is 

considered best to define terms according to atomic percent. Thus 

the following nomenclature is used here. 

Gold or Native gold for an alloy with equal to or 

greater than 80 atomic percent gold. In the usual case of argentian  

gold alloyed with silver this would correspond to >.'88 wt.% Au and 

12 wt.% Ag. Palladian could similarly be used as a prefix where 

more than trace amounts of palladium were present. 

Electrum for a variety of native gold with silver, 

where the Ag content is between 20 and 50 atomic percent, i.e. greater 

than 12 wt.% silver. The prefix palladian, platinian, rhodian etc 

can be added. 

Gold-Silver Alloy is used where the composition has not 

been determined, since silver-free gold has not yet been proved in 

the ore. 

On this basis all the grains analysed both qualita- 

tively and quantitatively can so far be described as electrum and 

Palladian electrum. This now dispenses with 'palladic gold' repor-

ted by the author in 1966. Since only a preliminary study of these 

alloys has been made by the author, they will be treated together, 

especially as it is not possible to distinguish between the two in 

reflected light. 

5.3.2 The Occurrence of these alloys in the ore and concen-

trates ate in two main forms. 
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Firstly small anhedral Au-Ag alloy grains or blebs of 

less than 10 um in diameter occur at various contacts of chalcopy-

rite with braggite and cooperite. The majority of the blebs are 

found in braggite, and occur with some of the small euhedral chal-

copyrite inclusions which are generally unrelated to any fractures. 

These inclusions are invariably bounded by negative crystal faces 

of the enclosing braggite and cooperite. Other grains occur along 

the contact of either thin fracture-controlled chalcopyrite veins, 

or more rarely at external crystal-face contacts with chalcopyrite. 

A possible explanation for this common association of Au-Ag alloy 

with braggite is given in chapter 6, in which figures 6.4, 6.5, and 

6.12 illustrate the mode of occurrence described above. 

The second form of occurrence is as large embayed 

anhedral grains which may exhibit a maximum dimension of about 0.5mm. 

These large grains have so far not been located in any of the pol-

ished sections of the ore and, since they are relatively free in the 

concentrates of attached sulphides and inclusions, it is difficult to 

speculate as to their probable mode of intergrowth and paragenetic 

position. Some of these grains are euhedral and some may exhibit 

one or two straight edges (fig. 5.22). It is considered that they 

are possibly of a late stage of formation, similar to type V Pt-Fe 

alloy. 

A rare example of Au-Ag alloy in association with tex-

tural type III Pt-Fe alloy is shown in figure 5.23. The Pt-Fe alloy 

has overgrown a darker isotropic phase for which the gold inclusions 

appear to have a preference. The gold also appears to replace the 

core of the euhedral Pt-Fe alloy aggregates in other parts of the 
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Fig. 5.22  Diagram illustrating the nature of the grain shapes 

exhibited by Au-Ag and Au-Ag-Pd alloy grains in the 'metallic' 

concentrates. Rustenburg mine. 
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intergrowth. However, this texture could still be formed by a pro-

cess of segregation and crystallisation in the solid state. 

5.3.3 The Composition of seven 'gold' grains in a table con-

centrate from Rustenburg mine were determined by electron-probe 

microanalysis. The elements detected with certainty were Au,Ag,Pd, 

Cu, and Fe, although traces of Ru,Rh,Ir, and Os were indicated on 

the pen-recorder scans. 

The seven grains were selected from twenty microhardness-

indented grains so as to represent a range of hardness which, it was 

hoped, would reflect a range of silver content. Prior to this a 

brief qualitative electron-probe study of some of the indented 

grains had.shown the presence of silver with small amounts of palla-

dium. The electron-probe microanalyses are presented in table 5.3, 

together with microhardness values. Because only an absorption cor-

rection has been applied, the values are still only approximate, 

and a little lower than they should be. However, this does not 

alter the fact that these grains clearly fall within the definition 

of electrum and palladian electrum. 

A recent re-examination of these electrum and palladian 

electrum grains revealed the presence in all cases of nearly sub-

microscopic disseminated granules of a slightly lower reflectance 

phase (fig. 5.24). This phase was grey in comparison to the gold 

matrix and its reflectance was a little lower. It was also too small 

for resolution and analysis of individual grains by the electron-

probe microanalyser. 

A phenomenum probably related to the occurrence of 

these inclusions is that most of the electrum grains tarnish in the 
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Table 5.3 Electron-probe microanalyses in wt.%* and microhardness 

values of Au-Ag and Au-Ag-Pd alloys in a table concentrate 

(no. 1959) from Rustenburg mine. 

Grain 

I 

Au Ag Pd Cu Fe VHN50 

1 75.0 17.0 nd nd nd 126 

5 72.0 14.0 nd nd nd 99 

16 76.0 18.0 nd 0.1 nd 86 

8 62.0 27.o 1.0 0.1 nd 97 

9 63.0 20'0 7.0 0.1 nd 109 

12 61.0 27.0 4.o 0.1 0.1 86 

6 63-o 31.o nd nd nd 72 
. 

* corrected for absorption only 

nd not detected. 
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Fig. 5.23  Gold-silver alloy (light yellow) and an unidentified grey 
phase containing gold inclusions, enclosed by euhedral Pt-Fe 

alloy. The matrix pyrrhotite of this intergrowth has been re-

moved by acid leaching. Union mine. Scale 1 cm =  7  pm. 

Fig. 5.24  Palladic electrum exhibiting minute disseminated inclu-

sions of a grey phase which may be a Ag-Pd alloy. Oil immer-

sion at a magnification of approx. X 1400. Union mine 

concentrate. Scale 1 cm = 7 pm. 
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atmosphere after only a few weeks. However, synthetic Au-Ag alloys 

containing these quantities of silver are naturally not noted for 

their ability to tarnish in air. It is, therefore, likely that it 

is the inclusions which are tarnishing and they are a silver-rich 

phase, possibly alloyed to palladium. This also would explain the 

lack of correlation in table 5.3 between silver content and inden-

tation microhardness. However, a close study of the X-ray spectrum 

produced from an area scan compared with an analysis of an inclusion 

free area may solve its identity. 

Under low power magnification these inclusions cannot 

be seen and the gold appears homogeneous, with the grains exhibiting 

varying intensities of light yellow. All that can be concluded 

about the colour is that the lighter yellow 'anaemic' electrum grains 

generally contain more combined Ag and Pd. Schwellnus et al. (1976) 

found that gold-silver alloys at Atok mine in the eastern Bushveld 

varied from orange-gold grains with a silver content of about 4 wt.% 

to yellow ones of about 20 wt.%. They detected a constant 0.5 wt.% 

Pt in these grains. They did not, however, report any palladium 

content. No platinum has so far been detected in the electrum from 

Rustenburg and Union mines. 



- 183 - 

CHAPTER 6  

PLATINUM GROUP SULPHIDES 

6.1 Cooperite PtS  

6.1.1 The Discovery of Cooperite is generally attri-

buted to Cooper (1928) who reported the existence of a 

new mineral Pt(AsS)2 in concentrates from Rustenburg. 

This formula is reported as having been calculated from 

a chemical analysis of a concentrate, believed by Cooper 

to be monomineralic, which gave a composition of Pt 64.2, 

Pd 9.4, S 17.7 and As 7.7 weight percent. 	For some un- 

known reason the palladium content was ignored in the 

formula. 	The composition is now known to be PtS, 

ideally containing Pt 85.89 and S 14.11 wt.% with some 

minor substitution of generally less than 1% Pd and Ni 

for platinum. 	However, contents as high as Pd 5.78, 

Ni 1.18 wt.% have been recorded by Schwellnus et al. 

from the Merensky Reef at Atok mine (1976), and Pd 1.5, 

Ni 1.6 wt.% from Western Platinum mine (Brynard et al., 

1976). 	So far no substitution of arsenic for sulphur 

has been found. 

Cooper determined the composition of cooperite 

by chemical analysis of a metallic residue resulting from 

the treatment of a sulphide flotation concentrate from 

Rustenburg with dilute nitric acid, to dissolve the base-

metal sulphides, followed by careful washing "until a 
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perfectly clean residue of 'metal' was obtained". 

He appears to have assumed that this residue was dominant-

ly one mineral, even though he was aware that native pla-

tinum and sperrylite had been found elsewhere in the Bush- 

veld (chap.l.3). 	He also ignored the possibility of 

platinum group elements in the lattices of the sulphides. 

From his analysis and our present knowledge of the mineral-

ogy of these concentrates it is probable that this insol-

uble residue consisted of a mixture of dominantly cooperite 

intergrown with some braggite (fig.6.l), together with 

sperrylite to account for the high arsenic content, and 

possibly some ferroplatinum in graphic intergrowth with 

cooperite (rig.6.2). 	This mixture was given the name 

'cooperite' by Wagner in 1929. 

The absence of nickel in the analysis by 

Cooper might suggest the absence of braggite were it not 

for the high content of palladium. 	The palladium could 

be accounted for by the presence of stibiopalladinite, 

arsenopalladinite, or the rare tellurides kotulskite and 

merenskyite. 	However Schneiderhohn (1928,1931) and 

Frick (1930) described the reflected-light properties of 

some 'cooperite samples' sent to them by Wagner (19291226), 

and it is clear from their data that they were actually 

examining grains of braggite. 	This descriptive error 

has been transcribed many times since then and still occurs 

in standard works of reference such as those by Uytenbogaardt 
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(1968), Ramdohr (1969), and Uytenbogaardt and Burke (1971). 

It is hoped that in future revised editions this confusion 

will be rectified. 

Adam (1929,1931), in a study of the 'metallics' 

Concentrates from Potgietersrust, isolated a number of 

grains of similar appearance by treatment of the concen-

trates with aqua regia followed by magnetic separation and 

hand picking under a binocular microscope. He obtained 

what externally appeared to be grains of one phase, and 

followed this by chemical analysis. 	The result of the 

analysis was Pt 71.5, Pd 6.4, S 14.1, Ni 2.0, and insolubles 

1.5 weight percent. 	His analysis of a similar mineral 

fraction from Rustenburg gave Pt 72.9, Pd 6.2, S 15.0, 

As 0.2, Ni 2.2, and insolubles 2.6 weight percent. 

He suggested that the arsenic content was due to insoluble 

sperrylite. 	As a result of this Cooper later modified 

his original view and concluded that the mineral was really 

platinum sulphide and that the arsenic content of his 

original material was similarly due to sperrylite. 

Adam (1931) concluded that the "new mineral is approximately 

PtS2, but there is a small excess of platinum over the 

proportion demanded by this formula and the mineral always 

contains about 6 wt.% Pd and a little nickel". 	Braggite, 

of common occurrence and of equal importance to cooperite 

in the Rustenburg concentrates (Kingston, 1966), was not 

known to exist at this time. 	Adam, however, did recognise 
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that there were composite grains present and reported the 

occurrence of ferropiatinum enclosing grains of 'the new 

mineral'. 

The crystal structure and precise composition 

of cooperite was finally determined by Bannister (1932), 

and Bannister and Hey (1932). 	After treatment of some 

concentrates from Potgietersrust and Rustenburg with 

aqua regia, Bannister hand picked well developed crystals 

of sperrylite and laurite from the insoluble' metallic 

residue and determined these by single crystal X-ray 

diffraction and chemical tests. 	The remaining fragments, 

"all steel grey in colour with a metallic lustre and rarely 

showing crystal form", were divided by X-ray diffraction 

studies of each grain into two X-ray pattern groups. 

The first group, after chemical analysis by Hey, proved 

to consist of a completely new mineral which was named 

braggite. 	Unorientated single crystal X-ray diffraction 

photographs of all grains belonging to the second group 

were found to fit exactly over a powder photograph of 

artificial PtS produced by fusing 1/2 g of Pt, 3 g of K 2CO 3, 

and 3 g of S in a procelain crucible for 15 minutes 

(Wartenweiler, 1928). 	Chemical analyses by Hey of these 

grains gave a composition close to the theoretical PtS 

with a slight excess of sulphur. 	The analyses for the 

grains from Potgietersrust were Pt 85.6, Pd trace, Ni 0.1, 

S 14-3 wt.% and from Rustenburg Pt 82•5, S 17•5 weight 
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percent. 	Further rotation, oscillation and Laue photo- 

graphs of an orientated grain by Bannister (1932) showed 

that it possessed a tetragonal symmetry with unit-cell 
0 

contents 8PtS, dimensions ao  4.91, co  6.10 A, space group 

D411-- P4/mmc, and structure-type B17. 	He concluded that 

the crystal structure of cooperite was made up of planar 

groups of four sulphur atoms about each platinum atom 

and tetrahedral groupings of platinum around sulphur, 

and that it was the first binary compound shown to possess 

a structure in accordance with Paulings' prediction (1931) 

that Pt, Pd, and Ni with fourfold co-ordination should form 

planar MX4  groups. 

It is of historical interest to conclude as to 

who discovered cooperite. 	Cooper first showed the exist- 

ence of a platinum sulphide. 	He was able to do this 

because no sulphide of platinum had been reported before, 

and therefore the presence of major sulphur in his 

dominantly PGE-containing residue was enough to postulate 

the existence of a platinum sulphide phase. 	Adam repeated 

the studies of Cooper on apparently coarser grained concen-

trates and was able to provide a slightly better idea of 

the composition of 'cooperite', although the material 

analysed was still a mixture. 	Schneiderhohn described 

what he thought was cooperite but was from his data most 

probably braggite. 	It was Bannister and Hey who finally 

isolated and defined cooperite. 	By present day standards 
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the data provided by Cooper would not be accepted as proof 

of a new mineral. 	However Bannister and Hey's data would 

be internationally acceptable. 	Therefore on these grounds 

and on the historical facts presented above they should be 

credited with the discovery. 

6.1.2 The Mode of Occurrence of cooperite in the 

concentrates is dominantly in the form of free angular 

grains, and composite grains exhibiting a simple interlock- 

ing relationship with braggite (fig.6.l). 	Both these 

types are generally free of marginally attached base-metal 

sulphides, although inclusions may occur. 	This, together 

with its angular grain shapes, preserved crystal faces, 

and irregular fractures, reflects its hard and brittle 

nature and ease of liberation. 	In the composite grains, 

optically matching anhedral areas of cooperite can some-

times be found enclosed by braggite, which may also assume 

a penetrating vein-like relationship to the cooperite. 

Generally the boundary between cooperite and braggite is 

embayed, indicating that if the relationship is one of 

replacement there is no obvious crystallographic control, 

although a fracture control could have operated. 

Other types of composite grains of rare occurr-

ence are to be seen in the concentrates, and an examination 

of these is important for a complete understanding of the 

position of cooperite in the paragenetic sequence. 
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Fig. 6.1 Composite grains of cooperite (c) and braggite (b) 

showing the nature of the interphase boundary. 

Concentrate from Rustenburg mine. Scale lcm =26pm 

Fig. 6.2 Ragged inclusions of platinum (white) and chalcopyrite 

(yellow) in a grain of cooperite (bluish-grey). 

Concentrate from Union mine. Scale lcm =10/.1M 
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For example at Union mine grains consisting of optically 

matching fragments of cooperite enclosed by a spongy or 

finely dendritic form of platinum occurred frequently in 

a non-magnetic tailings concentrate which had been acid 

treated (fig.6.3), and rare grains of cooperite with 

ragged disseminations of platinum were found in most 

concentrates containing the normal inclusion free and 

braggite associated cooperite (fig.6.2). The nature 

and textural interpretation of these has already been 

dealt with in chapter 5 under platinum and ferroplatinum, 

and will be discussed further in chapter 9. 

In the polished sections of the ore, cooperite 

has been found as separate euhedral crystals (fig.6.4) and 

as simple interlocking aggregates with braggite. None of 

the rare textural forms seen in the concentrates have as 

yet been found in situ. 	A particular feature of cooperite 

crystals and crystal aggregates, when in direct contact with 

the silicates, is that the silicate-cooperite boundary is 

irregular or conforms to the shape of the underlying sili- 

cate. 	In contrast, those parts of the same crystal or 

crystal aggregate enveloped by chalcopyrite and pentlandite 

are idiomorphic, although some 'corrosion' of the euhedral 

outline is often seen. 	This can be interpreted as simple 

crystal growth from the enclosing silicate walls of a still 

molten or partly molten base-metal sulphide interstitial 

liquid. 	Vermaak and Hendriks (1976) interpret it as 

"irrefutable evidence" of such a mode of formation. 

However, whilst the author is largely in agreement with 
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Fig. 6.3  Optically continuous cooperite veined and enclosed by 
spongy and dendritic platinum. Acid leached concentrate from 

Union mine. Scale 1 cm = 10 pm. 

Fig. 6.4  A euhedral crystal of cooperite (light grey) formed at a 
sulphide/chromite-silicate junction,and overgrown by pentlandite, 

gold, and finally chalcopyrite. Fractures in the cooperite are 

filled with chalcopyrite and later silicates. Basal chromitite 

band of Merensky Reef at Rustenburg mine. Scale lcm = 26 pm. 
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this interpretation, it must be borne in mind that this 

texture alone is not conclusive evidence that it grew in 

a liquid environment. 	Solid diffusion and recrystallisa- 

tion processes could for example modify a replacement 

intergrowth near the margin, to produce an idiomorphic 

crystal, which would naturally assume the irregular 

boundary in contact with the silicates. 	However, the 

clear replacement relationship between cooperite and 

braggite, discussed below, would support the former 

interpretation. 

In figure 6.5 braggite is everywhere marginally 

disposed about cooperite areas. 	Also, as is the case 

with figure 6.1, small blebs of gold occur near cooperite-

braggite boundaries, either totally enclosed by braggite 

or at the contact with a chalcopyrite inclusion. 

It should be noted also that braggite in figure 6.5 

displays good positive and negative crystal faces in 

contact with chalcopyrite. 	These intergrowths strongly 

suggest a replacement relationship between cooperite and 

braggite, and at least it is clear in figure 6.5 that 

braggite formed after cooperite and before the main 

period of chalcopyrite overgrowth. 	If replacement is 

envisaged then it may be that the gold is a by-product, 

formed either by the release of lattice held gold in 

cooperite or introduced at the time of replacement, 

with later segregation from the braggite metasome. 
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Fig. 6.5 An intergrowth of cooperite (light blue-grey) and 

braggite (creamy white) exhibiting well developed 

crystal faces, enclosed by pentlandite to the east, 

and silicates to the west, and overgrown by chalcopy- 

rite. 	Rustenburg mine. 	Scale, lcm =1711YM 

Fig. 6.6 An aggregate of rectangular crystals of a cooperite-

braggite intergrowth enclosed by pyrrhotite and 

pyrite, the latter exhibiting a controlled replace-

ment by pyrrhotite. Rustenburg mine. Scale, lcm = 80pm 
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The author has found no reference to the detection of gold 

in either braggite or cooperite although trace amounts 

would be expected to occur. 	The presence of such small 

free gold inclusions in braggite would make the proof of 

lattice held gold difficult in amounts below the detection 

limit of the electron-probe microanalyser. 	However the 

invariable association of braggite with small blebs of 

gold cannot be mere coincidence. 	In the present study 

the X-ray scanning micrograph of Au La intensity distri-

bution in a composite grain of cooperite, braggite, and 

free gold (fig.6.7) shows a hig'12r intensity for cooperite 

than braggite. 	This could be used to support the proposal 

that gold occurs in the lattice of cooperite, and has been 

depleted in the replacing braggite by solid diffusion to 

form free gold blebs. 	The location of a silver-bearing 

braggite associated with electrum by Brynard et al. (1976) 

helps to support this idea. 

Finally cooperite does not always occur near 

to or at the sulphide silicate boundaries but may very 

rarely occur as in figure 6.6. 	In this case an aggregate 

of euhedral braggite and cooperite crystals are largely 

enclosed by pyrite which has undergone partial replacement 

by pyrrhotite. 	More commonly, however, cooperite is to 

be found enclosed by pentlandite and chalcopyrite, with 

the latter infilling fractures and occurring as inclusions. 

These qualitative experience-based conclusions have recently 
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been confirmed by the quantitative study by Vermaak and 

Hendriks (1976), which determined that 75.28 vol.% of 

all cooperite occurred at the sulphide-silicate contact, 

of which 54.2 vol.% occurred in pentlandite, 17.74 vol.% 

in chalcopyrite, and only 3.34 vol.% in pyrrhotite. 

Of the remaining cooperite content, 24.26 vol.% was 

considered to be enclosed by silicates, :•pith only 0.37 

vol.% occurring away from the sulphide-silicate contact 

and enclosed completely by base-metal sulphides. 

This preference of cooperite, and most of the other 

platinum group minerals in the Merensky Reef, for occurr-

ing at the margins of the interstitial sulphide aggregates, 

and especially in direct contact with the enclosing sili-

cates, is a feature which is discussed further in6.22- s.a. 

DA 	They also report that 13.36 vol. percent of the 

total precious mineral content is cooperite, although, 

as for the previous data, this appears to be an average 

for the Merensky Reef from several localities. 

6.1.3 The Optical and Physical Properties in reflected 

light of cooperite given in the reference books are still 

those originally determined by Schneiderhohn (1928,1931) 

and Frick (1930) for 'cooperite' grains of which some were 

doubtless braggite. 	The properties in no way resemble 

those of cooperite. 	However they are similar to those 

for braggite. 	Some new but incorrect reflectance data 

is given in Uytenbogaardt and Burke's book (1971). 
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The data in periodicals are equally confusing, conflicting 

and overlapping, and Leonard et al (1969) and Cabri (1972) 

have drawn attention to this. A summary of this data 

compared to the author's data is presented in table 6.1. 

The confusion in the literature presumably relates to 

observations on material which was not confirmed as cooper-

ite by X-ray diffraction or electron-probe microanalysis, 

unlike the recent measurements of reflectance and micro-

hardness by Schwellnus et al (1976). 

The Colour, as can be seen from figures 6.4 

and 6.3, is not 'brownish' in air (Uytenbogaardt and 

Burke, 1971) or 'coffee-brown to olive leather brown' 

in oil (Ramdohr, 1969). 	It is light grey in air and 

exhibits a distinct bireflectance from light grey to a 

slightly darker bluish grey. 	In oil this bireflectance 

is more distinct. 	Compared to braggite (fig. 6.1), 

with which it appears to be commonly confused, it is 

more of a neutral grey whereas braggite appears creamy 

grey with a slight pink or violet tint in air and is 

also only very weakly bireflectant. 	It is only when 

grains of cooperite and braggite are in close proximity 

that they can be distinguished from each other by bright-

ness and colour alone with any degree of certainty. 

Figures 6.5 and 6.6 give some idea of the colour and 

brightness of cooperite in relation to braggite, pentland- 

ite, chalcopyrite, pyrite and pyrrhotite. 	Unless the 
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Table 6.1 Comparison of published reflected-light 

data for cooperite since 1929. 

References  

(1) Kingston, 1976. 

(2) Schwellnus et al, 1976. (R% data encompasses 

grains 2, 3, 4, which contain 0.15 - 0.79 % 

Pd and 0.79 - 1.18 % Ni). 

(3) Uytenbogaardt and Burke, 1971. (Data from 

Ramdohr (1969) plus R% by Vyalsov (1970, 

pers.comm.) and VHN by Rozhkov et al (1962) 

in Leonard et al (1969)). 

(4) Ramdohr, 1969. (Data in part modified from 

Schneiderhohn (1929)). 

(5) Uytenbogaardt, 1968. (Data from Ralltdohr (1950) 

which is from Schneiderhohn (1929, 1931). 

(6) Timofeeva, 1968. (in Leonard et al (1969)). 

(7) Zhuravlev et al, 1968. (in Leonard et al (1969)). 

(8) Genkin, 1968. (in Leonard et al (1969) and 

Cabri (1972)). 

(9) Pudovkina et al, 1966. (in Leonard et al )1969)). 

(10) Rozkov et al, 1962. (in Leonard et al (1969)). 

(11) Schneiderhohn and Ramdohr, 1931. (in German). 

(12) Schneiderhohn, 1929. (in Wagner (1929), includes 

measurements of R% made by Frick with a photo-

meter designed by Schneiderhohn). The first 

reflected-light description of what was believed 

to be cooperite. 

* Young and Millman, 1964. 

Table  

Please see over 



Table 6.1  Comparison of published reflected-light data for cooperite since 1929. 

REF. 
COLOUR 

air 	oil 
BIREFLECTANCE 

PPL 
ANISOTROPY 

XN 
REFLECTANCE 
R in %. 

HARDNESS 
VHN 

(1)  
1976 

, 

light grey to 
blue-grey 

• 

darker distinct 

470nm 5.2% 
546nm 6.7% 
589nm 6.4% 
650nm 7.6% 

strong, 
45°  position gives yellow 
brown or brownish yellow. 
D.Rr blue >orange, notice- 

Ro 	Re, 
- 	- 

470nm 43.5 - 48.5 
546nm 40.6 - 47.5 
589nm 38.7 - 46.0 
650nm 37.5 - 45.5 

HN  V 	100 
870 - 1033 

mean 939 
 

Braggite appears creamy grey 
with a pink or violet tint 
compared to cooperite. 

VHN  
able. o Rr 2.8-3.8 
D 	blue A .r 	ue concave orange 721 - 935 

mean 835 
convex noticeable. 

Ar 1.6-2.2°  
No polysynthetic twinning, 

.platinum 
4sperrylite 

. 

(2)  
1976 

no data no data 470nm 4.1% 
546nm 6.4% 
589nm 7.0% 
656nm 7.5% 

no data Ro 	Re' 

470nm 42.6 - 46.7 
546nm 40.5 - 46.9 
589nm 39.0 - 46,0 
656nm 37.5 - 45.0 

VHN25 
4 73
n 	

- 894 
mean 833 

 

(3)  
1971 

brownish, 
similar to 
pyrrhotite 

-__ 

more coffee- 
brown to olive 
leather brown 
than pyrrhotite 

very weak, 
visible in 
oil on grain 
boundaries 

very weak in air rela- 
tively strong in oil. 
Simple and polysynthetic 
twinning 	_ 

460nm 40.5 
550nm 39.0 
600nm 37.0 
650nm 36.5 

VHNx 
505 - 588 

4: platinum 
4'..sperrylite 

(4)  
1969 

i 
i 

brownish, re- 
minds one of 
magnetite and 
similar to 
pyrrhotite 

coffee-brown 
to olive 
leather brown 

low, notice- 
able in oil 
at grain 
boundaries 

moderately strong green 	41 
orange 34 
red 	34 

approx. 4 on 
Mohs scale, 
(VHN equiv. 
of 185)* 

(5)  
1968 

brownish, very 
similar to 
pyrrhotite 

more coffee 
brown than 
pyrrhotite 

weak or not 
perceptible 

weak or not 
perceptible 

air 	oil 

green 	41 	28.5 
orange 34 	25 
red 	34 	21 

platinum 
sperrylite 

(6)  
1968 

coffee brown no data weak in air but distinctly increased 
in oil. 

( pyrrhotite VHNx 

. 
203 - 276 

mean 239 

(7)  
1968 

grey-white no data (reflectance 
data indica-
tes not per-
ceptible). 

distinct 600nm 37 no data 

(8)  
1968 

grey-white 
. 

no data negligible in 
air, 

distinct, 
light grey to greyish- 
blue. 

460nm 40.5 
550nm 39.0 
600nm 37.0 
650nm 36.5 

no data 

(9)  
1966 

589nm 2.4% 
(presumably 
distinct) 

589nm 40.0 - 42.4 VHNx 
505 - 588 

mean 544 

(10)  
1962 

grey with a 
creamy brown 
tint 

richer brown yellow 2.4% 
(presumably 
distinct) 

distinct yellow 40 - 42.4 VHNx 
505-588 

(11)  gelbweiB, ohne weniger 
herabgesetz, 
viel weniger 
braun 

ganz schwach, 
an Kotngrenzen 
in 01 eben 
bemerkbar. 

bei + N mit der Schnitt- air 	oil 1 	Mohn 4-5 
1  1931 

_ 
(12)  
1929 

rosa Ton lage sind sehr schwach, 
wechselnd deutlich. 
Gerade Ausloschung. 	In 
der Diagonalsteeung 
(in01) graurosa bzw. 
graugrunlich. 
Lamellenbau wird oft 
leicht erkennbar. 

green 	41 	28.5 
orange 34 	25 
red 	34 	21 

white with 
distinct 
greyish- 
yellow tint 

weak to distinctly 
anisotropic. 	Grey-pink 
and grey-green in 45°  
position. 
Polysynthetic twinning. 

green 	37 
orange 37 
red 	36 

Mohs 4-5 

(VHN equiv. 
of 185-541)* 
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material examined by Schneiderhohn was neither cooperite 

nor braggite it is difficult to understand how he could 

have considered that 'cooperite' bore any similarity to 

pyrrhotite. 	Ramdohr however did refer to its similarity 

to magnetite. 

The Anisotropy under crossed nicols is strong 

compared to any of the other anisotropic platinum group 

minerals. 	Even with the nicols completely crossed the 

anisotropy is still very noticeable, in contrast to 

braggite which displays a much weaker anisotropy and is 

barely visible. 	This marked difference in anisotropy 

is very useful in the rapid identification of cooperite 

from braggite in concentrates, since the difference in 

their colour and reflectance is far from obvious. 

Grains showing the strongest anisotropy give brownish 

yellow colours in the 45°  position. 	The rotation proper- 

ties as determined by I.M. Gray (1962, pers.comm.) on the 

author's material are given in table 6.1. 	These rotation 

properties are the same as for braggite except that cooper- 
0 

ite has a medium isogyre separation (Ar 1.6-2-2, with Rr 
0 

2.8-3-8) and braggite as a negligible one. 

The Reflectance was determined with a Reichert 

reflex spectral microphotometer at wavelengths of 470, 546, 

589, and 650 nm. 	A secondary standard of pyrite from 

Kassandra mine was used. 	This had been calibrated against 
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N.p.L. Measured pyrite by A. P. Millman (pers.comm.). 

Since cooperite is tetragonal it was expected 

that either the maximum or minimum values of reflectance 

obtained on a number of sections would be near constant 

(Cameron, 1963). 	From reflectance measurements on seven 

grains at 589nm and at the other wavelengths (table 6.2) 

it was found that the minimum values are constant and 

that cooperite is optically positive with a mean Ro and 

maximum Re, at 589nm of 38.7% and 46.0% respectively. 

The reflectance values compare very well and 

enforce those by Schwellnus et al (1976) which represent 

cooperite of similar composition to that of Rustenburg 

mine (table 6.1). 	To facilitate direct comparison their 

values for cooperite containing 3.95 and 5.78% Pd have 

been omitted in the calculation of mean Ro and maximum 

Re. 	The values at 589nm given by (10) Pudovkina et al  

(1966) and Rozkov et al (1962) fall in the cooperite 

range, but in the case of (10) the colour and low hard-

ness discredits the mineral as cooperite, and even as 

braggite. 	This probably applies also to reference (9). 

No other reflectance data needs to be considered in table 

6.1 since no other workers have observed and measured the 

strong bireflection of cooperite. 	Finally the Ro and 

Re spectral profiles confirm the qualitative colour 

observations in air. 



- 202 - 

Table 6.2 Spectral reflectance values in percent for 

cooperite in original material investigated 

by Cooper from Rustenburg. 

Section 

1941 

Ro 

470nm 546nm 589nm 650nm 

Re 

470nm 546nrn 589nm 650nm 

gr.l 43.7 40.9 39.4 37.6 48.8 47.1 45.8 44.7 

gr.2 43.2 40.2 38.4 37.4 48.5 47.5 46.0 45.5 

gr.3 38.3 45.3 

gr.4 38.7 44.2 

gr.5  39.0 43-9 

gr.6 38.3 44.8 

gr.7 38-7 

The indentation Microhardness was determined 

on eleven grains using a 100g load. 	Because of the 

brittle nature of cooperite it was only possible to make 

two or three reliable indentations on any one grain at 

this load. 	The VHN100  range was 870 - 1033 with a mean 

value of 939 and a median value of 951. 	However with 	a 

50g load up to six correctly spaced and reliable indenta-

tions could be made on the largest grains in the concen- 

trates. 	Therefore an indication of the microhardness 

anisotropy of individual grain orientations could be 

obtained by making two indentations at each of three 

equal rotations of the indentation direction i.e. at 

N,N30°E, and N60°E. 	This was done for two grains and 

gave ranges of 721-935, and 851-895, wit a mean of 835. 

This does not conform to the general rule of an increase 
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in microhardness with a decrease in load, and on the basis 

of Young and Millman's work (1964) a mean value lying bet-

ween 995-1192 was expected (i.e. an increase of between 

6 - 27%). 	However the even lower range of VHN95754-894 

given by Schwellnus et al (1976) adds some weight to the 

validity of the author's values. 

The Van der Veen line test virtually always 

shows cooperite to be harder than braggite. 	This is 

confirmed by the indentation microhardness values for 

braggite of Villiloo 847-882 which suggests a small overlap 

with cooperite. 	In only one case was a braggite-cooperite 

intergrowth found to show no difference in polishing relief 

using polarisation contrast; values from three indentations 

in each gave VHN50 822 for braggite and VHN50 803 for 

cooperite. 

The deformation characteristics of cooperite 

(fig. 6.8) provide a useful means of distinguishing it 

from braggite. 	With a 100 g load cooperite usually 

exhibits three strong angular concave sides, one straight 

side associated with a strong side shell fracture, and 

four star radial fractures. 	With a 50 g load the fractures 

are less developed and the sides sigmoidal to concave with 

at least one straight side. 	Braggite fractures in a 

similar way but at most only exhibits very weakly concave 

sides. 	Finally, prior to 1976 all examples of published 
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Fig. 6.8 Diagram illustrating the deformation charac-
teristics of cooperite compared to braggite 

with a 100g and 50g load. 



- 205 - 

microhardness data given in table 6.1 are far too low. 

This further supports the author's contention that those 

descriptions do not refer to cooperite. 

6.1.4 The Composition of cooperite, assuming it to 

be stoichiometric, is ideally Pt 85.89 and S 14.11 weight 

percent. 	In this study three grains of cooperite 	from 

Rustenburg were examined under the electron-probe micro-

analyser which detected major platinum (75.0, 76.9, and 

77.2 wt.% Pt before correction, at 35 kV and constant 

specimen current, and using a pure platinum standard), 

major sulphur, and in each case less than 1% combined 

nickel and copper (Ni> Cu). 	Traces of palladium, 

ruthenium, and rhodium were indicated but not with 

certainty. 	The presence of gold has already been 

discussed with regard to figure 6.7 which shows the 

distribution of detected elements in a composite cooperite- 

braggite grain. 	No other elements were detected. 

Schwellnus et al (1976) record a range of 

Pd 0.15 - 5.78, Ni 0.68 - 1.18, Pb 1.27 - 1.35, and 

Bi 0.41 - 0.71 weight percent in cooperite from Atok 

mine. 	The negligible range of variation exhibited 
6 

by the Pb and Bi content (table p.3) compared to the 

sympathetic and fairly wide variation of Pt, Ni and Pd 

suggests four interpretations: 
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(1) the lead and bismuth atoms do not diadochically 

substitute for Pt, Pd, and Ni but occupy different 

and independent lattice positions, 

(2) the lead and bismuth occupy interstitial spaces in 

a non-stoichiometric structure, 

(3) the lead and bismuth represent submicroscopic 

inclusions of a lead-bismuth sulphide, 

(4) the lead and bismuth are not present but represent 

a misinterpretation of second and third order platinum 

X-ray energy emissions, for example Pt Lo  corresponds 
P6 

exactly with Bi Lai  (fig 8.5). 

Since these workers give no details of the emission wave-

lengths used, it is not possible to be sure which one or 

combination of these reasons is responsible. 	However 

electron-probe microanalyses of cooperite from Western 

Platinum mine by Brynard et al. (1976)show no detectable 

Pb or Bi. 	Therefore it is considered that at least the 

Bi and Pb content of Schwellnus et al. should be viewed 

with suspicion until further verified. 	Also the effect 

of subsurface intergrowths of braggite (fig. 6.5) with 

cooperite could be responsible for the unusually high 

palladium content in the case of two of their analyses 

(table 6.3). 	Brynard et al also report <0.02 wt.% Rh. 
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Table 6.3  Cooperite compositions from various sources expressed 

as atomic proportions. 

Ref. Locality Pt 	Pd 	Ni 	Pb 	Bi 	S cation:anion 

(1)  Rustenburg 0.78:1 

(2)  Pot7letersrust 0.932 ---- 	0.004 ---- 	---- 	1 0.99:1 
(3)  Atok mine 0.94 	0.08 	0.03 	0.01 	0.004 1 1.06:1 

0.94 	0.007 0.04 	0.013 0.007 1 1.01:1 

0.94 	0.01 	0.03 	0.011 0.006 1 1.00:1 

1.002 0.002 0.05 	0.01 	0.007 1 1.07:1 

0.89 	0.12 	0.04 	0.01 	0.007 1 1.07:1 

(4)  Western 
Platinum mine 1.03 	0.02 	0.02 	---- 	---- 	1 1.07:1 

0.96 	0.03 	0.04 	---- 	---- 	1 1.03:1 

0.98 	0.01 	0.02 	---- 	---- 	1 1.01:1 

0.97 	0.02 	0.06 	---- 	---- 	1 1.05:1 

1.00 	0.03 	0.04 	---- 	---- 	1 1.07:1 

0.97 	0.03 	0.04 	---- 	---- 	1 1.04:1 

(5)  Noril'sk 0.78 	0.07 	0.15 	---- 	---- 	1 1.00:1 

(6)  Potgietersrust 1.03 	0.02 	0.03 	---- 	---- 	1 1.08:1 

(1) 	& 	(2) 	Bannister and Hey, 1932. 

(3) Schwellnus, Hiemstra, Gasparrini, 1976. 

(4) Brynard, De Villiers, and Viljoen, 1976. 

(5) Genkin, 1968. 

(6) Cabri, 1972. 
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Table 6.4. X-ray powder data for cooperite PtS from Rustenburg mine 
(Cu radiation, Ni filter, and using 11.483 cm.(1) and 6 cm.(2) 
diameter cameras), and cooperite from Potgietersrust (Berry & 
Thom7Y3on, 1962. 

RUSTENBURG POTGIETERSRUST 

(1) 
I 

(1) 
(Cu) 

(1) 
d(meas) 

	

(2)1 	(2) 
I 	I 	(Cu) 

(2) 
d(meas) I (Cu) 	d(meas) hkl . 

1 12.92 3.44 1 12.78 3.48 2 12.85 	3.47 010 
10 14.83 3.01 10 14.68 3.04 10 14.75 	3.03 002 

011 
- 2 15.9 	2.81 
4 18.34 2.45 3 18.22 2.46 5 18.3 	2.46 110 
1 19.69 2.29 4 19.57 2.30 2 19.7 	2.29 012 
5 23.83 1.906 4 23.61 1.923 7 23.7 	1.918 112 
4 26.01 1.756 3 25.87 1.765 6 25.9 	1.765 --- 
4 26.46 1.729 2 26.22 1.743 6 26.35 	1.737 020 
- 4 29.65 	1.558 120 
2 30.38 1.523 1 30.16 1.533 1 30.15 	1.535 004 
5 30.88 1.501 4 3o•63 1.512 8 30.7 	1.510 022 

121 
- 1 33.5 	1.397 --- 
2 36.55 1.293 1 36.25 1.30 3 36.4 	1.299 114 
3 38.71 1.232 2 38.44 1.239 6 38.6 	1.236 123 
- I 38.8 	1.230 220 
2 41.97 1.152 41.94 1  

2  
42.0 	1.152 015 

2 42.27 1.145 
2 1.152 4 42.2 	1.148 0e4 

2 42.74 1.135 2 42.52 1.140 5 42.7 	1.137 022 
031 

1 44.70 1.095 1 44.35 1.102 3 44.6 	1.098 130 
2 48.34 1.031 2 48.03 1.036 6 48.2 	1.034 132 
1 50.07 1.004 4 49.81 1.008 3 49.7 	1.011 
2 53.43 0.959 1 53.24 0.961 4 53.4 	0.960 
2 53.71 0.956 --- 
1 54.13 0.950 1 54.01 0.951 4 54.1 	0.952 
2 55.06 0.940 1 54.74 0.943 3 54.9 	0.942 
1 59.90 0.890 59.66 0.892 3 59.7 	0.892 
1 61.43 0.877 2 61.2 	0.879 
2 62.39 0.869 1 62.11 0.871 4 62.3 	0.87o 
2 62.74 0.866 - 4 62.5 	0.868 
1 65.67 0.845 1  65.25 0.848 2 65.4 	0.847 
1 66.52 0.840 v.faint 3 66.4 	0.841 
2 67.63 0.833 1 67.22 0.835 6 67.4 	0.834 

1 70.3 	0.818 
77.44 .789 4 77.2 	0.790 

1 79.67 0.783 3 79.5 	0.783 
3 82.35 0.777 5 82.2 	0.777 
3 83.61 0.775 
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BRAGGITE COOPERITE BRAGGITE COOPERITE 

            

6 cm diameter camera 
	11.483 cm diameter camera 

Fig. 6.9 	Contact prints of X-ray powder photographs of 

cooperite and braggite from Rustenburg mine. 
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The electron-probe microanalyses together with 

the X-ray powder diffraction data (table 6.4, and fig. 6.9) 

provided positive confirmation that the three Rustenburg 

grains analysed were cooperite, although whether they 

conform to the 1:1 cation:anion ratio indicated by previous 

workers (table 6.3) requires further work. 	It is interest- 

ing to note that the analyses of cooperite from Potgieters-

rust by Bannister and Hey (1932) approximated closely to a 

1:1 ratio, whereas their analysis of Rustenburg cooperite 

was 1:0-8. 	A correction of the author's analyses for 

absorption alone gives a 1:0.6 ratio. 	It may be that 

Rustenburg cooperite is non-stoichiometric compared to 

elsewhere. 	If this is the case then it could account for 

the gold blebs in braggite as being formed, during the 

replacement of cooperite, by release of interstitial gold. 

Finally the reflectance values in table 6.2 agree with the 

lack of compositional variation shown by Rustenburg cooper- 

ite. 	Compositional studies of Union mine cooperite have 

still to be done, although optical and physical properties 

are identical to Rustenburg cooperite. 

6.1.5 	X-ray Powder Diffraction data for Rustenburg 

cooperite compared to data for Potgietersrust cooperite 

by Berry and Thompson (1962) are given in table 6.4. 

The powder patterns of cooperite and braggite, using 

11.483 and 6 cm diameter cameras, are presented for 

comparison in figure 6.9. 	In this investigation X-ray 
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diffraction analysis has only been used, in conjunction 

with electron-probe microanalysis, to identify cooperite. 

Having determined the correct properties these were found 

sufficiently different from any of the other PGM in the 

concentrates and ore to permit rapid identification during 

subsequent cooperite-intergrowth studies. 

The cell structure and parameters for cooperite 

from Rustenburg were determined by Bannister (1932, 1937, 

see 6.1.1). 	As with other data there is some confusion 

over the cell dimensions for cooperite. 	Bannister's 

values (1937) are a()  4.91, co  6.10, whereas Berry and 

Thompson (1962) and the ASTM index give values of ao  3.48, 
0 

co  6.11 A. 	The latter values are reported to be by 

Bannister (1932), although the d-spacings data are for 

Potgietersrust cooperite and are by Berry and Thompson. 

Strunz (1970) reports cell data by Wartenweiler (1928) 

as ao  3.48, co  6.11 which refers to synthetic and presum- 

ably stoichiometric PtS. 	Thus the cell sizes of synthetic 

PtS and Potgietersrust cooperite appear to be identical 

but smaller than Rustenburg cooperite. 	However compari- 

son of the d-spacings in table 6.4 confirms that Rusten-

burg cooperite has nearly the same cell size as Potgieters-

rust cooperite. 

The atomic structure proposed by Bannister is 

supported by Evans (1966, pp 140-141) who states that the 
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sulphides of palladium and platinum have structures closely 

resembling those of the corresponding oxides, with the 

metal atoms showing a characteristic planar distribution 

of four dsp2  bonds in the divalent state. 	Thus sulphur 

atoms are dispersed in a plane almost at the corners of a 

square, and platinum atoms are tetrahedrally grouped around 

sulphur (fig. 6.10). 	The very small difference in electro- 

negativity between platinum and sulphur suggests a small 

ionic character (less than 18%). 	However as with other 

transition-element minerals the bonding characteristics 

are probably complex and best understood within the crystal 

t 

Pt 0 S 

Fig. 6.10 	Clinographic projection of the unit cell 

of cooperite (after Evans, 1966). 
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field theory. 	Aspects of bonding and element substitution 

in the platinum group minerals in general will be dealt with 

in chapter 9. 	It is however evident that a thorough re- 

examination of the crystal and atomic structure of cooperite 

is required. 

X-ray diffraction analysis is considered the 

most reliable single method of identifying cooperite, 

especially since good powder patterns can be obtained from 

material extracted from a polished-section area of 3Opm 

diameter; thus leaving sufficient of the grain for further 

study. 	However, with experience of the platinum group 

minerals, the combined reflected-light properties of 

cooperite are sufficiently characteristic to facilitate 

reliable identification during the routine monitoring of 

processing concentrates and ore. 	Electron-probe micro- 

analysis can be used for identification but, if used in 

a cursory manner or without prior microscopic observations, 

the results can be misinterpreted, for example where consid-

erable substitution by palladium and nickel or intergrowths 

with braggite occur. 
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6.2 Braggite (Pt, Pd, Ni) S, with Pt> Pc21 Ni  

6.2.1 The Discovery of Braggite was by Bannister 

(1932, 1937) who isolated it from Rustenburg and Potgiet-

ersrust concentrates by using powder and single crystal 

X-ray diffraction techniques. 	It was the first new 

mineral (together with cooperite, 6.1.1) to be isolated 

and characterised by X-ray methods and was therefore named 

in honour of Sir William Henry Bragg and Professor William 

Lawrence Bragg. 	The X-ray powder pattern was found to be 

the same as for artificial PdS (determined by Bannister 
0 

in 1932 as tetragonal with ao  6.43, co  6.59 A), and a 

chemical analysis by Hey (1932) gave a Pt:Pd:Ni ratio of 

4.5: 2.5: 1.0 corresponding to Pt 60.15, Pd 18.27, Ni 4.02, 

and S 17.56 weight percent. 	Single crystal photos 

confirmed a tetragonal symmetry, unit cell of 8 (Pt, Pd, 

Ni) S, ao  6.37, co  6.58 A, and space group C4 = P42/m or 

C4 = P42. Gaskell (1937) redetermined the structure of 

artificial PdS as tetragonal, with ao  6.43, co  6.63 R, 

and space group P42/m. 	A comprehensive refinement of 

the crystal structure of braggite has been done by Childs 

and Hall (1973) who give cell dimensions of ao  6.380, 

co  6.570 A, and Z=8 with space group P42/m. 	The basic 

structure is the same as for cooperite, and results from 

the combined co-ordination of square-planar co-ordinated 

metals and tetrahedrally co-ordinated sulphur as in 

figure 6.14. 	They tested several different configura- 



Table 6.5.  Comparison of published reflected-

light data for braggite since 1942. 
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1968 

1951 
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R-7,27 COLOUR BIREFLECTANCE 
& REFLECTANCE R% 

ANISOTROPY 
XN 

HARDNESS 
VHN COMMENTS 

(1)  

1976 

light creamy grey 

in air with a faint 

violet tint 

against cooperite. 

Grey compared to 

pyrite. 

very weak but detect- 

able across twin 

boundaries in oil. 

470nm 42.8 - 44.0 

546nm 42.9 - 44.8 

589nm 43.0 - 44.3 

650nm 43.0 - 44.6 

distinct to weak, 

45° position gives

greyish-yellow or 

brown colours. 

D.Rr blue 	orange, 

VHN100  

847 - 882 

mean 864 

Confirmed by X-ray 

diffraction and 

electron-probe micro-

analysis. 

noticeable. 

Rr 	3.2°  
...... 

D.Ar blue concave, 

orange convex. 

Ar v.small. 

(2)  

1976 

no data Range no data VHN25 
679 -1070 

mean 864 

Confirmed by electron-

probe microanalysis. 470nm 40.9 - 44.3 

546nm 41.9 - 46.3 

589nm 42.4 - 45.6 

650nm 42.3 - 45.9 

(3)  
1971 

creamy white with 

a faint violet 

tinge Bluish or 

brownish grey 

compared to 

platinum. 

distinct in oil, 

bluish tints. 

589nm 34.5 - 35.5 

rather strong, 

especially in oil, 

blue to brown 

polarisation 

colours. 

VHNx 
742 -1030 

Description of a 

cooperite-braggite 

intergrowth. 

(4) 

1969 

1960 

distinct especially .platinum 

>cooperite 

sperrylite 

in oil. 
hard to define 

because of pleo-

chroism, in oil 

blue-grey although 

in part brownish 

grey. 

weak in air, appreci- 

able in oil. 

R > cooperite 

> niccolite 

<a metal 

> stibiopalladinite  

A confusion of a 

. braggite-cooperite 

intergrowth as one 

mineral, 

as for (3) as for (3) >platinum 	same comment as 

> cooperite for X3). 

> stibio- 

palladi- 

nite 

<<sperrylite 
1_  

distinct in oil. 

R high. 

distinct (6) 	white in air with 

1962 weak bluish grey 

tint. 

distinct in air,bluish 

tints. In oil, bluish 

grey to brownish grey. 

R yellow 34.5 - 35,5, 

VHNx 	description of 

742-1030 cooperite. Large 

hardness range from 

cooperite plus braggite 

1 References  
(1) Kingston, 1976. (2) Schwellnus et al, 1976. (3) Uytenbogaardt & Burke, 1971 (refers to 

reflectance and hardness data by Rozhkov et al, 1962). (4) Randohr, 1960 - 1969 (refers to a 

note on the optical properties of braggite by Edwards et al, 1942). (5) Uytenbogaardt, 1968 and 

1951 (data from Ramdohr, 1950, and Edwards et al, 1942). (6) Rozhkov et al, 1962, in Leonard 

et al, 1969. 
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tions of metal ordering for the stoichiometric composition 

Pty Pd2  Ni S8 and proposed that the two Pd atoms preferen-

tially occupy the site 2(d), (0,1/2,1/2) in the structure, 

and that this is the minimum requirement in the formation 

of the braggite rather than the cooperite structure. 

As with cooperite there is again some confusion 

in the standard reference books over the optical and physi-

cal properties of braggite under reflected space light. 

This is illustrated by table 6.5 where it is shown that 

prior to 1976 descriptions of braggite have been in part 

confused with cooperite, and cooperite-braggite intergrowths. 

6.2.2 The Mode of Occurrence of braggite follows 

closely that of cooperite. 	This is one of the main reasons 

for the confusion in the literature over their respective 

reflectdd-light properties. 	It is one of the most abundant 

platinum group minerals in the Merensky Reef in general, 

being common at Rustenburg mine although of minor importance 

at Union mine. 	A relative abundance value of 35.9 vol. 

percent of the precious mineral content is given by Vermaak 

and Hendriks (1976) for braggite in Merensky Reef ores from 

the western Transvaal. 	It usually occurs in the concentrates 

as part of angular composite grains (fig. 6.1) produced as 

a result of the brittle fracture of cooperite-braggite 

aggregates (fig. 6.6) and replacement intergrowths (fig.6.5). 

Free grains may occur, in which case it is generally diffi- 
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cult to distinguish it from cooperite with certainty. 

The general characteristics which can help in this case 

being its much weaker anisotropy, frequent occurrence of 

gold inclusions, and common exhibition of lamellar or 

polysynthetic twinning. 	When close to cooperite its 

creamier colour is clearly seen. 

Its form of occurrence with cooperite in 

polished sections of the ore has been dealt with in 

section 6.1.2 (figs. 6.5 and 6.6). 	Vermaak and Hendriks 

(1976) have shown that, with regard to its average distri-

bution in the ores of the western Transvaal, 64.2 vol. % 

of all braggite occurred at the sulphide-silicate contact 

associated with pentlandite and chalcopyrite, with the 

remainder not in direct contact with the silicates but 

enclosed by pentlandite. 	Rarely was it enclosed by 

silicates alone or by pyrrhotite. 	It is considered that 

the cooperite-braggite interphase boundary represents a 

replacement front, and that the replacement took place 

in the late stages of sulphide formation, just prior to 

the crystallisation of chalcopyrite. 	This late stage 

formation of braggite is in agreement with the mineral 

distribution results of Vermaak and Hendriks, and explains 

the rare occurrence of braggite in pyrrhotite, which must 

have shielded enclosed cooperite grains from replacement. 

The platinum released by the Pd and Ni substitution 

contributed towards the later formation of the various 
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.Fig. 6.11  A fractured rectangular euhedral crystal of braggite 
enclosed by chalcopyrite and pentlandite, and veined by 

chalcopyrite and 'silicates'. Some small grains of moncheite 

and kotulskite (white) are also present. Scale 1 cm = 40 pm. 

Fig. 6.12  A euhedral rhombic crystal of braggite enclosed by 
pentlandite and chalcopyrite, and veined by chalcopyrite 

and 'late-stage silicates', Small gold bleb is associated 

with chalcopyrite inclusion in the braggite. Pyrrhotite 

occupies the area to the south. Scale 1 cm = 40 pm. 
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platinum bismuthotellurides, which are commonly present 

in chalcopyrite in the vicinity of cooperite-braggite 

intergrowths and solitary braggite crystals (fig. 6.11). 

This late stage palladium metasomatism is also in agree-

ment with the general geochemical behaviour of this 

element as discussed in chapter 9. 

Work on the structure of braggite by Childs 

and Hall (1973) indicates the ease with which this replace- 

ment can proceed. 	It involves essentially no change in 

basic structure but a slight change in metal configuration 

where, although palladium and nickel occupy the vacated 

platinum sites in the cooperite structure, the metal-to- 
o 

sulphur distances are different with Pd-S - 2.26 A and 

(Pt, Ni)-S - 2.33± 0.01 A. 	The effect is essentially 

the formation of a cooperite-like subcell (a - 3.3, 
0 

c - 6.6 A) within the cell of braggite (fig. 6. 14A&B). 

It may be that not all braggite occurrences 

at Rustenburg and Union mines are a result of the replace-

ment of cooperite, since euhedral crystals can be found 

without any internal 'residual' cooperite or any cooperite 

in the vicinity. 	Figure 6.11 is a spectacular example 

of one of these'solitary braggite crystals which has 

fractured prior to chalcopyrite crystallisation. 

The solution-widened fractures have been infilled with 

a late stage silicate and chalcopyrite, and a number of 
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small white grains of moncheite and kotulskite occur in 

the chalcopyrite around the braggite and in the fractures. 

In this example it is considered that the braggite crystal 

was originally cooperite which formed or perhaps gravity 

settled near to the margin of an interstitial liquid 

sulphide droplet, and, after some minor sulphide-magmatic 

corrosion was subsequently partly engulfed by pentlandite. 

Fracturing of pentlandite and the 'cooperite' crystal 

coincided with the deposition of a late stage silicate 

in the fractures and probably palladium and nickel meta- 

somatism. 	The latter process may have resulted in some 

further fine fracturing due to a change in volume. 

Finally chalcopyrite, enriched in platinum from the 

replacement of cooperite, and in palladium from its geo-

chemical preference for a copper-rich sulphide environment, 

was deposited in the solution widened fractures and around 

the braggite. 	Simultaneous crystallisation and exsolution 

of platinum and palladium bismuthotellurides occurred with 

the chalcopyrite formation. 

Figure 6.12 is a further example showing that 

the braggite crystal is clearly overgrown by pentlandite 

and veined by 'late stage' silicates and chalcopyrite. 

The characteristic gold inclusions also occur. 	No occur- 

rence of pentlandite in the fractures in braggite have 

been found. 	The relationship with pyrrhotite is not 

clear here, but in figure 6.6 rectangular braggite-cooperite 
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crystals are for the most part enclosed by pyrrhotite 

resulting from the desulphurisation of pyrite. 	It would 

appear, therefore, that cooperite is a very early formed 

'magmatic' platinum group mineral and that braggite is 

mostly, if not always, formed from cooperite by a late 

stage palladium-nickel metasomatism during the residual 

and more fugitive-element-laden stages of interstitial 

sulphide melt differentiation. 	The occurrence of these 

'heavy' braggite-cooperite intergrowths near to or at the 

boundaries of the interstitial sulphide aggregates with 

the enclosing silicates has been often interpreted as 

evidence for late stage formation. 	However, as already 

indicated, gravity settling could be one of the mechanisms 

to account for their peripheral location, although early 

growth on existing silicates, as illustrated in figure 6.5, 

is also considered to have operated. 	Figure 6.11 may be 

an example of a crystal which has 'broken away' during or 

after crystal growth. 	Vermaak and Hendrtks (1976) have 

not recognised a replacement relationship between cooper- 

ite and braggite. 	They suggest that 'crystals of these 

hard platinoid minerals (including laurite and sperrylite) 

were expelled bodily to the base-metal sulphide-gangue 

contact by the growing sulphide crystals in the blebs 

of interstitial base-metal sulphide liquid'. 	They also 

try to explain the strong affinity of braggite for pentlan-

dite as being possibly due to a Pt-Pd solid solution in iti 
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with the resultant exsolution of braggite. 	However, the 

evidence presented here for a largely replacement origin 

for braggite dispenses with the need to envisage such an 

unlikely physico-chemical relationship, and explains and 

is compatible with the quantitative mineral distribution 

data by these two authors. 

6.2.3 The Optical and Physical Properties in reflected 

light are summarised in table 6.5 together with data from 

various sources. 	It appears that prior to 1976 confusion 

has arisen because of the mistaken identification of cooper- 

ite for braggite. 	For example the description by Ramdohr 

(1969) that braggite in oil appears 'blue-grey although in 

part brownish grey' is a clear reference to a cooperite- 

braggite intergrowth. 	Similarly the range of Vickers 

microhardness values is considered too great, even in the 

case of the data by Schwellnus et al (1976). 

The Colour in air of braggite is a very light 

creamy grey, having a pinkish or violet tint when compared 

against cooperite, and solitary crystals appear grey 

compared to surrounding yellow base-metal sulphides. 

In the latter case its weaker anisotropy, polysynthetic 

twinning and associated gold blebs distinguish it from 

cooperite. 	Reflection pleochroism is weak to undetect- 

able according to whether observed under oil or in air. 

Where twinning is present pleochroism may be detected. 
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The Reflectance values (table 6.6), using the 

same photometer and standards as for cooperite, indicate 

that braggite is optically + ve. 	The slightly yellow- 

biased dispersive character exhibited by the Ro  and Re, 

spectral profiles agrees with the observed colour. 

Similarly the Ro  and Re, profiles of cooperite.  (table 6.2) 

also agree with the observed distinct pleochroism in shades 

of bluish-grey. 	The summarised Ro  and Re, values are 

given in table 6.5 and are closely similar to those given 

by Schwellnus et al. 

Table 6.6 Spectral reflectance values for braggite 
from Rustenburg 

Ro Re' 
Sp.no. 470nm 546nm 589nm 650nm 470nm 546nm 589nm 650nm 

2049 42.8 	42.9 	43.5 	43.3 42.8 	43.5 	43.9 	43.9 

1941 42.7 	42.9 	42.5 	42.6 43.8 	44.8 	44.3 	44.6 

1942 42.8 	- 	- 	- 44.0 	- 	- 	- 

The Anisotropy under crossed nicols is distinct 

to weak with polarisation colours of greyish-yellow to 

brown. 	Rotation properties are the same as for cooperite 

except that cooperite has a measurable isogyre separation 

and braggite a negligible one. 

The Indentation Microhardness has already been 

discussed in connection with its use in distinguishing 

cooperite from braggite (fig. 6.8). 	It should be noted 
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that there was difficulty in obtaining measurable indenta-

tions because of star radial and shell fracturing combined 

with a general lack of suitably sized and inclusion free 

braggite surfaces. 	Finally it has a high polishing relief 

against pyrrhotite, pentlandite and chalcopyrite, and 

commonly exhibits irregular fractures which are often loca-

tions for gold, and platinum-palladium bismuthotelluride 

inclusions. 

6.2.4 The Composition of braggite from various sources 

(Cabri, 1972; Schwellnus et al. 1976; Brynard et al. 1976) 

demonstrates that it can exhibit a fairly wide range of 

variation with Pt 49-4-68.1, Pd 9.4-24-5, Ni 2-4-8.0 wt. 

percent, corresponding to atomic proportions of Pt 0-43-0-69' 

Pd0.17-0.39' Ni0.08-0-25' 
	However if a stoichiometric 

metals:sulphur ratio of 1:1 is assumed then the proportions 

will range as in table 6.7. 	Schwellnus et al also record 

up to 1.11% Pb and 0.9% Bi, both of which have not been 

detected before. 	It is considered that the explanation 

for the Pb and Bi content is as discussed previously under 

cooperite, and has therefore been omitted in table 8.7. 

In 1962 Genkin and Zvyagintsev described 

vysotskite which, on the basis of one microspectrographic 

and two wet chemical analyses, they concluded could be 

represented by the formula Pd 0-68 Ni0.29 Pt0.03 1.00' 

although other formulae have been quoted from their 
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Table 6.7 Composition of braggite and cooperite from Rustenburg 

mine and other localities expressed as atomic proportions 

of the metals assuming a metal:sulphur ratio of 1:1. 

Ref. Grain Pt Pd Ni Mineral 

(i) a 0.44 0.34 0.22 braggite 

b 0.39 0.40 0.21 braggite 

c 0.43 0.32 0.25 braggite 

d 0.48 0.24 0.28 braggite 

e 0.54 0.27 0.19 braggite 

f 0.46 0.27 0.27 braggite 

g 0.43 0.35 0.22 braggite 

(ii) 1 0.55 0.24 0.21 braggite 

2 0.56 0.19 0.25 braggite 

3 0.44 0.40 0.16 braggite 

4 0.56 0.25 0.20 braggite 

5 0.71 0.20 0.08 braggite 

6 0.69 0.17 0.14 braggite 

(vii) 1 0.47 0.37 0.16 braggite 

2 0.50 0.32 0.18 braggite 

(ii) 1 0.89 0.08 0.03 cooperite 

2 0.95 0.01 0.04 cooperite 

3 0.96 0.01 0.03 cooperite 

4 0.95 0.002 0.05 cooperite 

5 0.85 0.11 0.04 cooperite 

(iii) 0.56 0.31 0.13 braggite 

(iv) 0.78 0.07 0.15 cooperite ? 

(v) 0.95 0.02 0.03 cooperite 

(vi) 0.94 0.06 cooperite 

0.91 0.09 cooperite 

Refs. (i) 	Kingston, 1976. 	(ii) 	Schwellnus et a1,1976. 

(iii) 	Hey, 1932. 	(iv) 	Genkin, 1968 (in Cabri, 

1972). 	(vi) Bannister and Hey, 1932 (in Cabri, 

1972). 	(vii) Brynard, De Villiers, and Viljoen, 

1976. 	(') Cabri,  1172. 
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results by other workers e.g. Cabri (1972). 	Vysotskite 

is isostructural with braggite and, although it has not 

been found in the Bushveld, at least a partial solid 

solution relationship exists (fig. 6.13). 	However further 

work needs to be done on vysotskite, especially with the 

electron-probe microanalyser. 

The compositions of seven grains of braggite 

from Rustenburg mine were determined by electron-probe 

microanalysis. 	The analyses are presented in table 4.7 

in the form of atomic proportions for comparison with 

other published data, and also are plotted on a ternary 

composition diagram in figure 6.13. 	For the purpose of 

comparison the atomic proportions have been recalculated 

on the assumption that braggite exhibits a stoichiometric 

ratio. 	The non-stoichiometry indicated by some published 

grain analyses may be real, but probably fall within the 

small but unknown range of experimental error character-

istic of electron-probe microanalyses which are based on 

theoretical corrections rather than direct comparison with 

a synthetic standard of the same composition. 

The analyses of Rustenburg braggite have only 

been corrected for absorption. 	However absorption is 

by far the most important correction in this system and, 

since nickel was also analysed at a low voltage to reduce 

the effect of fluorescence, it is considered that the metal 
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e Ru;itenburg 

• Atok 

o Others 

o Western Platinum 

Fig. 6.13  Ternary composition diagram showing the range of 

composition exhibited by braggite and cooperite, together 

with the average compositional trend direction towards 

vysotskite and the local 'Rustenburg trend° towards PdS. 
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proportions given in table 6.7 are accurate enough to 

demonstrate the compositional trend. 	Consideration of 

these and previously published analyses as a whole indic-

ates an overall trend towards vysotskite by substitution 

of Pd and Ni for platinum. 	However consideration of 

Rustenburg braggite alone clearly shows an antipathetic 

relationship between Pd and Ni and a trend towards PdS. 

This is also suggested by the Atok mine braggite. 

There is much doubt about the true metal proportions for 

vysotskite, since the analysis was not done by electron-

probe microanalysis, but by wet chemical and spectro-

graphic methods which introduce a greater risk of con- 

tamination through mineral intergrowth. 	It is likely 

that this mineral is merely an intermediate member of a 

solid solution series between presently known 'braggite' 

and unknown PdS. 

• This apparent contradiction between an average 

compositional trend involving a sympathetic relationship 

between palladium and nickel and a local trend involving 

an antipathetic relationship can be explained by the fact 

that Rustenburg and probably Atok-mine and Western Platinum-

mine braggite has been formed largely, if not completely, 

by the replacement of cooperite. 	It is considered that 

there was an initial transformation to braggite by a pall-

adium-nickel metasomatism involving a fairly even balanced 

substitution for platinum by both these metals. 	At a 
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Fig. 6.14A  The structural model of 
braggite with each atom in a 

single unit cell represented 
(1) as a thermal ellipsoid.' 

pd  

Fig. 6.14B  Bond distances and angles about the sulphur site 8(k), the Pd 
site 2(d), the (Pt,Ni)1  site 2(e), and the (Pd,Ni)2  site 4(j). 

Displacements of the atoms from a mean plane are enclosed in square 

brackets. (1) 

(1) Childs and Hal1,1973. 



- 230 - 

later time or with a drop in the availability of nickel, 

palladium continued to substitute for further platinum 

as well as some of the previously introduced nickel. 

The compositional variation of braggite exhibited in 

figure 6.13 reflects, therefore, its replacement origin. 

This also emphasises the need to correlate or interpret 

analytical data within a background of microscopic study 

and control. 	The reason for the close association of 

gold blebs with brc.'gite has been discussed earlier 

(6.1.2). 

6.2.5 The Crystal Structure of braggite has already 

been summarised (6.2.1) and has been fully refined and 

defined by Childs and Hall (1973). 	However there is 

still scope for further work on structural correlations 

with compositional variation, particularly in the light 

of progressive palladium and nickel substitution in the 

cooperite lattice. 	The present study however confined 

the use of X-ray powder diffraction to the mere confirma-

tion that the electron-probe microanalyses were of braggite. 

The data for braggite from Rustenburg mine is given in 

table 6.8 for comparison with closely similar published 

data by Berry and Thompson (1962). 	Its easily identifi- 

able X-ray powder pattern is displayed in figure 6.9 in 

conjunction with the distinctly different pattern of 

cooperite. 
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Table 6.8  X-ray powder data for braggite from Rustenburg mine 

(Cu radiation, Ni filter, and using 11.483 cm diameter 

camera). 

RUSTENBURG MINE RUSTENBURG 
(Berry and Thompson 1962) 

O(Cu) d(neas) I e(Cu) d(meas)  
1 
7 
3 
3 1 
2 
1 
8 
lo 
3 
7 
3 
2 
5 
2 
1 
2 
2 
4 
2 
2 
1 
1 7 1 

4 
3 
- 
v.f. 
2 2 
2 2 
1 
1 
2 
2 
1 
-2-  
2 
1 
1 
2 
1 
2 
- 
2 
2 
1 
1 
2 7 
1 

5.40 
9.82 

12.06 
13.67 

14.06 
15.39 
15.70 
17.00 
17.21 
21.09 
22.60 
24.61 
25.38 
25.77 
25.99 
26.47 
26.79 
28.13 
29.02 
30.07 
30.88 
31.98 
32.97 
33.61 
- 

37.42 
37.77 
38.17 

39.58 
39.98 
40.46 
41.51 
42.52 
43.37 
45.86 
48.20 
51.72 

- 
59.91 
60.10 
62.67 
68.44 
68.77 
79.32 

8.18 
4.52 
3.69 
3.26 
3.17 
2.90 
2.85 
2.63 
2.60 
2.14 
2.00 
1.850 
1.797 
1.772 
1.758 
1.728 
1.709 
1.634 
1.588 
1.537 
1.501 
1.454 
1.415 
1.391 
- 

1.268 
1.258 
1.246 
1.209 
1.199 
1.187 
1.162 
1.140 
1.122 
1.073 
1.033 
0.981 

- 
0.890 
0.888 
0.867 
0.828 
0.826 
0.786 

- 
1 
1 
'Y 
- 
1 
2 

3 
10 
i 
2 
3 
1 
1 
3 
1 

1 

1 
2 
1 
2 
1 
2 1 
2 1 
2 
3 
2 
i 
-2-  
- 
- 

i 
7 1 
? 
2 
1 
7 
2 
1 
1 
2 
i 

1 
- 
- 
- 
- 
- 
- 

- 
9.7 
11.85 
- 

13.90 
15.25 
15.65 
16.85 
17.00 
20.90 
22.50 
24.60 
25.25 

25.8 

26.45 
26.75 
28.00 
28.95 
29.90 

30.8 
31.8 
32.8 
33.65 
34.1 
- 
- 

39.7 
 39.9 

40.5 
41.4 
42.6 
43.2 
45.8 
48.o 
51.7 

53.3 
- 
- 
- 
- 
- 
- 

- 
4.58 
3.75 
- 

3.21 
2.93 
2.86 
2.66 
2.64 
2.16 
2.01 
1.852 
1.807 

1.771 

1.731 
1.713 
1.642 
1.595 
1.547 

1.506 
1.463 
1.423 
1.391 
1.375 
- 
- 

1.207 
1.202 
1.187 
1.166 
1.139 
1.126 
1.075 
1.037 
0.982 
0.961 
- 
- 
- 
- 
- 
- 	. 
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6.3 Laurite RuS2  

6.3.1 Introduction. The occurrence of laurite in the 

Bushveld was first confirmed by Bannister and Hey (Bannis-

ter, 1932) in concentrates from Potgietersrust, although 

Spencer (1932) had previously drawn attention to the 

presence of a 'cubic mineral' in these concentrates in 

his discussion of a paper by Adam (1931). 	Juza and 

Meyer (1933) followed this with a study of the Ru-S system 

and showed that RuS2 was the only stable sulphide of ruth- 

enium. 	Laurite was next reported in the Bushveld by 

Ramdohr (1950) and Stumpfl (1961) from the Overwacht and 

Dreikop pipes respectively. 	It is uncertain when it was 

first confirmed in the Rustenburg and Union mine ores and 

concentre 
at 
s. 	An early report was by Berry and Thompson 

(1962), who published their own X-ray powder data for 

laurite using a Royal Ontario Museum specimen from Rusten- 

burg. 	However its existence in these concentrates appears 

to have first been known around 1952. 	This is evident 

from an unpublished research report at that time for 

Messrs Johnson and Matthey Ltd by Lever, Todd, and Powell 

in which they considered that the ruthenium content of -

the final insoluble residue after progressive acid treat-

ments of concentrates from both mines was due solely to 

laurite. 	However in the case of Rustenburg mine, where 

the ruthenium content of the ore is twice that at Union 

mine, there was little insoluble residue. 	This is 
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connected with the occurrence of most of the ruthenium 

content in the sulphide flotation concentrate and smelters 

'matte' whereas laurite is of rare occurrence in the heavy 

'metallic' platinum-group-mineral table concentrates. 

However at Union mine laurite is one of the most abundant 

minerals in these 'metallic' concentrates, although the 

'matte' contains equally as much ruthenium as at Rustenburg. 

The first analysis and in situ record and con-

firmation of laurite in these concentrates and ores was 

however by the author (1966). 	At this time laurite was 

also shown to be able to contain substantial mounts of 

iridium, osmium, and platinum. 	Since then Schwellnus 

et al have detected the additional presence of iron and 

nickel in laurite from Atok mine. 

6.3.2 The Mode of Occurrence in the concentrates and 

ore is illustrated in figures 6.15 and 6.16. 	Laurite is 

rare in the Rustenburg concentrates and has not been found 

in any polished sections of the ore. 	In contrast it is 

fairly common and easily found in both at Union mine. 

This is remarkable since, as mentioned earlier, the average 

ore assay shows a greater content of ruthenium at Rusten- 

burg mine than at Union mine. 	Since no other ruthenium 

mineral has been found at Rustenburg to account for this 

high content it must be concluded that most is locked in 

the lattice of the base-metal sulphides, although some is 
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undoubtedly present as trace amounts in the major platinum 

group minerals already known to occur. 

Union mine laurite has so far been found in 

polished sections of the ore as perfect euhedral crystals 

enclosed by cobaltian pentlandite (fig. 6.16), either 

very close to or in contact with the enclosing silicates. 

It characteristically contains no inclusions. 	In figure 

6.16 the silicate-filled cracks are probably due to a 

reduction in volume of the pentlandite enclosing the 

laurite crystal through cooling from magmatic temperatures. 

This factor, together with the symmetrical compositional 

zoning of this crystal suggests that laurite, like cooperite, 

is early formed and pre-pentlandite. 	The compositional 

zoning appears to contradict any recrystallisation mechan- 

ism involving laurite. 	Its closeness to the silicate- 

sulphide boundary could be a gravitative phenomena as 

suggested for cooperite. Vermaak and Hendriks have 

quantitatively confirmed laurites preference for being 

enclosed by pentlandite and chalcopyrite at the silicate- 

sulphide contact. 	They have shown that of the total 

average laurite content for the Western Transvaal 90.16 

vol. % is formed at the sulphide-silicate contact, with 

17.24 vol. % in pentlandite, 59.67 vol. % in chalcopyrite, 

and 13.25 vol. % in pyrrhotite. 	These figures are, 

however, not specifically for either Rustenburg or Union 

mines. 
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In the concentrates (fig. 6.15A&B) complete 

euhedral crystals are common, and its highly brittle 

nature and extreme hardness is reflected in its very 

high polishing relief against the mounting plastic, 

the excellent polish, and the often conchoidal curving 

fracture surfaces which give rise to distinctive angular 

fragment shapes in the concentrates. 

6.3.3 The Optical and Physical Properties of laurite 

in general are now well documented, a particularly valuable 

contribution being by Leonard et al (1969) on the micros-

copy and electron-probe microanalyses of laurites from 

Borneo, Goodnews Bay in Alaska, and the Stillwater Complex 

in Montana. 	However, prior to the authors study, no 

quantitative data has been available for Union mine laurite. 

The Colour in air is light grey with a distinctive 

bluish tint, especially against the yellow base-metal 

sulphides. 	It is not pleochroic. 

The Reflectance values in air of six crystals of 

laurite from Union mine are presented in table 6.9 for 

comparison with those by Leonard et al. 	A Reichert 

reflex spectral microphotometer was used with an Atomic 

Energy Commission standard pyrite measured by the National 

Physics Laboratory (S. Bowie, pers comm.). 	Each value 

is an average of several measurements, in most cases four. 
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Table 6.9 Spectral reflectance values for laurite from 

Union mine (1)-(6) compared to the range 

exhibited by five laurites determined by 

Leonard et al. (7), and Gray and Millman (8) 

(1960). 

Wave- 
length 
in nm. 

R 	% air 

(1) (2) (3) (4) (5) (6) (7) (8) 

470 

546 

589 

650 

45.7 

42.2 

41.1 

40.1 

45.4 

42.4 

40.8 

40.4 

45.4 

42.7 

41.2 

39.8 

45.5 

42.6 

41.2 

39.6 

45.6 

42.3 

41.0 

40.0 

45.8 

42.9 

41.5 

40.4 

45.8-48-0 

38.5-42-5 

36.4-40-3 

35.4-38-2 

39.7 bl. 

43.8 gr. 

45.9 yl.  42.5 or. 

43.4 rd. 

The blue biased dispersion profiles are consis-

tent with the qualitative colour observation above, except 

for those of Gray and Millman (1960). 	However their 

values do not warrant the criticism by Ramdohr (1969, 

p808), based on a visual estimate of laurite as being 

'at least as high as that of pyrite', that the values of 

Gray and Millman are 'questionable and have therefore 

been omitted'. 

The very small variation between the grains 

agrees with a number of preliminary semi-quantitative 

comparative electron-probe microanalysis scans which 

demonstrated that Union mine laurite generally displays 

a small range of osmium and iridium variation with none 

to only trace platinum. 	It was only in the unique 
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occurrence of zoned laurite (fig. 6.16) that a wide varia-

tion in composition was exhibited, and where a higher 

reflectance than normal corresponded to an (Ir-Os-Pt)-rich 

marginal zone (Kingston, 1966). 	It is considered probable 

that 'osmium is mostly responsible for the higher reflectance 

since the Os:Ir ratio is greater in the outer higher reflec-

tance zone than in the (Os-Ir-Pt)-rich inner zone (fig. 8.17) 

which has the same reflectance as the (Os-Ir-Pt)-poor zones. 

Similarly the platinum content appears to have little effect 

since its content is low, its variation small, and it shows 

no extra enrichment in the marginal zone compared to the 

central zone. 	This relationship is supported by data on 

a 'new ruthenium mineral' by Stumpfl and Clarke (1965) which 

has an estimated reflectance in white light of 60-65%, and 

which was of composition 33% Ru, 20.9% Os, 11.4% Ir, and 

21.4% S (summation 86.7% from one electron-probe microanalysis). 

This mineral has a similar X-ray powder pattern to laurite 

and is weakly anisotropic. 	It is presumably the substitu- 

tion by 'hexagonal osmium' which has produced the loss of 

cubic symmetry, although ruthenium metal has itself a hex- 

agonal structure. 	However in this case and in the present 

study it is probably not wise to come to any certain conclu-

sion about the relative role of osmium and iridium in alter-

ing the reflectance of laurite, although the evidence suggests 

to the author that osmium substitution is the more effective. 

Difficulties in coming to a valid conclusion arise out of 

the fact (Leonard et al 1969) that there is generally only 
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a small difference in reflectance between laurites of quite 

different compositions, and the confidence level for statis- 

tical comparison of reflectivity is not high. 	Also at 

least a three element substitution is involved, and finally 

non-stoichiometric variation may have an effect. 

The Indentation Microhardness was difficult to 

determine satisfactorily because of the extreme hardness 

and brittle nature of laurite, with the consequently small 

indentation size and strong star-radial and side-shell 

fracturing (fig. 6.15A&B). 	Most indentations exhibited 

distinctly concave sides. 	Even with a 50g load fractures 

would often extend to the grain margin. 	Because of this 

it was generally only possible to make one indentation 

per grain, and many grains were indented for every one 

which could be measured. 	Where fractures extended to 

the grain boundary the value was low, even in the case like 

figure 6.15B. 	The range of values determined from eleven 

satisfactory identations are as follows: VHN100 1132-2099, 

and VHN 50 1467-3010 with mean values of VHN100  1531 and 

VHN50  2291. 	However, ignoring those values where fine 

fractures extended to the grain boundary or where large 

shell fractures were formed, mean values of VHN100 2055 

and VHN50  2641 are considered to more closely represent 

the true hardness. 	For comparison the following values 

have been recorded for laurite by other workers: 



(A)  

(B)  

Fig. 6.15  Photomicrographs of grains of laurite in a polished 
section of a concentrate from Union mine showing the common 

euhedral form with indentations and characteristic fracture 

pattern (A), as well as the fragmental form bounded in part 

by curving fractures and crystal faces (B). 
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VHN100 1605 - 2167 (Young and Millman, 1964) 

VHN 1393 - 1670 (Rozhkov et al. 	1962) 
x 

VHN 1396 - 1670 (Pudovkina et al. 1966) 
x 

VHN25  1250 - 4824 (Leonard et al. 1969, Goodnews Bay 

laurite) 

VHN25  2760 - 2898 (Leonard et al. 1969, Borneo laurite) 

The hardness range exhibited by this study and other workers 

is considered to reflect more the difficulty of obtaining 

reliable values than a large hardness anisotropy. 

That there is a variation of hardness with 

Os-Ir-Pt substitution was proved when the zoned laurite 

crystal (fig. 6.16) was examined using a Nomarski inter-

ference contrast attachment and two fine depressions 

parallel to the crystal boundary were seen. 	These corres- 

ponded to the outermost (Ir-Os-Pt)-rich zone displayed by 

the X-ray.scanning pictures on which these two closely 

parallel zones were not resolved. 	No softer zone was 

discernible at the centre of the crystal which was equally 

rich in iridium and platinum but poorer in osmium, suggest-

ing that osmium substitution is mainly responsible for the 

decrease in polishing hardness. 	This is again supported 

by data on a 'new ruthenium mineral' by Stumpfl and Clarke 

(1965) which has a VHN100 of 1270-1450 with a mean of 1380. 
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6.3.4 The Composition of laurite from Union and Rusten-

burg mine was only semiquantitatively determined, and some 

aspects in relation to reflectance and hardness have already 

been dealt with. Minor amounts of osmium and iridium were 

found in most grains with 3 - 5% Os, and Os generally greater 

than Ir. 	Some trace arsenic was indicated but could not 

be identified definitely because Os L,
P2 
 coincides with AsK al. 

1.1% As was reported in laurite from Papua and New Guinea 

by Harris (1974). 	The zoned laurite from Union mine is 

unique so far and the compositional data is presented in 

figures 6.16 and 6.17, and table 6.10. 	This is the first 

time platinum has been detected in any laurite. 	Schwellnus 

et al (1976) did not detect any platinum in laurite from 

Atok mine but did report up to 5.3% Fe and 0.28% Ni with 

3-89-7.52% Os and 9.07-17.40% Ir. 	No hardness or reflec- 

tance data was however presented. 	The range of composi- 

tion of laurite displayed by published analyses is illustra-

ted in table 6.10. 

The zoned-laurite data can be interpreted as 

simple diadochic substitution for ruthenium. 	However an 

alternative explanation by Kostov (pers.comm.1976) is that 

the zonation is caused by the epitaxial overgrowth of sub-

microscopic crystals of an Os-Ir-Pt phase, which is probably 

hexagonal iridosmine with minor platinum. However the 

relatively low resolution under high magnification of the 

electron-probe microanalyser will not permit confirmation 
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Table 6.10 Laurite compositions from various sources compared 

to those from Union mine (14)-(16). 

Ref. 
Composition in wt.% 

Ru Os Ir Pt 
. 

Fe Ni S 

(1)  61.8 38.82 

(2)  67.0 33.0 

(3)  (65.2) 3.0 31.8 
(4)  61-0 1.0 38.0 

(5)  59'5 d 2.0 36.0 
(6)  40.5 	' d 13.0 31.1 

(7)  53.5 d 7'0 34.4 

(8)  30.0 d 20.0 27.0 

(9)  43.45 7.52 14.56 1.55 0.27 34.14 

(10)  49.00 6'09 9.07 0'22 0.15 36.82 

(11)  38.66 3.89 17.40 5.30 0'28 35.52 
(12)  46'7 1.8 11'4 38.3* 
(13)  33.0 20.9 11.4 21.4 

(14)  <42 3_0 > 8 > 5 trace (34) 

(15)  <54 > 3 > 5 ) 2 trace (37) 

(16)  33.0 4.0 2'0 43.0 

. - 

References: (1) Theoretical values for RuS2. (2) Wohler, 

1866; Borneo. (3) Hey, 1932; Potgietersrust, ruthenium by 

difference. (4)-(7) Leonard et al.,1969; Goodnews Bay, 

Alaska. Not corrected for matrix effects and osmium 'detected' 

d. (8) Leonard et al.,1969; Borneo, U.S.National Museum. 

(9)-(11) Schwellnus et al.,1976; Atok mine, Bushveld. (12) 

Harris, 1974; 	Papua and New Guinea, 1.1%. 	As also recorded*. 

(13) 	Stumpfl, 1965; 	Borneo. (14) Kingston, 1966; (0s-Ir-Pt) 

- rich zone, semiquantitative. (15)  Kingston, 1966; (Os-IT-Pt) 

- poor zone, semiquantitative. (16)  Kingston, present; 	an 

unzoned laurite, uncorrected for matrix effect. 
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EiPctnon gmage 
C 

R  Ir LrX  

Os Loc+ CLIK/3 Cu KO PtLe< 

S KOC Co K 

- Fig. 6.16  X-ray scanning micrographs showing the distribution of 
iridium, osmium, platinum, and ruthenium in a zoned laurite 

crystal enclosed in cobaltian pentlandite from the Merensky 

Reef at Union mine. The copper rich area to the south of the 

euhedral laurite crystal corresponds to an area of bornite. 
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Fig. 6.17 The results of a step scan AB at intervals of 
2.5 pm with the electron-probe microanalyser 
across a zoned laurite from Union mine showing 
the relative variation in the Ru, Os, Ir, and 
Pt content. 
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of this. 	The existence of similarly high contents of 

osmium and iridium in homogeneous unzoned laurite crystals 

would be an argument against his suggestion. 

In terms of solid solution of cubic end-member 

minerals of elements known to substitute in laurite only 

osmium, iron, and nickel disulphides are known, namely 

erlichmanite(Oso. 85-0.911 1r0.036-0.05 Rho 094-0.13  R110.  01 

Pd0■012-0. 02)S2 (Snetsinger, 1971), pyrite FeS2, and 

vaesite NiS2. 	No iridium or rhodium disulphides of the 

pyrite structure have yet been found. 

6.3.5 The Crystal Structure of laurite is a pyrite 

type with space group Th6 = Pa3, and Z=4. 	The cell size 

is variable depending on Ir, Os, Pt, Fe and Ni substitution. 

It is often quoted as ao  5.60 or 5.59A after Bannister 

(1932) or 5.57 after Oftedal (1928). 	Synthetic RuS2 is 

5.6095±•0005(Sutarno et al 1967). 	Other values are 5.618 

for Rustenburg laurite (Berry and Thompson 1962), 5.6135± 

•0025 for Borneo laurite (Leonard et al. 1969), and 5.57 

or 5.56 for Inagli laurite (Rozhkov, 1962).' As illustra-

ted in figure 6:19 a plot of the compositional data given 

in table 6.10 shows the range within which the cell size 

of most laurites can be expected to fall i.e. approximately 

from ao 5-61 - 5-63. 

Because the difference in cell size between 
0 

RuS2 and synthetic OsS2, ao  5.6196±0-0003A (Sutarno et al  
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Table 6.11 X-ray powder data for laurite from Union Mine (Cu 

radiation, Ni filter and using 11.483 cm. diameter camera) 

compared to laurite from Rustenburg. 

UNION MINE 	RUSTENBURG 
(Berry and Thompson, 1962) 

I B(Cu) (-) 
(1) 

d (meas) I B(Cu) d (meas) hkl 

9 13.84 ) 3.22 
0
0
 C*-- 	

tr 1
 0 c

n
.-firy

 H
 csj
 cn 	

ce■
 111.- 0).-qc,) Cl 	

C‘j C
'Th  Cr1,41C0 	

.-4 
	

C' s
 

r-I  
13.7 3.25 111 

9 16.06 -) 2.78 15.95 2'81 002 
3 17'97 ) 2.50 17.85 2.51 012 
3 19.73 -) 2.28 19.6 2.30 112 
9 22.94 1.976 22.8 1.989 022 
10 27.21 1.684 27.05 1.695 113 
4 28.47 1.616 28.35 1.623 222 
2 29'75 1*552 29.55 1.563 023 
3 31.00 1.495 30.85 1.503 123 
1 33'39 1.40o 33.25 1.406 004 
5 36'83 1.285 36.7o 1.290 133 
5 37.96 ) 1.252 37.85 1.256 024 
1 39'04 (-) 1.223 38.95 1.226 124 
1 40.11 (-) 1.196 4o.00 1.199 233 
5 42.35 (1 1.143 42.20 1.148 224 
8 45.60 (1 1.078 45.45 1.082 115,333 
1 47.71 1 1.041 47.60 1.044 025,234 
1 48.82 1 1.023 48.65 1.027 125 
4 51.01 1 .991 50.90 .993 044 
5 54.34 1) .948 54.20 .95o 135 
5 55.47 1) .935 55.35 .937 006,244 

56.40 .926 016 
2 57.81 (1 .910 57.65 .913 116,235 
4 60.27 (1 .887 6o.lo .889 026 
5 64.16 (1 •856 64.00 .858 335 
5 65.56 (1 .846 65.4o •848 226 

66.5o -841 036,245 
1 67.o6 1) .836 
1 68.59 1 .827 
1 71.94 1 .810 71.75 .812 444 
1 73.88 1 .802 
9 78.54 1 •786 78.30 •787 117,155 
9 81.71 1  .778 81.3o •779 046 
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SPERRYLITE LAURITE 

Fig. 6.18 Contact prints of X-ray powder photographs of sperrylite 

PtAs
2 

from Rustenburg mine and laurite RuS2 
from Union mine. 

Copper radiation,Ni filter,and 11.483 cm diameter camera. 
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Ru S2 
5.61 

5.68 5.62 
IrS2 	 OsS2 

D nos.4-8 
• nos.3 & 9-11 

no.12 
o no.13 

❑ nos.14-16,Union mine. 
x Erlichmanite 

Fig, 6.19  Ternary composition diagram showing the range of 
composition exhibited by laurites in table 6.10, and 

the corresponding range of theoretical cell sizes. 



- 249 - 

1967) or erlichmanite is small, the iridium content of 

laurite grains in a particular deposit could be determined 

provided, as is generally the case, platinum, iron, and 

nickel contents were insignificant. 	This appears to be 

contrary to the opinion of Leonard et al (1969) who seem 

to have ignored the effect of iridium substitution and 

who confusingly use a measurement of the cell size of 
0 

their Borneo laurite (a()  5.614A) as an indication of its 

composition being approximately (Ru.5  0s.5) S2  despite 

an electron-probe microanalysis of the same grain giving 

20.0% Ir with osmium only 'detected'. 

X-ray powder diffraction data for laurite from 

Union mine is presented in table 6.11, and the pattern in 

figure 6.18. 	The d--spacings agree closely with those for 

Rustenburg laurite,1 
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6.4 Other Sulphides Possibly Present  

6.4.1 Other Sulphides and Sulphosalts have so far not 

been reported in the Merensky Reef or located by the author. 

If others are present then they are of very rare occurrence. 

Vysotskite (Pd, Ni, Pt)S and erlichmanite OsS2, the only 

other sulphides described, may occur, particularly as they 

are closely related to braggite and laurite respectively. 

A number of platinum group element sulpharsenides have been 

found elsewhere, and some no doubt will be located in the 

Merensky Reef in the future. 	For the most part Pt, Ir, 

Os, Pd, and Ru can be accounted for, although there is 

still a problem in explaining most of the ruthenium content 

at Rustenburg mine, and part of it at Union mine. However 

the rhodium content also warrants attention, particularly 

as the average rhodium content of the ore at both mines 

is about 2.6 wt.% of the total content of platinum group 

elements plus gold, and no separate rhodium mineral has 

yet been found. Although rhodium is known to be present 

in trace amounts in sperrylite (0.7-1-2 wt.% Rh) and cooper- 

ite (0.0-0-02 wt.% Rh) at Western Platinum mine (Brynard 

et al. 1976), this cannot account for it all at Rustenburg 

and Union mines, where it has not been detected in any of 

the minerals analysed in this investigation. 	Vermaak and 

Hendriks (1976, p.1267) report that they too 'failed to 

identify any rhodium minerals in the Merensky ore', despite 

their earlier reference (p.1259) to an apparently very rare 

Pt-Rh-Cu-Ni-S phase with minor Ir and Co. 
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Table 6.12  Composition of known rhodium sulphides and sulparsenides 

expressed as atomic proportions assuming a whole number 

cation : anion ratio. All belong to the cubic system. 

MINERAL 
NAME 

COMPOSITION 
Ru 	Rh 	Pd 	Os 	Ir 	Pt 	Co 	Ni 	As 	S 

• 
Hollingworthite (1) ---- 0.66 0.18 ---- 0.04 0.12 ---- ---- 1.00 1.00 

RhAsS 	(2) 0.10 0.59 ---- ---- 0.06 0.25 ---- ---- 1.15 0.85 
(3)  0.27 0.52 ---- ---- 0.01 0.20 0.08 0.04 1.05 0.95 
(4)  0.05 0.80 0.02 ---- ---- 0.01 -7-- ---- 0.93 1.07 

Irarsite 	(7) 0.27 0.20 ---- ---- 0.35 0.18 ---- ---- 1.12 0.88 
IrAsS 	(4) ---- 0.10 0.03 0.03 0.65 0.11 0.07 ---- 0.93 0.87 

(8) ---- 0.04 0.04 ---- 0.74 0.04 ---- 0.13 1.08 0.92 

Osarsite 	(8) 0.44 .005 0.01 0.47 0.02 .005 ---- 0.04 1.07 0.93 
OsAsS 

"Rh-Sperrylite" (1) ---- 0.33 0.05 ---- 0.27 0.35 ---- ---- 1.19 0.81 

Erlichmanite 	(5) 0.01 0.08 0.01 0.86 0.04 ---- ---- ---- 2.00 
OsS2 	(5) 0.44 0.10 ---- 0.48 ---- ---- ---- ---- 2.00 

(6) 0.01 0.12 0.02 0.80 0.05 ---- ---- ---- 2.00 
. a 

(1) Stumpfl and Clark (1965):- Driekop mine, Transvaal. 

(2) Genkin (1968):- Nori'sk, U.S.S.R. 
(3) Genkin et al (1966):- Onverwacht mine, Transvaal. 

(4) Rucklidge (1969):- Werner Lake, Oucario. 
(5) Snetsinger (1971):- California. 

(6) Snetsinger (1971):- Ethiopia. 

(7) Genkin et al (1963):- Onverwacht, Transvaal. 

(8) Snetsinger (1971):- California. 
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The rhodium content could be largely accounted 

for as being in solid solution in one or more of the rela-

tively abundant base-metal sulphides, or even the silicates. 

The first important clue to its occurrence comes from the 

results of the analysis of Rustenburg and Union mine con-

centrates by Johnson and Matthey Ltd, which showed that 

the rhodium content of the 'metallics' concentrates is 

negligible and that of the sulphide flotation concentrates 

is high (Zermatten, pers.comm. 1962). 	Zermatten concluded 

from this that rhodium is not a constituent of ferroplatinum, 

cooperite, braggite, gold, or laurite, and that in the 

flotation concentrates it is not in the metallic state but 

combined as a sulphide or similar compound. At this time 

none of the rhodium sulphides, suipharsenides, or arsenides 

in table 6.12 had been discovered, although rhodium was 

known in small amounts in alloys of the platinum group 

elements, which would not be expected to occur in any 

sulphide flotation concentrates. 	A confirmatory emission 

spectrographic study of + 90% purity samples of pyrrhotite, 

pentlandite, and pyrite by Vermaak and Hendriks (1976) 

indicated that they contained the bulk of the 'soluble' 

rhodium (soluble in leach solutions). 	However, as pointed 

out in chapter 3.2.3, whether the rh4'ium occurs in solid 

solution, as submicroscopic inclusions of a rhodium mineral, 

as 'dispersed colloidal particles' (Vermaak and Hendriks), 

or in some other way, is at present purely speculative in 

the absence of any unambiguous evidence. 
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It was within this background and during the 

initial stages of familiarisation with the properties of 

known platinum group minerals from other localities, that 

the author's attention was directed by A. P. Millman to 

several unidentified phases in a nugget from Yubdo, 

Ethiopia. 	Subsequent analyses of these showed two of 

them to be new rhodium sulphides. 	Publication of the 

data on these new minerals, after several refinements of 

the electron-probe microanalyses, is at present in press. 

Because of this and because these minerals could be present 

in the Merensky Reef they are described below. 	Their 

occurrence is also important with regard to 

  

4a.N51:Z:WW! 

  

gggg the formation and distribution of platinum group 

elements and minerals during serpentinisation and birbirit- 

isation 

6.4.2 Prassoite(1)  and Zappinite
(2) - New Rhodium 

Sulphides  

Introduction. 	The geology and general distri- 

bution of platinum and gold in the ultrabasic complex of 

the Ubdo district, in the Wallaga Province of Ethiopia, 

have been described by Duparc et al (1927), Molly (1927, 

1959), Augustithis (1965) and Ottemann and Augustithis 

(1967), who have shown this ultrabasic mass to be of a 

(1) Mineral and name approved by the Commission on New 
Mineral and Mineral Names, I.M.A. April, 1971. 

(2) Name approved and reserved for anisotropic rhodium 
sulphide by above Commission in April, 1971. 
New data being submitted for mineral approval. 
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Uralian type, consisting of a central zone of platiniferous 

dunite enclosed by a less platiniferous pyroxenite. 

The dunite is overlain for the most part by a hard platini-

ferous brownish rock, the 'birbirite' of Duparc et al., 

believed to be derived from the dunite by some form of 

hydration alteration with leaching of magnesium (Augusti- 

this, 1965). 	A lateritic eluvium occurs as a layer of 

2 - 10 metre thickness forming a capping over the dunite, 

birbirite and pyroxenite. 	Economic quantities of platinum 

have been recovered from this eluvium, especially from 

those parts overlying the dunite, in the form of small 

nuggety grains (Molly, 1959), but the grades of the primary 

source rocks and the birbirite are uneconomic. The minerals 

are named after A. Prasso, A.R.S.M., and A. Zappin who first 

discovered these deposits in 1924. 

The two eluvial platinum specimens studied were 

about 1.5cm in diameter, and were irregular and cavernous 

consisting dominantly of native platinil, coated and penetra- 

ted by reddish limonitic material. 	Two previous chemical 

analyses of similar composite material from this area by 

Molly (1928) gave Pt 73.45, 79.48; Os 1.41, 2.70; 

Ir 0.65, 0.82; Rh 0.62, 0.75; Pd 0.22, 0.49; Au 3.48, 

0.49 and Fe 18.88, 16.50 weight percent. 	The PGE content 

of the rocks and eluvium was first attributed to native 

platinum and sperrylite (Augustithis, 1965). 	Later Ottemann 

and Augustithis (1967) revealed that the platinoid assemblage 
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was more complex and described the occurrence of a new 

mineral 'roseite' (Os, Ir)S, which was disapproved by the 

I.M.A. Commission on New Minerals and Mineral Names in 

1968. 	They also reported a mineral of approximate composi- 

tion Os 60, Ir 40 weight percent which they called osmirid-

ium, but being strongly anisotropic and hexagonal it should 

be called iridosmine since the former name is reserved for 

isotropic and cubic Os-Ir alloys. 	A later study by Snet- 

singer (1971) of a specimen of 'roseite in ferroplatinum' 

provided by Augustithis characterised a further new mineral 

named erlichmanite OsS2, which may be the same as the partly 

discredited 'roseite' since no osmium monosulphide was found. 

The nuggets examined in this study have been 

found to consist of a platinum matrix with an Fe content of 

approximately 6 weight percent, enclosing euhedral laths 

of iridosmine containing 7 - 9 weight percent Ir, and 

euhedral laurite crystals containing minor Ir, Pt, Cu and 

Fe (fig. 6.20). 	In addition two new rhodium sulphide 

minerals containing Ir, Pt, Cu, and Fe in important amounts 

occurred (figs. 6.21 and 6.22). 	Both of these minerals 

are different from the four unidentified minerals indicated 

by the qualitative electron-probe microanalyses of Ottemann 

and Augustithis (1967). 	These were (a) a grey anisotropic 

sulphide of Ni, Pd, Rh, and Fe; (b) a yellowish isotropic 

sulphide with a high Fe content, a higher Ni content than 

(a) with some Co and a little Pd; (c) a greyish blue 

sulphide of low reflectance containing Pd, Rh and Pt; 



- 256 - 

(d) a phase containing major Ru with some Rh and Pd, possibly a 

sulphide. 

Prassoite occurs as anhedral, sparsely distributed 

grains up to 0.2 mm in size, exhibiting smooth embayed boundary 

relationships with the enclosing platinum matrix, and often associated 

with euhedral iridosmine laths in the manner illustrated in figure 

6.22 and 6.23. It is isotropic and its colour in air is medium 

grey compared with the enclosing bright creamy white platinum. It 

is slightly darker than associated bluish grey laurite. 

• 

a 

0 AM 40 

Fig. 6 .20  Reflected light photomicrograph of intergrown euhedral 

crystals of laurite (L) and iridosmine (Os) in a matrix of 

native platinum. Yubdo District, Ethiopia. 
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I /*Aim 40 

Fig 6.21  Anhedral grain of prassoite (P), with subhedral zappinite 

(Z) at boundary. Matrix is platinum with an inclusion of 

iridosmine (Os). Yubdo District, Ethiopia. Scale 1 cm = 14)um. 

bl 

Fig. 6.22  Anhedral prassoite (P) with two small grains of zappinite 

(Z) at the boundary with the matrix platinum. The light grey 

laths are iridosmine. Yubdo District, Ethiopia. Scale 1 cm = 20dum. 
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Table 6.13 Spectral reflectance values for prassoite and zappinite 

from Yubdo, Ethiopia, together with the standard silicon 

values measured by the N.P.L. 

in nm. Silicon std. 
N.2538.36 

Prassoite, 
Rh4s5 

Zappinite, Rh3S4 

Rn R 
g 

R 
P  

440 43.1% 41.0% 49.7% 48.4% 

46o 41.3 40.4 49.4 47.8 

48o 40.0 39.9 49.3 47.9 

500 38.9 39.8 49.9 48.2 

520 38.0 39.9 50.5 48.8 

540 37.2 39.5 50.6 48.8 

560 36.6 39.7 51.6 49.7 

580 36.o 39.5 51.3 49.6 

600 35.5 39.3 50.8 49.2 

620 35.1 39.2 51.2 49.7 

64o 34.8 38.9 51.8 50.2 

66o 34.4 38.7 52.2 50.4 

Reflectance measurements in air at twelve points in 

the visible spectrum were made using a Reichert reflex spectral 

microphotometer with a X 35 air objective, 5 mm mirror diaphragm 

and a 24 lam field diameter (table 6.13); comparison was made with 

a silicon standard (N2538.36) previously measured by the National 

Physical Laboratory, Teddington. The possible effect of flare was 
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considered negligible because of the relatively small difference in 

reflectance between the standard and prassoite. The interpolated 

reflectance Rn at 589 nm for prassoite is 39.4% 

The Van der Veen line test for polishing hardness 

showed prassoite to be harder than platinum and softer than iridos-

mine. Four Vickers microhardness measurements with a 25 g load 

gave a range of VH1125  627 - 762 kg/mm2. It was found necessary to 

use a low load because of the small grain size. The equipment used 

was a Leitz Durimet and the procedure followed was that described 

by Young and Millman (1964). 

Electron-probe microanalyses by the author and Kelly 

of three separate grains of prassoite yielded the results in table 

6.14, with an average formula of (Rh 0.59  Fe 0.17  Cu 0.15  Ir0.uo  -,) 6.03 

S7 
00 

 approximating to the generalised formula of Rh6S7. The in-

strument used was a Cambridge Microscan Mark I which had a 20°  take-

off angle; all the analyses were conducted at 25kV with a beam 

current of about 120 TIRIA. The standards were an analysed Elba 

pyrite for Fe and S, a 70/30 Pt/Rh alloy for Pt and Rh, pure Ir 

and pure Cu. Full matrix-effect corrections were done using a 

'Mark I' program by Mason, Frost and Reed (1969). A recent check 

analysis of prassoite by Steed (pers comm.,1975) employing a 

Cambridge Microscan Mark III at 25kV, pure metal standards, stoich-

iometric pyrite for S, and a carbon coating on the polished section, 

gave the result no. 4 in table 8.14. This result was obtained by 

applying a full matrix-effect correction to one set of measured 

values obtained from the average of three different grain analyses. 

The correction program used was again by Frost, Mason, and Reed 



Table 6.14 	Electron-probe microanalyses of prassoite from Yubdo, Ethiopia, by Kingston and 

and Steed in 1975 (4). 

(1) 	(2) 	(3) 	(4) 

Kelly in 1969 (1) - (3), 

Rh 46.9 47.5 47.9 42.72 

Ir 13.7 14.6 (9.3) 13.71 

Pt 0.06 

Cu 7.6 7.3 7.5 7.22 

Fe 7.6 7.6 7.5 6.79 

S 29.9 29.3 28.6 29.03 

105.7 106.3 100.8 99.53 

Empirical Formulae 	 Average Summarised Formula 

(1) (Rh0.58Iro.W  
__Cu 

0.15Fe0.18)5.95S7.00 

(2) (Rh0.58Ir0a0Cu 0.14Fe0.18)6.08S7.00 	
(Rh, Fe, Cu, Ir)6.03S7.00  

(3) (Rh0.61ir0.06 Cu0.16Fe0.17)6.06S7.00 

(4) Average of three grain analyses 0.57 r0.10cu0.16Fe0.17)3.99s5 

	 15 6S7 ditto 
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Reflected Light 

100 

Fig. 6.23 Prassoite (P) and laurite (L) with euhedra of iridos-

mine (Os) in a matrix of platinum. Reflected light photo-

micrograph and X-ray scanning micrographs showing the 

distribution of Rh,Ir,Os,Pt,Ru,Fe,Cu,S. 
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Table 6.15 X-ray diffraction data for prassoite, Rh4S5, from the 

Yubdo district of Ethiopia. (Cu K radiation, Ni filter and 

11.483 cm camera). Cell size ao = 9.853A + 0.001 standard 

deviation. 

h k 1 
d(calc.) 

o 
A 

d(obs.) 
o 
A 

I(obs.) 

1 1 1 5.6884 5.72 90 
2 2 0 3.4834 3.48 3o 
3 1 1 2.9707 2.97 100 
2 2 2 2.8442 2.84 30 
4 0 0 2.4631 2.46 7o 
3 3 1 2.2603 2.26 15 
4 2 2 2.0111 2.01 15 
5 1 1 1.8961 1.895 6o 
4 4 0 1.7417 1.741 70 
5 3 1 1.6654 1.667 25 
5 3 3 1.5025 1.504 20 
6 2 2 1.4853 1.486 lo 
4 4 4 1.4221 1.422 20 
5 5 1 1.3796 1.378 10 
6 4 2 1.3166 1.317 5 
5 5 3 1.2827 1.283 30 
8 0 0 1.2316 1.233 15 
5 5 5 1.1377 1.138 15 
8 4 0 1.1015 1.101 25 
7 5 3 1.0815 1.082 5 
9 3 1 1.0328 1.033 15 
8 4 4 1.0056 1.006 3o 
9 3 3 0.9902 0.9926 5 
9 5 1 0.9525 0.9528 15 
9 5 3 0.9188 0.9186 5 
7 7 5 0.8884 0.8887 5 
8 8 0 0.8708 0.8714 lo 
9 5 5 0.8608 0.8611 5 
9 7 3 0.8357 0.8365 5 
10 6 2 0.8327 0.8330 5 
8 8 4 0.8210 0.8209 20 
8 8 4 0.8210 0.8208 5 
9 7 5 0.7914 0.7913 20 
9 7 5 0.7914 0.7913 5 
12 4 0 0.7789 0.7788 3o 
12 4 0 0.7789 0.7789 15 
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(MK 2). This result indicates the empirical formula to be 

(Rh
0.57 

Fe
0.17 X0.16 ir0.10)

4 S5. The difference between the two 

formulae is considered to be largely the result of improved matrix-

effect corrections in the recent programme by Frost et al., and the 

inevitable refinements in analytical technique since the first set 

of consistent analyses were made in 1969. Because of this, the 

latter metal:sulphur ratio of 4:5 is accepted as being closest to 

the truth. 

X-ray powder data for prassoite are given in table 

6.15. All the reflections were indexed assuming a cubic symmetry 

and the cell size calculated as ao 9.853 ± 0.001 standard deviation. 

An attempt was made to correlate this data with that by Juza et al, 

(1935) on the Rh-S artificial system. No X-ray powder data or cell-

sizes were found to be comparable with those of prassoite. However, 

there was a correspondence of the strongest reflections with those 

of synthetic CuRh2S4 
(A.S.T.M. index, file no. 17-644) which is cubic 

with ao 9.72 I. 

Zappinite is rare in the sections studied and occurs 

as small subhedral grains, up to 0.03 mm in size, associated with 

prassoite (fig. 6.22). Its colour in air is grey with a brownish 

tint of a "stannite" type hue compared with the enclosing brighter 

native platinum; in comparison prassoite appears a darker grey with 

no colour tint. 

Zappinite shows weak reflection pleochroism in air and 

oil, but distinct anisotropy under crossed nicols. Reflectance 

values are presented in table 6.13. The apparatus and determina-

tive procedure was as described under prassoite. The interpolated 



Table 6.16  Electron-probe microanalyses in weight percent of zappinite from Yubdo, Ethiopa, by 
Kingston and Kelly in 1969 (1), and Steed in 1975 (2) and (3). 

	

(1) 	(2) 	(3) 
Rh 	58.9 	51.49 	54.27 

Ir 	10.4 	11.93 	16.29 

Pt 	9.5 	11.73 	0.78 

Cu 	0.17 	0.18 
Fe 	0.08 	0.07 

S 	25.0 	24.83 	28.44 

103.8 100.23 100.03 

Empirical Formulae 	 Average Summarised Formulae  

(1) (Rh0.85Ir0.07Pt0.07)6S7 	 (R110.8411.0.10Pt0.06)3.15S4 

(2) (Rh0.80ir0.1010:16)4.04S5 	 or  

( (3) (Rh0.85Ir0.14Pt_._. ul 

 

	ditto 	 
u )2.09S3 )3.9355 ) (Rh0.83Ir0.12Pto.05)3S4 ) ) 

or 
(Rh0.85Ir0.14Pt0.01)4.8957 	) 
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reflectance at 589nm is Rg  51.5% and R 49.4%. Because of the 

small size of the grains no reliable indentations could be made. 

However, it is a little softer in polishing hardness than prassoite, 

and harder than native platinum. It thus has an estimated hardness 

of VHN25 500 Tc/mm
2. 

Electron-probe microanalyses of three grains of 

zappinite are given in table 6.16. Analysis (1) was done in 1969. 

A further two analyses of zappinite by Steed (pers comm. 1975) are 

in general agreement with the 1969 analysis, but indicate metals: 

sulphur ratios of 2:3 and 4:5 as opposed to 6:7. An average of the 

two recent analyses gives an empirical formula of (Rh0.82 1r0.12 

Pt0.05 (auFe)0.01 )3S4. Because of the small grain size and rarity 

of zappinite, no X-ray powder data have yet been obtained. Until 

this becomes available for comparison with synthetic compounds a 

3:4 ratio is considered the better solution. 

In Conclusion, prassoite and zappinite are the first 

sulphides of rhodium to be chemically and optically defined. However, 

the composition of a rhodium sulphide as 420pm inclusions in iso-

ferroplatinum, which may be equivalent to either of these, has rec-

ently been reported from the Witwatersrand gold field by Feather 

(1976). Unfortunately no X-ray powder data or optical and physical 

characteristics are given for this phase, which has an average cation: 

anion ratio from five grain analyses of 0.53:0.47, and a composition 

in the range of Rh 33.7-71.7, Ru 270-3.8, Pt 13.3-2.5, Ir and Os <0.1, 

Ni 0.2-4.7, Fe <0.1-3.1, and S 27.5 - 18.5 weight percent. 

Reference to table 6.12 shows that an isotropic rhodium 

diarsenide hollingworthite (Rh,Pd,Pt,Ir)(As,S)2  containing As 32.6 
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and S 13.9 wt.% has been described from the Driekop mine in the 

Bushveld, where it is associated with cubic rhodian sperrylite 

(Pt,Rh)As2. A pyrite-type structure has been postulated for 

hollingworthite, similar to that of sperrylite of cell-size a05.967 

(Berry and Thompson, 1962). Irarsite, an isotropic iridium diarse-

nide (Ir,Ru,Rh,Pt)(As,S)2 containing Rh 7.2 wt.%. with a cell size 

of ao 5.777 has been reported by Genkin et al.,(1966) from the 

Transvaal, and erlichmanite OsS2, with Rh 3.8 wt.% and a0  approxi-

mately 5.62 A, by Snetsinger (1971). Cubic prassoite with a cell-

size of ao 9.853 A, is structurally unrelated to erlichmanite and 

the above rhodium-bearing arsenides and sulpharsenides. The three 

rhodium-bearing phases observed by Ottemann and Augustithis (1967) 

are different in composition from prassoite and zappinite, but the 

limited published optical and analytical data for these three phases 

do not allow close comparison. 

77;;'. 	. 0.7:r7 	:■77:7 	17,77:=-  . 

7
0sitiati Aft Mgotma to  .4b geommi  +Irep_s______AliFtft 

WeOusamd la atiorigi  The existence of prassoite and zappinite 

in the Merensky Reef is considered very probable. 
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CHAPTER 7 

PLATINUM GROUP ARSENIDES AND ANTIMONIDES 

7.1 Sperrylite PtAs2  

7.1.1 Introduction. Sperrylite was first discovered and des-

cribed from the Vermilion deposit, Sudbury, by Wells in 1889. It 

was first reported in the Bushveld by Spencer, and Wagner in 1926 

(in Wagner, 1929) as well formed bright tin-white crystals of cubic 

habit and up to 1.85 cm across occuring in the pegmatitic deposits 

in the Potgietersrust district. Schneiderhohn (1929) also reported 

on sperrylite in this district in samples of the pegmatitic veins 

and lenses, and the lime-silicate rocks developed at the contact of 

the norite and the underlying dolomite. He did not, however, find 

any sperrylite in any samples of the Merensky Reef. Wagner (1929 

p.17) was the first to report sperrylite in the Merensky Reef, al-

though Bannister (1932) was the first to quantitatively confirm its 

presence by X-ray diffraction. 

Chemical analyses of sperrylite by Wells (1889), Cooper 

(in Wagner, 1929), and others, all gave a composition close to the 

ideal PtAs
2 with up to 1.66 wt.% Rh, and 0.5-0.7 wt.% Cu,Fe or Sb. 

Subsequent electron-probe microanalyses have confirmed this compo-

sition and have shown that it is generally quite pure, with only 

minor substitutions by Rh,Ir,Os,Ni,Co,Fe and Sb. The first reported 

electron-probe microanalysis of sperrylite in the Merensky Reef was 

by Schwellnus et al (1976) who reported an analysis of Pt 56.59, 

Os 0.58, Ni 0.10, Pb 3.00, Bi 0.72, Sb trace, S 0.74, and As 37.77 

weight percent. The presence of Pb and Bi is considered to require 

confirmation. Brynard et al (1976) have also reported the composi- 
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tion from three analyses of sperrylites from the Merensky Reef at 

Western Platinum mine as being Pt 59.3, 56.2, 57.1, As 39.6, 44.2, 

42.8, Pd 0.0, 0.2, 0.1, Rh 0.7, 1.2, 1.2, and Cu 0.1, 0.1, 0.1, 

weight percent. The only other ananlysis for Bushveld sperrylite 

is by Tarkian and Stumnfl (1975) for Driekop mine. They give an 

analysis of Pt 55.1, Ir 1.8, Sb 2.7, S 0.4, and As 37.6 wight per-

cent. Cabri and Laflamme (1976) and Feather (1976) have also pro-

vided a large number of analyses for sperrylites from Sudbury, and 

the Witwatersrand respectively. All these analyses show that 

sperrylite in general, and particularly sperrylite from the Merensky 

Reef, is relatively free of significant substitutions by other ele-

ments. 

The first examination of the structure of sperrylite 

by X-ray diffraction was by Aminoff and Parsons in 1928 (Strunz, 

1970) on material from Vermilion mine Sudbury. They determined the 
0 

cubic cell edge as ao 6.00 A. Bannister (1932) refined the struc- 
0 

ture further and gave a value of ao  5.94 A for the Bushveld sperry- 

lite, the structure being cubic type Th6 - Pa3, and Z = 4. Thompson 

(1962) refined the Sudbury sperrylite to as 5.967A. 

The properties of sperrylite in reflected light are 

well established as white in air with a bluish tint in oil (fig. 7.1), 
of ,e,tsi-e- 6.03r ..t; 61.e 

isotropic, having a reflectance at 589nm/between 52.2 - 53.5%, and 

exhibiting little spectral dispersion as shown by the spectral re-

flectance values in table 7.1. All reported values of hardness fall 

within the range of first measurements made by Gray and Millman 

(1962) of VHN100  960-1277 for large crystals from Potgietersrust 

mine. 
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Table 7.1 Reflectance values for sperrylite by (1) Gray and 

Millman (1962), (2) Vyalsov (in Uytenbogaardt & Burke, 

1971), (3) Tarkian and Stumpf1 (1975), and (4) Schwellnus 

et al. (1976). 

)knm (1) 

Reflectance in % 

(2) 	(3) (4) 

470 51.2(b) 55.0 54.1 53.0 
546 56.4(g) 55.5 52.8 53.7 
589 53.5(y) 55.5 52.1 53.1 

650 55.7(r) 52.0 52.5 52.2 

7.1.2 Rustenburg and Union mine Sperrylite  

Identification of sperrylite in the concentrates was 

initially by qualitative electron-probe microanalysis and X-ray 

powder diffraction (table 7.2 and fig. 6.18), combined with a com-

parison of its properties with reference specimens of sperrylite 

from Potgietersrust mine and Sudbury. Subsequently its euhedral 

form, colour, reflectance, and isotropism enabled it to be confi-

dently distinguished from the other isotropic phases, in particular 

laurite. Only platinum and arsenic were detected with certainty, 

although osmium and iridium were indicated in trace amounts (fig.7.2). 

Occurrence. Sperrylite has not been located by the 

author in polished sections of the ore, and is only of minor impor-

tance in the 'metallic' table concentrates, in which it occurs as 

large euhedral grains in part modified by embayments. Despite ear-

lier beliefs, and later statements (Liebenberg, 1970) of sperrylite's 
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FIF 7.1  A concentrate grain of sperrylite from Union mine enclo-
sed by pyrrhotite (brown) and rimed by platinum-iron alloy 

(white) which has formed from the release of platinum during 

the corrosion of sperrylite by pyrrhotite. Union mine. 
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Fig. 7.2  Electron-probe microanalyser chart-recorder scan for 
Bragg-angle range 11 - 23°  using a lithium fluoride crystal, 

and showing the positive detection of major Pt and As, and 

the uncertain indication of Os and Ir in sperrylite from Union 

mine. 
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Table 7.2 X-ray powder data for sperrylite PtAs2  from Rustenburg 
mine and Potgietersrust (Cu radiation, Ni filter and using 
11.483 cm camera), compared to sperrylite from Vermilion 
mine, Sudbury, by Berry & Thompson (1962). 

Rustenburg Potgietersrust Vermilion 

I d (meas) I d (meas) I d(calc) 

8 3.44 8 3.42 4 3.445 
10 2.98 9 2.97 6 2.983 
6 2.66 6 2.66 3 2.668 
6 2.43 6 2.43 3 2.436 
8 2.11 8 2.10 5 2.109 
10 1.798 10 1.791 10 1.799 
4 1.722 5 1.717 2 1.722 
3 1.654 5 1.650 2 1.655 
4 1.591 5 1.588 3 1.595 
4 1.366 6 1.362 3 1.369 
5 1.334 6 1.327 4 1.334 
2 1.317 3 1.296 2 1.302 
1 1.271 1.5 nm. 1 1•273 
4 1.217 6 1.211 4 1.218 
6 1.147 8 1.143 7 1.148 
2 1.108 4 1.103 2 1.108 
1 1'089 3 1.085 2 1.089 
4 1.054 6 1.050 4 1.055 
4 1.008 6 1.005 4 1.009 
4 0.993 6 0.990 4 0.995 

n.d. n.d. 1 0.981 
1 0.966 3 0.964 1 0.968 
3* 0.943 6 0.940 2 0.944 
3* 0.909 6 0.908 3 0.910 
1* 0.907 
3* 0.899 6 0.897 3 0.90o 
1* 0.889 1 n.m. 1 0'890 

n.d. n.d. 1 0.88o 
3* 0.835 6 0.835 3 0.836 
3* 0.827 6 0.827 4 0'828 
2* 0.819 2 n.m. 2 0.820 
2* 0'811 2 n.m. 2 0.812 
5* 0.797 8 0.797 6 0.798 
8* 0.776 10 0.777 6 0.777 

A 

n.m. 	not measured 

n.d. 	not detected 

*I(d:
1 	

' radiation. 



- 272 - 

importance at Rustenburg mine, Vermaak and Hendriks (1976) have 

also confirmed its rarity in the ore, and report that sperrylite 

forms only 0.29 vol.% of the total amount of precious minerals. 

However, at Western Platinum mine (Brynard et al.,  .1976) sperry-

lite forms 50.3 vol.% of the total precious mineral content. This 

is one example of the important variations which occur in the 

platinum-mineral proportions along the strike of the Merensky Reef, 

and is a warning to those who generalise about the mineralogy of 

this deposit. 

Although the grains so far seen in the concentrates are 

generally free of attached sulphides, a clue to its mode of inter-

growth in the ore is seen in figure 7.1. In this example sperrylite 

is being replaced by pyrrhotite and the platinum released as a re-

sult has given rise to a zone of textural-type III platinum-iron 

alloy by segregation, as described in chapter 5.1.3. Vermaak and 

Hendriks say little about the mode of occurrence of sperrylite in 

the western Bushveld, but they do show a photomicrograph which il-

lustrates its occurrence as a large euhedral rectangular crystal 

enclosed dominantly by pyrrhotite and partly by pentlandite. No 

reaction with pyrrhotite is evident although the crystal is slightly 

embayed and rounded where it is in contact with pentlandite. Their 

studies, however, indicate a stronger affinity of sperrylite for a 

pentlandite and chalcopyrite matrix. The relationship of sperry-

lite to other platinum group minerals is at the moment obscure. 

Even Vermaak and Hendriks only mention observing intergrowths of 

sperrylite with laurite, about which they comment that these were 

"too sparingly present to have warranted the researchers remarking 
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on the details of aggregation". Liebenberg (1970) reports sperry-

lite in the Merensky Reef of the Lydenburg District as enclosing 

chalcopyrite, and at Potgietersrust as being interstitial to the 

silicates or having cross-cutting relationships towards the sulphides 

and silicates. Despite the abundance of sperrylite at Western 

Platinum mine, Brynard et al (1976) unfortunately do not comment on 

its occurrence in the ore, and merely interpret euhedralism of the 

concentrate grains as an indication that it was "one of the first 

minerals to crystallize". It is considered that the limited evi-

dence at Rustenburg and Union mines tends to more strongly suggest 

crystallisation at an early magmatic sulphide stage than at a late 

'residual' hydrothermal one. 

7.2 Palladium arsenide  

A quantitative electron-probe microanalysis of a small 

rectangular bluish grey grain of medium reflectance, and associated 

with a palladium antimonide phase, showed only major palladium and 

arsenic present. Before any quantitative work could be done the 

grain fragmented under the electron beam. No further occurrences 

have yet been found. This Rustenburg occurrence is still the only 

one reported of a Pd-As phase in the Merensky Reef. The author 

first reported this as arsenopalladinite which was then considered 

to be of composition Pd3As. However, since then several distinct 

Pd-As phases have been described from other deposits (Cabri et al. 

1975; Clark et al. 1974; Cabri et al. in press Canad. Min.). 

Arsenopalladinite is a redefined term now used specifically for a 

triclinic phase of composition Pd8(As,Sb)3  where As:Sb is approxi-

mately 5:1. 
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7.3 Palladium antimonide  

7.3.1 Introduction. A palladium antimonide was first reported 

by Adam in 1927 to occur in the pegmatitic ore of Farm Tweefontein 

in the Potgietersrust district of the Transvaal. A chemical analy-

sis by Adam (in Wagner, 1929) gave a composition of Pd 70,4, Sb 26.0, 

Fe(as Fe203) 0.9, and insolubles 1.4 weight percent. A partial 

analysis by Millin at the same time gave Pd 70.35 and Sb 27.95 wt. 

percent. Both analyses corresponded to the formula Pd
3
Sb. This 

mineral was named stibiopalladinite by Wagner. Its reflected-light 

properties were given by Wagner as white with a yellowish or bronzy-

pink tint, isotropic or very faintly anisotropic, high reflectance, 

and Mohs hardness of 4-5. Schneiderhohn (in Wagner, 1929) describes 

it as isotropic and resembling sperrylite, with stibiopalladinite 

being of similar reflectance and displaying a yellowish-pink tint in 

comparison. Reflectance values determined by Frick (1929) were be-

tween 56-57% in green, orange, and red light. Stibiopalladinite was 

first reported in the Merensky Reef by the author in 1966. Prior to 

this Stumpf1(1961) had described nine new minerals from Driekop 

mine, amongst which were three palladium minerals of compositions 

Pd2CuSb, Pd(Sb,Bi), and Pd8CuSb3. The only other report of stibi-

palladinite in the Merensky Reef has been at Western Platinum mine 

by Brynard et al (1976). They report it as rare and accounting for 

0.4 vol.% of the total precious minerals. 

An examination of stibiopalladinite from the type area 

by Desborough et al.(1973) gave a mean composition from the electron-

probe microanalysis of seven grains of Pd 67.8 ± 0.5, Cu 1.9 ± 0.1, 

and Sb 31.2 ± 0.5 weight percent, corresponding to the formula 
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(Pd4.83Cu0.23)Sb1.94. X-ray powder and precession photography 

indicated a hexagonal or perhaps orthorhoMbic structure, with the 

powder data indexed provisionally according to a cell of a
o12.80, 

bo15.04 and co11.36 A. Its reflected-light properties were descri-

bed as, yellowish white in air with lavender, pinkish, and greenish 

tints in some orientations, and a slightly darker and richer yellow 

in oil; reflection pleochroism in air weak from pale yellow to 

yellowish white; and anisotropy distinct in air and oil. The re-

flectance range in air at 589nm was given as Rg' 55.1 - 58.2, and 

Rp' 55.1 - 57.2, and the VHN50  of 589 - 644. Clark et al (1974) 

also examined six grains of type stibiopalladinite, and confirmed 

the Pd5Sb2 composition with electron-probe microanalyses which gave 

a compositional range of Pd 66.56 - 67.12, Cu 1.56 - 1.94, and 

Sb 30.58 - 31.48 weight percent. The grains they studied were con-

sidered not to be bireflectant, although a variation between grains 

was found (related to composition presumably) giving a range at 

589 nm in air of 55.28 - 56.31 %. A weak to distinct anisotropy was 

observed. 

Finally Cabri and Chen (1976) re-examined more type 

stibiopalladinite which was weakly anisotropic and showed no observ-

able bireflectance. Analyses of six grains gave a composition range 

of Pd 67.0-68.0, Sb 30.3-30.7, Cu 1.6-1.7, As 0.2, and Sn 0.1-0.2 

weight percent which they concluded to be best represented by 

Pd5_xSb2..x  (between Pd5Sb2  to Pdeb3)1 where x is approximately 0.05, 

and Cu substitutes for Pd, and As, Sn for Sb. They considered the 
0 

structure to be hexagonal with ao  7.598(2), and co  28.112(9) A. 

A number of other palladium antimonides have been 
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defined since 1966. These are: 

Mertieite  Pd5+x(Sb,As)2-x where x is 0.1-0.2 

(Desborough et al., 1973). Its characteristics are:- pseudohexago- 
0 

nal, ao  15.04, co  22.41 A, possibly monoclinic; mean composition 

of varieties I and II given respectively as Pd 72.9 and 72.3, Cu 1.2 

and< 0.1, Sb 15.3 and 24.7, As 9.2 and 3.3 weight percent; colour 

brassy yellow and bireflectant, with range of reflectance at 589 nm 

of Rp' 52.7 - 58.8 and Rg' 55.3 - 61.4%; distinctly anisotropic 

under crossed nicols; and VHN50 of 561 - 593. Cabri et al (1975) 

re-examined variety II and considered it to be hexagonal stoichio-

metric Pd8(Sb,As)3  with ao  7.546(2), co  43.18(1) A. 

Isomertieite (Pd,Cu)5(Sb,As)2  (Clark et al.,1974). 

Its characteristics are:- cubic with ao 12.283 A, and a composition 

range of Pd 71.96 - 72.90, Cu 0.93 - 1.13, As 10.74 - 10.99, Sb 15.41-

15.74 weight percent; colour pale yellow with reflectance range ac-

cording to composition of 55.05 - 57.49 % at 589 nm; VH14100 of 587-

597; isotropic under crossed nicols in most cases. 

'Sudburyite PdSb (Cabri et al., 1974). Its character- 
0 

istics are:- hexagonal with ao  4.06(2), and co  5.59 (2) A; compo- 

sitional range of Pd 31.1 - 45.2, Ni 10.3 - 0.48, Sb 57.7 - 45.3, 

Bi 0.53 - 5.4, Te 0.07 - 3.9, As 0.71 - 2.04 weight percent; colour 

white with yellow tint, and bireflectant with a composition dependent 

range of reflectance values at 589 nm of Rp' 57.6 - 61.5, and Rg' 

61.7 - 65.4; weakly to moderately anisotropic under crossed nicols; 

VHN25 of 281 and 311. 

7.3.2 Palladium antimonide from Rustenburg mine is considered 

to be either mertieite II or stibipalladinite, although some recently 
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Fig. 703 X-ray scanning micrographs showing the distribution of 

palladium, antimony, tellurium, and bismuth from an electron 

probe microanalysis of a composite grain of kotulskite Pd(Te,Bi) 

and palladium antimonide PdjSb. The grain is enclosed in a 

late stage silicate microveinlet, Rustenburg 
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located isotropic yellowish grains in a high grade concentrate from 

Union min- require investigation and could be isomortierite. 

Palladium antimonide at Rustenburg mine has been found 

intergrown with kotulskite in a small embayed grain enclosed in a 

late-stage silicate microveinlet (figure 7.3). The palladium anti-

monide was greyish white with a pinkish tint in comparison to 

kotulskite. It was distinctly anisotropic. Its reflectance was a 

little less and its hardness greater than kotulskite. A further 

occurrence at Rustenburg was as a composite grain composed of a 

euhedral rectangular crystal of palladium arsenide attached to the 

antimonide by a silicate vein. 

The mean composition of the palladium antimonide grain 

illustrated in figure 7.3 from two analyses was Pd 76.5, Sb 22.0, 

Bi 1.5, and Fe 0.5 (table 7.3). This gives an atomic ratio of 4:1 

compared with the 4:1.5 ratio of mertieite II by Cabri et al.(1975). 

However, with the present ambiguity in the interpretation of the 

X-ray powder data for mertieite, in particular mertieite II, together 

with the close structural and compositional similarity between it 

and stibiopalladinite, it is not possible to draw any further con-

clusions without considerably more data. 

Table 7.3  inectron-probe microanalyses of palladium antimonide 
from Rustenburg mine. 

kV 
wt.% before correction 

Pd 	Sb 	Bi 	Fe 

wt.% after correction 

Pd 	Sb 	Bi 	Fe 

35 72.8 	10.5 	1.5 	0,5 76.0 .18.0 1.5 0.5 
25 	74.3 	15.4 	1.5 	0.5 77.0 26.0 1.5 0.5 

Nean Wt. % 	76.5 22.0 1.5 0.5 

Atomic Proportions 	3.97 1.0 0.04 0.05 

note: correction for absorption only. 
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CHAPTER 8 

PLATINUM GROUP BISMUTHOTELLURIDES 

8.1 Introduction  

8.1.1 The Discovery of platinum group tellurides in the 

Merensky Reef was by the author (1966). However, the presence of a 

Pd-Bi-Te compound at Union Mine had previously been deduced in 1952 

from the detection of bismuth and tellurium during the chemical 

analysis of a non-magnetic portion of a concentrate by Lever, Todd 

and Powell of Johnson and Matthey Ltd. (pers comm,). In 1962, dur-

ing a preliminary investigation of the PGM in polished sections of 

the Rustenburg ore with the electron-probe microanalyser, the author 

found a number of white strongly anisotropic laths and blebs, occur-

ring in chalcopyrite and at the margins of the iron-copper-nickel 

sulphide aggregates, to be bismuth tellurides of platinum and palla-

dium. No X-ray powder data at that time was obtained for these 

minerals because of their small size and rarity. Meanwhile in 1961 

Genkin and Korolev, in a paper describing a procedure for the identi-

fication of small mineral grains by X-ray diffraction analysis and 

microspectrographic methods, described similar minerals which oc-

curred as minute grains in chalcopyrite, pyrrhotite, and occasion-

ally violarite in the upper sectors of vertical veins of the 

Monchegorsk platinum deposits. In 1963 Genkin et al. defined these 

minerals more precisely, showing them to be hexagonal and naming one 

of them moncheite, (Pt,Pd)(Te,Bi)2, and the other kotulskite with 

the uncertain formula of Pd(Te,Bi)1-2. They also gave new data on 

cubic michenerite which, instead of being as originally thought 
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PdBi
2' was shown to contain tellurium as a major constituent and to 

have a composition Pd0.72Pt0.21Te1.02B10.98. 

8.1.2 The Author's Results from a study of these minerals in 

the Merensky Reef at the Rustenburg and Union mines were published 

in 1956 together with descriptions of three other new bismuthotel-

lurides. One of these is of composition (Pd,Pt)(Te,Bi)
2 and was 

named merenskyite after Dr. Hans Merensky. This mineral is iso-

structural with moncheite, although a complete isomorphous solid 

solution series does not appear to exist between them. The second 

new mineral is a mercurian palladium bismuthotelluride (Mineral A) 

which is distinctly different from any of the other tellurides, 

being grey and apparantly isotropic, with a composition determined 

from one electron-probe microanalysis of a 5pm diameter grain to be 

close to (Pd,Hg)(Te,B1). This mineral could be the same as temaga-

mite Pd3HgTe3, which is considered to be orthorhombic (Cabri et al. 

1973). The third mineral, Mineral C, is similar to kotulskite in 

appearance but has considerably more bismuth, with a composition of 

(Pd0.98pt0.62)(Te0.56Bio.
44  
....) 0.86' The possible existence of a fourth 

mineral optically the same as merenskyite but of composition 

Pd3(Te,Bi)5, was also indicated. The study also showed for the first 

time that kotulskite is Pd(Te,Bi). 

No other platinoid tellurides have been definitely con-

firmed in this study, although some of the creamy white grains which 

are isotropic are probably michenerite, and not, as first thought, 

merely basal sections of hexagonal kotulskite. This is supported by 

the report of michenerite in the Merensky Reef from unspecified 

localities in the western Bushveld by Vermaak and Hendriks (1976). 
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They, however, provide no data to substantiate their identification. 

Since 1966, merenskyite has been verified in composition and struc-

ture in at least seven other deposits throughout the world 

(Rucklidge, 1969; Cabri, 1974; Cabri and Gilles Leflamme, 1976; 

McCallum et al., 1976; Page et al., 1976). Moncheite from Atok 

mine (Schwellnus et al., 1976), and moncheite and kotulskite from 

Western Platinum mine (Brynard et al., 1976) are the only platinoid 

tellurides to have been so far reported in other specific outcrops 

of the Merensky Reef. 

8.1.3 The General Occurrence of these bismuthotellurides is 

late in the paragenesis, as is evident from their invariable close 

association or intergrowth with chalcopyrite. They occur commonly 

as equant anhedral grains 1-15 pm in size enclosed partially or com-

pletely by chalcopyrite and rarely by pentlandite. In this form 

they are often to be found in the vicinity of braggite crystals 

which are fractured and veined by chalcopyrite, as in figures 8.1 

and 6.11. Very small fine white acicular crystals of 1-<lpm in 

width have also been seen in chalcopyrite, especially close to the 

margin with the silicates. These are presumed to be platinum and 

palladium bismuthotellurides. Clusters of small grains are to be 

found isolated in later silicate microveinlets cutting the primary 

silicates or following cleavage directions. These are again asso-

ciated or/and intergrown with chalcopyrite blebs dissemainated along 

the veinlets as in figure 8.2. Larger euhedral to subhedral 

lamellae of 0.3 - 0.6 mm are more rarely found as illustrated in 

figures 8.3 and 8.7. These occur at the silicate-sulphide bound-

aries, and in these cases are enclosed by pentlandite as well as 
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Fig. 8.1  Photomicrograph of polished section showing two grains of 
moncheite Pt(Te,Bi)2  (white) associated with chalcopyrite (cpy) 

which encloses fractured braggite (Pt,Pd,Ni)S (brag)* 

Rustenburg mine. 

Fig. 8.2  Platinoid bismuthotellurides (white) associated with 
chalcopyrite in late stage silicate microveinlets replacing 

the primary silicates. Photomicrograph of polished section. 

Rustenburg mine. 
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chalcopyrite. Except for mineral A, all these tellurides of plati-

num and palladium are bright white to cream in colour, are aniso-

tropic to varying degrees according to orientation, and crystallise 

in the hexagonal system. 

8.1.4 Electron-Probe Microanalysis. The instrument used for 

this study was a Cambridge Microscan Mark 1. Details of this and 

the correction procudures used are given in chapter 3. The standards 

used were an analysed 50/50 Pt:Pd alloy (kindly given by Johnson and 

Matthey & Co., Ltd), an analysed specimen of calaverite, (Au,Ag)Te2, 

for tellurium, an analysed specimen of coloradoite, HgTe, for mer-

cury determinations, and spectrographically pure bismuth. The speci-

mens for analysis were coated with a 50-75 A thick film of aluminium. 

8.2 Moncheite (Pt,Pd)(Te,Bi)2  

This was the second recorded occurrence of moncheite 

(Kingston, 1966) and it provided confirmation that moncheite from 

the Urals was valid as a new mineral. 

8.2.1. The Occurrence of moncheite at Rustenburg and Union 

mines is usually in the form of blebs 1-10 ym across, and fine 

acicular laths up to 10 ym in length which are generally only visible 

at magnifications of greater than X400. Moncheite is nearly always 

enclosed at least in part by chalcopyrite, and occurs at or near to 

the clusters or small grains in microveinlets along partings in the 

altered silicates. It is particularly abundant in the immediate 

area of other platinum group minerals (fig. 6.11). The study of 

Vermaak and Hendriks (1976) supports this qualitative conclusion. 

They determined that 98.59 vol.% of all moncheite occurrences were 

at the sulphide-gangue contact (51.87 vol.%) and within veinlets in 
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the silicates and oxides (46.72 vol.%). At the sulphide-gangue 

contact 40.38 vol.% occurred within chalcopyrite. 

Only one large lath of sufficient size to enable its 

extraction for X-ray powder analysis (200 x 60 prn size) has so far 

been located. This occurred at a sulphide:silicate contact as a 

subhedral lath, which in this exceptional case was enclosed by pyr-

rhotite and pentlandite (figs. 8.3 & 8.5). It is considered that 

this lath was originally formed by the replacement of pyrrhotite, 

but was later centrally 'corroded' by pentlandite which now sepa-

rates two optically continuous pieces of the lath. The final tex-

ture probably has been modified by subsequent diffusion and re-

crystallisation processes which, as discu-sed earlier (chapter 5.1) 

may have given rise to the euhedral ferroplatinum crystals in the 

pyrrhotite. 

8.2.2 The Optical and Physical Properties of the type moncheite 

from the Urals is described by Genkin et al as a white mineral show-

ing noticeable pleochroism in air, strongly anisotropic, and having 

a reflectance in air with orange light of approximately 56 - 60%. 

Hardness is given as lower than chalcopyrite and higher than kotul-

skite and michenerite. 

The Colour of moncheite in this study is a bright 

greyish-white in air, showing a weak pleochroism. Under oil immer-

sion it is light grey and exhibits a distinct pleochroism. Compared 

with ferroplatinum (fig. 8.3) it appears more grey and less creamy, 

especially under oil. When enclosed by braggite it appears greyish 

white but is a bright white against chalcopyrite (figs. 8.2 & 8.4). 

The Reflectance in sodium light, by visual comparison, 



Fig. 8.3  A lath of moncheite (mon) and euhedral crystals of platinum-
iron alloy (Pt,Fe) showing cubic outline, intergrown with 

pyrrhotite (pyrrh) and pentlandite (pent). Photomicrograph of 

polished section. Rustenburg mine. Scale 1 cm = 50 pm. 

Fig. 8.4  Grains of moncheite and merenskyite (white) associated with 
chalcopyrite. Union mine. Scale 1 cm = 10 pm. 
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lies between pentlandite and ferroplatinum and is very much greater 

than braggite or cooperite. Reflectance values for two of the 

largest grains showing the strongest anisotropy were determined in 

air with the Reichert reflex spectral microphotometer, using a x60 

objective and 2mm mirror diaphragm. An N.P.L. Measured pyrite 

(N.1915.1), loaned by S.H.U. Bowie of the Atomic Energy Division, 

was used as a standard. These values are given in table 8.1. for 

comparison with moncheite from Atok mine (Schwellnus et al, 1976). 

Although the values for one grain from Atok mine agree closely with 

the present study, the Ro  of the other grain is considerably higher. 

This is difficult to explain as there is no appreciable difference 

in composition between the two Atok mine grains. 

Table 8.1 Spectral reflectance values in % for moncheite from 

Rustenburg mine (R) compared with values by Schwellnus 

et al. (1976) for moncheite from Atok mine (A). 

Loc. 

Grain 470nm 

Ro 
546nm 589nm 650nm 470nm 

Re, 

546nm 	589nm 650nm 

R 2 53.0 53.2 52.9 52.7 56.8 58.8 58.1 59.6 

R 3 53.9 53.7 53.3 52.7 56.5 56.6 56.1 54.9 

A 10 58.4 56.7 57.3 58.0 59.4 58.9 59.7 60.5 
A 11 50.3 52.4 51.6 51.7 54.9 54.4 57.5 57.7 

The hexagonal stru2ture determined by X-ray powder di-

ffraction is supported by the constant low values at each wavelength. 

Since Re is greater than R
o, moncheite is optically positive with an 

average reflectance and near maximum bireflectance at 589nm of 53.1% 

and 5% respectively. The dispersion profiles do not contradict the 
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observed colour, and the author cannot understand the subjective 

criticism of Ramdohr (1969), which appears to be based on his appar-

ant general aversion to quantitative reflectance measurements, that 

"regarding the trend of dispersion, the data do not look very reli-

able". 

Finally a comparison of the compositions of the two 

measured grains (analyses (2) & (3), table 8.2) shows differences 

of Pt 8.6, Pd 3.7, Bi 9.5, and Te 5.6 wt. percent. However, this 

appears to result in no significant difference in reflectance of Ro, 

although an increase in Pd content can be expected to increase the 

reflectance, since the palladium end-member, merenskyite, has an Ro  

at 589nm which is 12 units of reflectance % higher than moncheite. 

The Anisotropy under crossed nicols is from distinct 

to strong in air, according to orientation, with light yellowish to 

dark brown polarisation colours. Cabri and Laflamme (1976) report 

them as shades of grey for Sudbury moncheite. 

The Hardness, according to observations of its polish-

ing relief, is approximately the same as pentlandite(
VHN

no 222' 

VHN50  264, Young & Millman, 1964) greater than chalcopyrite and less 

than pyrrhotite. No reliable indentation microhardness measurement 

could be obtained either because of the small size of even the larg- 

est grains (fig. 8.3). 
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Values of VHNX 57.5 for moncheite by Schwellnus et al (1976), and 

VHN10 92 (range 
73 - 111) by Cabri and Laflamme (1976), disagree 

with its observed polishing hardness, as well as with values for the 

other platinoid tellurides exhibiting a similar polishing relief. 

8.2.3 The Composition. The results of quantitative micro- 



Table 8.2 Electron-probe microanalyses in weight percent of moncheite from Rustenburg mine by 

Kingston (1966), compared to quantitative microspectrographic analyses of type moncheite 

from the Monchegorsk deposit by Genkin et al. (1963), and electron-probe microanalyses of 

moncheite from Atok mine by Schwellnus et al. (1976), and Western Platinum mine by Brynard 

et al.,(1976). 

Loc. RUSTENBURG MINE MONCHEGORSK ATOK MINE W.PLATINUM 

No. (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 

Pt 18.6 28.4 37.0 42.0 38.4 22.3 27.4 25.9 30.8 40.14 38.61 38.8 38.4 

Pd 9.3 3.7 ---- ---- ---- 7.o 9.2 6.9 4.6 0.24 0.33 0.2 0.5 

Bi 10.2 7.5 17.0 17.0 16.2 31.7 29.9 12.9 9.2 6.58 11.16 7.2 11.2 

Te 40.3 40.7 35.1 35.3 45.8 39.0 33.5 54.3 55.4 48.07 44.17 54.9 49.4 

Fe 
Cu 
Ni 

7.0 8.0 3.0 3.0 (1.2) 0.09 0.08 

Os 0.69 0.68 

Pb 2.34 2.66 

As 0.16 0.31 

Sb tr tr 
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Fe Ka Te La 

Bi La ± Pt L136 	 Ni Ka 

Fig. 8.5  X-ray scanning micrographs of area illustrated in figure 

8.3 showing the distribution of platinum, iron, tellurium, 

bismuth, and nickel in an intergrowth of moncheite Pt(Te,Bi)2  

(mon) and ferroplatinum (Pt,Fe) in pyrrhotite (pyrrh) and 

pentlandite (pent). Rustenburg mine. 
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spectrographic analyses of four grains of moncheite from the 

Nonchegorsk deposit by Genkin et al., and the results of electron-

probe microanalyses of moncheite from Rustenburg and Atok mine are 

tabulated for comparison in table 8.2. The analyses 1,2,3 and 4 of 

the present study were obtained under conditions of constant 

specimen-current, and have only been corrected for absorption using 

a correction procedure by Tong (1961). They are, however, consi-

dered to be sufficiently accurate to help confirm the grains as 

being moncheite, for comparison with the type moncheite, and to fur-

thers confirm that compositional trends involve the substitution of 

Pd for Pt, and Bi for Te. 

One of the largest grains (no.3, fig. 8.3 & 8.5), con-

firmed later by X-ray powder analysis to be moncheite, was reanaly-

sed at constant beam current. The analysis was corrected for ab-

sorption, atomic number, and fluorescence by the method outlined in 

chapter 3.4.3, and is presented in table 8.2 under analysis 5; giv-

ing a Pt:(Te,131) ratio of 1 : 1.22 . This ratio is when the 3.0 

wt.% of combined Cu,Ni, and Fe is ignored from the first analysis 

as being due to irradiation of the surrounding base-metal sulphides. 

However, reference to figure 8.3 and 8.5 shows that at least the 

copper content cannot be ignored, since the enclosing sulphides are 

pyrrhotite and pentlandite. In addition, Schwellnus et al (1976) 

report 0.08 - 0.09 wt.% Ni in moncheite from Atok mine, as well as 

Pb 2.34 - 2.66, Os 0.68 - 0.69, trace Sb, As 0.16 - 0.31, and 

S 0.37 - 0.44 weight percent. Cabri and Laflamme (1976) also report 

0.13 - 0.48 wt.% Ni in Sudbury moncheite. Therefore it is concluded 

that Rustenburg moncheite does contain small amounts of copper and 
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nickel, and that their detection under the electron-probe micro-

analyser cannot be completely attributed to subsurface irradiation 

of enclosing base-metal sulphides, especially with grain 3 (fig. 

8.3) which is fairly large, and which is enclosed in the area of 

analyis by pyrrhotite. In the other analyses (1,2, and 4, 

table 8.2) where the grains were very small and enclosed by chal-

copyrite (fig. 8.1), the high percentages of (Cu,Ni,Fe) are still 

considered to be largely due to Cu & Fe radiation as a result of 

subsurface irradiation of chalcopyrite. When this is taken into 

consideration a 1:2 ratio is not incompatible with the results of 

this study since as is the case with analysis 5, the addition of as 

little as 1.2 wt.% combined Cu and Ni would give the ideal ratio. 

The absence of nickel in moncheite at Monchegorsk to-

gether with the occurrence of less than 0.1 wt.% Ni for Atok mine 

and less than 2 wt.% for Rustenburg mine suggests that there is a 

very limited solid solution series with melonite. Palladium con-

tents indicate a limited solid solution also towards merenskyite, 

the latter forming a complete series, according to Rucklidge (1969), 

in the direction of melonite NiTe2' or more correctly palladian 

bismuthian melonite (Ni,Pd)(Te,Bi)2. This is discussed further 

under merenskyite. 

8.2.4 X-Ray Powder Data for the Rustenburg moncheite are given 

in table 8.3, together with the type moncheite and artificial PtTe2. 

The unindexed d-values may be due to contamination by pyrrhotite 

and pentlandite during extraction from the polished section. Of the 

eleven indexed lines, nine correlate closely with those for the type 

moncheite. Only a very weak diffraction pattern was obtained as a 
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Table 8.3  X-ray powder data for moncheite (Pt,Pd)(Te,Bi)2  from 

Rustenburg mine (Cu radiation, Ni filter and 11.483 cm 

diameter camera), and for moncheite from Monchegorsk 

(Genkin et al.,1963). 

Rustenburg Monchegorsk 

Hex. ao 4.062 ± 0.002 ao 4.049 ± 0.004 

Cells co 5.346 ± 0.003 co 5.288 .± 0.005 

hkil d calc d obs I obs  d obs I obs 

0001* 5.325 5.25 5o 5.32 6o 
-- --- 3.02 4o 3.07 20 
1011* 2.932 2.94 100 2.93 100 
-- --- 2.73 lo -- -- 
0002 --- --- -- 2.66 10 
1012* 2.124 2.12 6o 2.11 80 
-- --- 2.08 20 -- -- 
1120* 2.028 2.03 60 2.02 70 
111* 1.896 1.885 20 1.888 4o 
-- --- 1.798 40 1.712 20 
0003 --- --- -- -- -- 
-- --- 1.728 30 -- -- 
2021* 1.668 1.668 4o 1.664 6o 
1013* 1.587 1.588 20 1.575 5o 
-- ' 	--- 1.534 20 -- -- 
2022* 1.467 1.471 20 1.462 70 
0004 --- --- -- 1.324 40 
21-50* 1.328 1.328 20 -- -- 
2131* 1.289 1.289 40 1.282 70 
2023 --- --- -- 1.242 30 
1014* 1.247 1.248 10 -- -- 
2132 --- --- -- 1.182 50 

Footnote  

* These indices were checked, assuming a hexagonal symmetry, 
using a modified version of a computer programme by W.D.Hoff 
et al.(1965). In this programme the indices were accepted if 
(sin20--sin26)--) 0.003. The drift constant K (Hess, 1951) 
was assumed proportional to 1(cos26/sind4cos2 M. Standard 
deviations of a and c were also determined. All reflections 
indexed were included in the determination of the cell para-
meters. 
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result of the minute quantity of powder available from the lath 

shown in figure 8.3. Therefore, differences from type moncheite 

may in part be due to measurement error, particularly in the back 

reflection region. However, Genkin et al must have encountered the 

same problem. The eleven indexed spacings were checked (Frost, pers. 

comm), assuming a hexagonal symmetry, using a modified version of a 

computor programme by W.D.Hoff et al (1965). All reflections in-

dexed were included in the determination of the cell parameters 

which gave ao  4.062(2), co  5.346(3) A, compared to type moncheite 

of ao  4.049(4), co  5.288(5) 1, and artificial PtTe2  of ao  4.026, 

co 5.221 A (Gronvold et al., 1960). These values are further con-

firmed by Cabri and Laflamme (1976) with their cell dimensions for 

Sudbury moncheite of ao  4.040(1), and co  5.297(6) A. 

A new mineral, 'chengbolite' PtTe2, recently reported 

from China (Sun et al., 1973) is probably moncheite. This mineral 

was discredited by an I.M.A. vote in March 1975. The data for this 

mineral were reported as ao  4.041, co  5.220 A; VHNX  142 kg/Mm2; 

composition range Pt 35.86 - 39.4, Pd 2.2 - 3.96, Te 58.16 - 68.0 

weight percent; strongest d-lines of 2.896(10), 2.086 (9), 1.560(8) 

1.096 (7), and 1.001 (7) A; and reflectance of 51.6 - 42.1 % at an 

unspecified wavelength. 

8.3 Kotulskite Pd(Te,Bi) 

8.3.1 The Occurrence of Kotulskite was first reported from the 

Monchegorsk deposit by Genkin et al (1961,1963) as being intergrown 

with moncheite and michenerite, and as separate grains enclosed in 

chalcopyrite. An approximate formula of Pd(Te,Bi)1-2 was given. A 

similar phase from Rustenburg mine, considered to be kotulskite from 



-294- 

the evidence of the X-ray powder data (table 8.6), has a composition 

from two fully corrected electron-probe microanalyses of Pd(Te,Bi). 

Its occurrence at both Rustenburg and Union mines is the same as for 

moncheite. However, whereas moncheite has not been found intergrown 

with any other telluride, kotulskite is usually intimately intergrown 

with merenskyite as follows:- 

(1) as a small-size lammellar intergrowth, as illus-

trated in figure 8.6, which can easily be overlooked because of 

kotulskite's general similarity to merenskyite. With the smallest 

grains this intergrowth can only be discerned in oil using the high-

est magnification. This intergrowth appears to be formed by a guided 

replacement of merenskyite by kotulskite. As pointed out in 1966, 

this can give rise to errors during analyses, and will be discussed 

later with regard to the composition of merenskyite. 

(2) As an easily resolved replacement intergrowth, as 

illustrated in figure 8.7, in which a lath of merenskyite is clearly 

being replaced by kotulskite. This again will be discussed more fully 

under merenskyite. 

(3) As an intergrowth showing a smooth and slightly em-

bayed boundary, as in figure 8.8. Here the relationship is a little 

ambiguous. 

Vermaak and Hendriks report that 83.79 vol.% of all 

kotulskite occurs enclosed in gangue, and 10.46 vol.% in chalcopyrite 

along sulphide-gangue contacts. They do not, however, report on the 

common merenskyite-kotulskite association. 

8.3.2 The Optical and Physical Properties of the type kotul-

skite from Monchegorsk has been described as a cream-coloured and 



Fig. 8.6  A fine lammellar intergrowth of kotulskite (k) and 
merenskyite (mer) adjacent to chalcopyrite (cpy) and resolved 

under crossed nicols with the analyser slightly rotated. 

Rustenburg mine. Scale 1 cm = 10 um. 

Fig. 8.7  A subhedral lath of merenskyite (mer) along a pentlandite-
silicate contact showing partial replacement by kotulskite (k). 

Photomicrograph of polished section under crossed nicols to 

show texture. Rustenburg mine, Scale 1 cm = 33)um. 
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strongly anisotropic mineral in air, with polarisation colours of 

brown to grey-blue, and as having a high reflectance (maximum 66%) 

in orange light (Genkin et al., 1963). Its hardness is given as 

lower than chalcopyrite and noncheite, and similar to michenerite. 

The Colour of kotulskite from Rustenburg mine is a 

cream or pale yellow in air, and it exhibits a distinct pleochroism 

from a light cream to a slightly darker greyish cream. In oil it 

appears more yellow and the pleochroism is more distinct. Noncheite 

and merenskyite appear white in comparison with kotulskite. Chal-

copyrite against kotulskite appears greenish yellow. 

The Reflectance values (table 8.4) were obtained by the 

same method as for moncheite, except that a x32 objective was used. 

Although the values are a little ambiguous, it is considered to be 

most probably optically positive with an average Ro  at 589nm of 

62.5% compared to moncheite at 53.1% and merenskyite at 65%. 

The Anisotropy is strong with polarisation effects from 

grey to dark bluish grey with the nicols completely crossed. 

' The Hardness from its polishing relief is greater than 

chalcopyrite and less than pentlandite and merenskyite. One grain 

was large enough to obtain two Vickers microhardness values, using 

a 15 g load, which gave an average of VHN15=236. The indentation 

shape was symmetrical with no fractures and straight to very weakly 

concave sides. This may be compared with VHN15 291 (range 277 - 322) 

obtained by Cabri and Laflamme (1976) from eight measurements on 

five grains of tellurium rich (26.6 - 28.1 wt.% Te) kotulskite from 

Sudbury. 

8.3.3 The Composition. Two homogeneous and inclusion free 
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Table 8.4 Spectral reflectance values in percent for kotulskite 

from Rustenburg mine, corresponding to analyses (1) & (2) 

in table 10.5. 

No. 
Ro Re' 

470nm 546nm 589nm 650nm 470nm 546nm 589nm 	.650nm 

1 55.1 60.9 63.3 65.2 57.3 64.4 65.6 	67.9 

2 53.0 58.7 61.7 64.1 53.4 61.1 63.2 	66.2 

. 

Table 8.5 Electron-probe microanalyses in wt.% of kotulskite and 

Mineral C from Rustenburg mine by Kingston (1966); a quan-

titative microspectrographic analysis of type kotulskite 

from Monchegorsk (Genkin et al., 1963); and an electron-

probe microanalysis of a similar 'new mineral' from Bissersk 

by Stumpfl (1976). 

KOTULSKITE MINERAL C 'NEW MINERAL' 

RUSTENBURG MONCHEGORSK RUSTENBURG BISSERSK 

(1) (2) (3) (4) (5) 

Pt ---- 1.1 ---- 1.3 ---- 

Pd 45.9 38.8 31.1 40.0 37.6 

Bi 17.2 20.1 24.9 30.6 39.o 

Te 38.0 36.1 44.0 23.3 19.0 

Sb - --- ---- ---- ---- 3.8 
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grains of kotulskite from Rustenburg mine were analysed with the 

electron-probe microanalyser using constant beam-current conditions, 

and the initial percentages were corrected for absorption, atomic 

number, and fluorescence as outlined in chapter 3.4.3. The results 

are pr6sented in table 8.5 together with the semiquantitative micro-

spectrographic analysis of kotulskite by Genkin et al. X-ray scann-

ing micrographs showing the distribution of palladium, tellurium, 

and bismuth in an intergrowth of kotulskite and merenskyite are pre-

sented in figure 8.8. These show clearly the difference in Pd and 

Te content between the two minerals, as well as the homogeneity of 

each. The formulae calculated from these analyses are (Pd0.98Pt0. 02)  
(Te0.75Bi0.25)1. 02  and Pd(Te0.78Bi0.22)0.88. These give an average 

composition of (Pd
0.99 Pt0.01 )(Te0.76 

Bi0-24 )0.95 which strongly sup-

ports an ideal stoichiometric ratio of 1 : 1 for this Rustenburg 

phase. 

A similar phase "Sudbury kotulskite" has been recently 

described by Cabri and Laflamme (1976). In contrast to Rustenburg 

kotulskite this mineral is distinctly pinkish-cream with no observ-

able bireflectance in air or oil, and its anisotropy under crossed 

nicols is weak to nil in air, and weak in oil. This is because of 

its marked difference in composition from the Rustenburg and type 

Monchegorsk kotulskite. The composition of "Sudbury kotulskite" is 

fairly constant giving a range from the analysis of four grains of 

Pd 37.7 - 38.3, Ni 0.00 - 0.05, Te 26.6 - 28.1. Bi 33.2 - 35.3, and 

Sb 0.06 - 0.32 weight percent. No X-ray data was obtained for this 

phase. 

8.3.4 The X-Ray Powder Data (table 8.6) adds further confirma- 



Table 8.6 X-ray powder data for kotulskite (Pd,Pt)(Te,Bi) from Rustenburg mine (copper radiation, 

Ni filter and 11.483 cm diameter camera), kotulskite Pd(Te,Bi)1_2  from Monchegorsk (Genkin 
et al.,1963), and artificial PdTe (Thomassen, 1929). 

Hex. 

Cells 

Rustenburg Monchegorsk Artificial PdTe 

ao  4'145 .± 0'005 

co  5.67 	± 0.01 

ao  4'19 ± 0.01 

co  5.67 ± 0.01 

ao 4'127 ± 0.004 

co  5.663 ± 0.005 

hkil d calc d obs I obs hkil d obs I obs d obs I obs 

I --- 1010 3.65 3o 3.58 lo 
1011* 3.032 3.03 loo 1011 3.05 100 3.03 4o 

--- 0002 2.85 10 
1012* 2.224 2.22 90 1012 2.24 90 2'22 80 
1120* 2'071 2.08 70 1120 2.09 90 2'07 60 
2021* 1.711 1.72 20 2021 1'73 60 1.71 40 
1013* 
1122 

1.671 ) 
1.672 ) 1.67 20 1013 1.68 6o 1.67 5o 

2022* 1.515 1.52 3o 2022 1.53 70 1.51 80 
1.41 5 0004 1.42 20 1.42 25 

1014* 
2132 

1'318 ) 
1.319 ) 1.32 10 1014 1.33 70 1.32 50 

1.23 10 2073 1.31 30 1.30 25 
301 
1124* 

1.170 
1.169 1.17 10 2152 

300 
1.24 
1.19 

80  
70 

1.22 
1'21 

100 
50 

2024 1.17 80 1'17 100 

* See footnote to table 8.3. 
	

I  Strong blackening of the film in this region due to rubber. 
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tion of a 1:1 ratio, since it is in close agreement with artificial 

PdTe. This is further emphasised by the lack of agreement with the 

powder data for artificial PdTe2. The close agreement of the in-

dexed spacings and cell size, ao  4.145(5) and co  5.67(1)1, of the 

Rustenburg phase with Monchegorsk kotulskite, ao  4.19(1) and 

C
o 
5.67(1)A, together with the compositional data, confirms that 

both can be considered as the same mineral, and that the correct 

formula for pure end-member kotulskite should be in future quoted 

as Pd(Te,Bi). 

8,4 Mineral C (Pd0.98Pt0.02)(Te0.56Bio.44  .,) 0.86* 
This telluride has similar optical properties to kot-

ulskite. The composition (table 8.5, analysis 4) was determined on 

a grain of about 30 }lm in diameter, which was simply interlocked 

with a 15 pm bleb of stibiopalladinite. This composite grain oc-

curred in a late stage microveinlet cutting the early formed matrix 

silicates. Compared to kotulskite it had on average 12 wt.% more 

Bi, and tellurium was correspondingly 13.8 wt.% lower. Since this 

data was published in 1966, Stumpfl (1926) has provided an analysis 

of a 'new mineral' from Bissersk in the Urals (table 8.5, analysis 

5) of composition expressed as Pd2.00 Bi1.05 
(Te0.84Sb0.18):= 

 1.02' 

This would appear to be merely another example of Mineral C with 

some minor antimony substitution for either Te or Bi, and it is con-

sidered that the formulae might well be expressed as Pd(Bi0.51Te0.40  

Sbo. 0,)1.04
. The fact that this mineral is also white, strongly 

anisotropic, and with an estimated reflectance of greater than 60:, 

is further strongly suggestive that Mineral C from Rustenburg and 

'the new mineral' from Bissersk are the same. 
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Mineral C is probably an intermediate member of a 

solid solution series trending towards an as yet unknown hexagonal 

PdBi by the progressive substitution of Bi for Te in kotulskite. 

Mineral C might there) ke be called a bismuthian kotulskite. 

8.5 MerensRyibe  (1)*  (Pd,Pt)(Te,Bi)2. 

8.5.1 The Occurrence of merenskyite at Rustenburg mine is in 

the same manner as kotulskite, with which it has so far always been 

found to be intergrown. Its preference for chalcopyrite along 

sulphide-gangue contacts and within veinlets in the gangue is empha-

sised by the quantitative study of Vermaak and Hendriks, which pro-

duced occurrence figures for these two modes of 28.44 vol.% in chal-

copyrite and 59.04 vol.% in the gangue. The modes of intergrowth 

with kotulskite are illustrated in figures 8.6, 8.7, and 8.8. These 

occurrences have been confirmed by electron-probe microanalysis, 

and are all examples from Rustenburg mine. Grains of identical pro-

perties to merenskyite have been found in the ore from Union mine 

but these have not as yet been confirmed as merenskyite by analysis. 

In nearly all cases it is clear that the intergrowths have been 

formed by the replacement of merenskyite by 'palladium-rich' kotul-

skite, and that a crystallographic control has operated. This pro-

vides further evidence for late stage palladium enrichment during 

sulphide fractionation, with resultant palladium metasomatism of 

earlier formed minerals. This also supports and complements the 

author's earlier observations on the replacement of cooperite by 

braggite. 

(l)* Name approved before publication by the Commission on New 
Minerals and Mineral Names, International Mineralogical 
Association, June 1965. 
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Because of the similar appearance of kotulskite and 

merenskyite, and the fine nature of the replacement lamellae (often 

of the order of 1 pm in width), small-size grains exhibiting this 

intergrowth, as in the case of figure 8.6, are easily misinterpre-

ted as either being of a homogeneous phase or a pleochroic homo-

geneous phase showing twin lamellae. In the present study several 

early analyses of these small telluride grains had to be rejected 

after a microscopic re-examination revealed a two phase intergrowth. 

The author's findings (1966) were confirmed by Cabri and Pickwick 

(1974). They also demonstrated the existence of even finer lam-

ellar intergrowths in the Stillwater Complex, which appear to have 

resulted from the exsolution of kotulskite from merenskyite. The 

kotulskite lamellae in this case ranged in width from 0.2-0.5 pm. 

A 'bulk' analysis of this grain by them, using an electron-probe 

microanalyser, gave a 3:5 stoichiometry, although separate results 

for the matrix and lamellae indicated that they were composition-

ally distinct, with the matrix being merenskyite of a 1:2 stoichio-

metry and the lamellae "most probably" being kotulskite of 1:1 

stoichiometry. The significance of this and other studies to the 

existence or not of the author's Pd3(Te,Bi)5  phase is discussed 

later. 

However, at Rustenburg mine no indication of such a 

lamellar exsolution relationship between kotulskite and merenskyite 

has so far been found. All the intergrowths between these two are 

considered to be replacement, except in the case illustrated in 

figure 8.8, where the smooth embayed boundary relationship and ab-

sence of penetrating veinlets could be interpreted as the result of 
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exsolution or simultaneous deposition. 

As far as could be resolved by optical microscopy, the 

analyses for kotulskite and merenskyite presented here represent 

homogeneous areas or grains. Later analyses of these two minerals 

in other deposits by other workers supports this opinion by their 

agreement with the author's results. It is obviously imperative 

that careful microscopic examination should preceed any electron-

probe microanalyser studies of these tellurides. The composition, 

X-ray data, and reflectance values for type merenskyite were obtained 

from the study of the two identical and homogeneous merenskyite 

areas illustrated in figure 8.8. 

8.5.2 The Optical and Physical Properties  

The Colour of merenskyite is white in air compared to 

kotulskite, which appears a pale yellow colour (fig. 8.8). Moncheite 

and merenskyite are not easily distinguished from each other unless 

in close proximity, when merenskyite can be seen to have a higher 

reflectivity and appears slightly more creamy. Its reflection pleo-

chroism in air is weak from white to greyish white; in oil it is more 

distinct, from white with a slight creamy tint to light greyish white. 

The Reflectance values of merenskyite in figures 8.8 

and 8.7 were obtained by the same method as for kotulskite, and are 

presented in table 8.7, in which it has been assumed that merensky-

ite is optically positive. Although of different reflectance, the 

dispersion profiles of the two grains are identical. The small dif-

ference in reflectance may be caused by the compositional difference 

(e.g. Pd 23.1 wt.% for No. 1, and Pd 33.2 wt.% for No. 2) or merely 

a difference in the quality of the polished surfaces. In the case of 
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kotulskite the relationship between composition and reflectance is 

opposite to that for merenskyite. 

Table 8.7 Spectral reflectance values for merenskyite from 

',Rustenburg mine corresponding to analyses (1) and (2) in 

table 8.8. 

No. 
470nm 

R o 

546nm 589nm 650nm 

t, 

470nm 546nm 

Re, 

589nm 650nm 

1 61.8 64.3 65.7 65.9 62.2 65.2 67.0 67.4 

2 60.9 63.2 64.4 64.3 61.4 64.4 66.o 66.6 

The Anisotropy in air is distinct to strong, according 

to orientation, with dark brown to light greenish grey polarization 

colours. 

The Hardness from its polishing relief is less than 

pentlandite, greater than chalcopyrite, and just greater than kot-

ulskite, i.e. just greater than VHH15  236. No microhardness values 

were obtained for merenskyite because of either the small size of 

the grains (fig. 8.8), or the complexity of its intergrowth with 

kotulskite (fig. 8.7). No other natural hardness data has been 

reported, although measurements by Hoffman and Maclean (1976) on 

synthetic merenskyite of composition PdTe1.5Bi0.5  gave VHN25  of 

237 - 247. 

8.5.3 The Composition of type merenskyite from Rustenburg 

mine was determined from an electron-probe microanalysis of the 
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Rd L 
	 Te L ct. 

Bi L cc 	 Ag Loc. & Pd 
Fig. 8.8  Photomicrograph under plane polarised light,and X-ray 

scanning micrographs showing the distribution of Pd,Te,Bi 

and Ag in a composite grain of type merenskyite Pd(Te,Bi)2  

(mer) and kotulskite Pd(Te,Bi) (kot) intergrown with chalco-

pyrite (cpy) and a silver telluride (now largely volatilised) 

from Rustenburg mine. 
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Table 8.8  Electron-probe microanalyses of merenskyite from 

Rustenburg  mine (Kingston, 1966) and the Sudbury District  

(Cabri and Laflamme, 1976), and merenskyite and palladian 

melonite from Werner Lake, Strathcona, and Falconbridge, 

Ontario  (Rucklidge, 1969), and Temagami  (Cabri et al.  1973). 

RUSTENBURG 

(1) 	(2) 
SUDBURY DISTRICT 

(3) 	(4) 	(5) (6) 
ONTARIO 

(7) 	(8) (9) 
TEM. 

(10) 

Pd 23.1 33.2 26.3 18.3 27.2 12.7 18.3 7.4 2.1 29.2 

Ni ---- ---- 0.5 6.1 o.16 0.19 5.9 11.3 17.1 ---- 

Pt 1.8 ---- ---- ---- ---- 18.8 0.37 3.7 1.5 ---- 
Te 50.8 56.3 59.7 61.4 56.7 33.0 65.6 65.2 72.5 67.8 

Bi 14.2 15.1 12.3 14.2 14.8 36.4 10.8 14.4 9.1 2.6 

. . 

°c 
900 -  

800 

PdTe2 	Pd Te 

4. 

740° 	720°  

700 

600 

490°  

4 40°  460" 

500 
452 

400 

Pd3Te 
300 

Te + Pd Tee 200 - 

100  

cci+ oc" Pd Te + 
Pd2  Te 

CL 

PdiTe 

O
Te 

I 
10 20 30 

I 	I  
40 50 60 70 80 

Pd, at% 
90 Pd 

Fig. 8.9  Equilibrium diagram for Pd-Te alloys (after Medvedeva, 

Klochko, Kuznetsov, and Andreeva, 1961). 
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largest of the two homogeneous and inclusion free areas illustrated 

in figure 8.8, from which X-ray powder data were later obtained. 

Constant beam-current conditions were used, and the initial percent-

ages were corrected for absorption, atomic number, and fluorescence 

as outlined in chapter 3.4.3. This analysis (table 10.8, anal.l) 

has a summation of 89.9 wt.% after correction, although before cor-

rection it was 93.4 wt.%. However, in this element combination the 

effect of the matrix corrections was found to be relatively small 

for all the elements and, although the corrections appear to have 

been of insufficient magnitude, it is considered that the atomic 

proportions are correct. Thus on the basis of this assumption, the 

analysis strongly suggests a (Pd,Pt):(Te,Bi) ratio of 1:2 with an 

empirical formula similar to (Pd0.96Pt0.04)(Te0.85Bio. ) 1) 2.06* 

Confirmation of a 1:2 stoichiometry for this type merenskyite was 

provided by the close agreement of the X-ray powder data for this 

phase (table 8.9) with that for artificial PdTe2, as well as for 

moncheite. As with other tellurides in this study, only a minute 

quantity of 'powder could be obtained (see chpt. 3.4.2), and a 30-

hour exposure was needed to obtain measurable lines. 

A further electron-probe microanalysis (table 8.8, 

anal.2) of a phase optically identical to merenskyite, and inti-

mately intergrown with kotulskite (fig. 8.7), suggested a 3:5 

stoichiometry with an empirical formula of Pd3(Te0.86Bi0.14)4.93. 

This was explained by the author in 1966 as being due either to an 

error produced by the inclusion of sub-outcropping (or outcropping) 

kotulskite in the irradiated zone of the analysis, as a result of 

the complexity of the replacement intergrowth, or that, on the basis 
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of an equilibrium diagram for Pd-Te alloys (fig. 8.9) produced by 

Medvedeva et al 1961, the Pd3(Te,Bi)5  phase consisted of merenskyite 

with PdTe or Pd(Te,Bi) in solid solution. 

Medvedeva et al considered that in the PdTe
2 - PdTe 

region; in the range 640-690°0, the alloys formed a continuous series 

of solid solutions which break down below 640°C into a mixture of two 

solid solutions based on PdTe and PdTe2. The existence of such a 

solid solution series at 660°C was also confirmed by Kjekshus and 

Pearson (1965) by the use of high-temperature X-ray powder diffrac-

tion. They also showed that at 5000C the two end-member phases PdTe 

and PdTe2 had very limited ranges of solid solution, which may be 

designated as Pd2_xTe2)  where x ranges from 0.04-0.23, and Pdi_xTee  

where x is from zero - 0.04. In the most recent study of this system, 

Hoffman and Maclean (1976) confirmed and refined these early findings, 

and concluded that a complete solid solution exists between PdTe2  

(synthetic merenskyite) and PdTe (synthetic kotulskite) from 

575°± 10°  to 710°± 10°  C, and that with rising temperature synthetic 

merenskyite retreats towards PdTe2, which melts congruently at 

740°:± 3°  C. 

Since 1966 the problem of the existence of a variety of 

merenskyite with a 3:5 stoichiometry has been considered by other 

workers. From their work and the authoes, five mineralogical alter-

natives have arisen which can give rise to a (Pd,Pt)(Te,Bi) ratio 

of 3:5. These are: 

1. A fine and optically submicroscopic lamellar 

'exsolution' intergrowth of kotulskite and merenskyite, as demons-

trated by Cabri and Pickwick (1974). 
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2. A complex replacement intergrowth of merenskyite 

and kotulskite, such that electron-probe irradiation of underlying 

kotulskite beneath a homogeneous veneer of merenskyite is unavoid-

able. 

3. A solid solution of merenskyite and PdTe, the exis-

tence of which has been demonstrated with regard to the synthetic 

Pd-Te system. 

4. A distinct mineral species with closely similar 

optical properties to merenskyite. 

5. A distinct mineral species with different properties 

from merenskyite. A possible example is the pinkish weakly aniso-

tropic(Pd0.74Pt0.26)3(Te5.01  with 0.1% Bi of Mihalik et al (1974). 

In this case the lack of bismuth and consequently higher tellurium 

content of 63.3 wt.% could be considered responsible for the differ-

ence in colour and anisotropy from the 3:5 stoichiometric 'meren-

skyite' at Rustenburg. However, lack of X-ray powder data in both 

cases prevents further comparison. 

The existence of a Pd3Te5  phase with variable amounts 

of Pt and Bi substitution is therefore uncertain, and alternatives 

1-4 could apply to the Rustenburg example. A scanning-electron 

microscopic examination of the analysed merenskyite area shown in 

figure 8.7 is required to determine whether fine submicroscopic 

inclusions of kotulskite are present. The high summation of the 

analysis of 104.6 % could be due to this, combined with 'beam 

wandering' during analysis. The presence of exsolution lamellae 

would overcome the difficulty of postulating the existence of a 

homogeneous mixed crystal at normal temperatures which exceeded the 
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limit imposed by Kjekshus and Pearson, and Hoffman and Maclean. 

The existence of a solid solution can be used to explain 

the reason for the two different intergrowth types illustrated by 

figures 8.7 abd 8.8. The smooth embayed boundary relationship could 

be interpreted as the result of the complete unmixing of a 

kotulskite-merenskyite solid solution whereas unstable easily re-

placeable Pd3(Te,Bi)5  mixed crystals would be more susceptible to 

later palladium metasomatism and conversion to kotulskite. Moncheite 

is in contrast unreplaced by other PGM. 

Only a limited solid solution appears to exist between 

moncheite and merenskyite, as shown by the platinum contents in 

table 8.8. However, Rucklidge (1969) provides evidence for extensive 

substitution of Pd by Ni in merenskyite, and suggests an almost com-

plete solid solution series with melonite NiTe2 on the basis of 

analyses of three intermediate members from Ontario (table 8.8, 

analyses 7,8, & 9). These gave Ni contents of 5.9, 11.3, and 17.1 

wt. percent, with a corresponding depletion in Pd giving contents of 

18.3, 7.4, and 2.1 wt. percent. He introduced the terminology for 

these intermediate members of nickeloan merenskyite (analysis 7), 

and palladian bismuthian melonite (analyses 8 & 9). Similarly 

platinian merenskyite could be used for analysis 1. Cabri and 

Laflamme (1976) helped confirm this solid solution series with a 

further nine analyses of palladian melonite from Sudbury. These ex-

hibited a compositional range of Ni 9.4-17.1, Pd 12.7-2.1, 

Pt 0.0-3.7, Te 73.0-62.4, Bi 5.6-16.5, and Sb 0.55-1.04 weight per- 
merer.sky; re_ 

cent. They also introduced a similar terminology based onjbeing 

PdTe2
. On this basis all merenskyite occurrences so far analysed 
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are bismuthian, and according to whether Pt or Ni is the second 

most important cation then it will be platinian bismuthian merensky-

ite or nickeloan bismuthian merenskyite. This is considered an un-

necessary complication, since all merenskyites so far reported are 

'bismuthian' and all except one have Bi contents lying within the 

small range of Bi 10.8 - 15.1 wt.%. This suggests that bismuth is 

an essential constituent of merenskyite. Similarly Bi contents 

appear to be essential to palladian melonites. Analysis 6 in table 

8.8, of "platinian bismuthian merenskyite" by Cabri and Laflamme, 

despite the similarity of the X-ray powder data to that for syn-

thetic PdTe2 
is possibly a distinct species lying between merensky-

ite and a hypothetical hexagonal PtBi2. 

Finally with regard to composition, Cabri and Laflamme 

demonstrated that a partial solid solution probably occurs between 

michenerite (cubic PdBiTe) and merenskyite, with which it is comm-

only associated in the Sudbury ores. This was confirmed by Hoffman 

and Maclean (1976). 

8.5.4 X-Ray Powder Data presented in table 8.9 is still the 

only available data for natural merenskyite, although Cabri and 

Laflamme provide cell dimensions for a "platinian bismuthian 

merenskyite" (table 8.10, no.2). The crystal structure of the syn-

thetic equivalent of merenskyite was shown by Thomassen (1929) to 

have a hexagonal sheet-like Cd(OH)2 
structure. This together with 

its excellent 0001 cleavage accounts for its characteristic lami-

nar replacement by kotulskite. 

Variations in the cell dimensions with composition are 

illustrated in table 8.10, in which an increase along the c-axis 
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Table 8.9  X-ray powder data for merenskyite from Rustenburg mine 

(Cu radiation, Ni filter and 11.483 cm diameter camera), 

and for artificial PdTe
2 (Thomassen, 1929). 

Merenskyite Artificial PdTe
2 

Hex. ao  3.978 ± 0.001 ao 4.028 + 0.003 
Cells co  5.125 _± 0.002 co  5.118 ± 0.004 

hkil d calc. d obs. I obs. hkil d obs. I obs. 

--- --- 3.07 30 --- --- --- 

ldil* 2.921 2.92 100 1011 2.89 60 
--- --- --- -- --- --- -- 
--- --- 2.51 20 0002 2.56 20 

1012* 2.088 2.10 60 1012 2.07 60 

--- --- --- -- --- --- -- 

1120* 2.015 2.02 30 11R 2.02 4o 

--- --- --- -- --- --- -- 

--- --- --- -- --- --- -- 

0003* 1.726 1.73 20 0003 1'71 20 

--- --- --- -- --- --- -- 
--- --- 1.67 30 2011 1.65 30 

--- --- 1.61 20 1122 1.59 20 

1013* 1.543 1.54 30 1013 1.54 70 
___ ___ 1.46 10 2022 1.44 50 
___ ___ --- -- --- --- -- 

--- --- 1.39 10 1123 1.30 20 

0004* 1.288 1.29 10 0004 1.28 80 
.. _ 

* see footnote to table 8.3. 
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Table 8.10 Cell dimensions of merenskyite from Rustenburg mine (1) 

(Kingston, 1966) compared to platinian merenskyite from 

Sudbury (2) (Cabri and Laflamme, 1976), synthetic meran- 

skyite of varying bismuth content (3)-(7)(Hoffman and 

Maclean, 1976), melonite (8) (Strunz, 1970), and palladian 

' melonite (9) (Cabri and Laflamme, 1976). Composition is 

expressed as atomic proportions. 

Loc. Pd Pt Ni Te Bi Sb a(A) c(A) 

1 0.96 0.04 ---- 1.75 0.31 ---- 3.978(1)* 5.125(2) 
2 0.55 0.44 0.01 1.19 0.80 ---- 4.036 5.132 
3 1.0 ---- ---- 2.0 ---- ---- 4.042(5) 5.124(8) 
4 1.0 ---- ---- 1.8 0.20 ---- 4,040(4) 5.169(4) 

5 1.0 ---- ---- 1.7 0.30 ---- 4.050(6) 5.186(6) 
6 1.0 ---- ---- 1.6 0.40 ---- 4.045(3) 5.205(3) 

7 1.0 ____ ____ 1.5 0.50 ---- 4.049(4) 5.231(4) 
8 ---- ---- 1.00 2.00 ---- ---- 3.84 5.26 

9 0.33 ---- 0.67 1.71 0.26 0.03 3.905(4) 5.248(4) 

* number in parenthesis gives standard deviation expressed in 
units of the last decimal place. 
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with increasing Bi content is clearly demonstrated by Hoffman and 

Maclean, Substitution of Ni for Pd appears to decrease that ao  of 

merenskyite although this may be offset by the substitution of Pt. 

8.6 Mineral A (Pd,Hg)(Te,Bi) 

8.6.1 The Occurren2e and Properties. This phase has so far 

only been located in the area shown in figure 8.2 as four blebs, 

ranging from 2 to 5pm in diameter, intergrown at the margins of 

merenskyite grains associated with chalcopyrite. Its colour in air 

is light grey compared to merenskyite, but under oil immersion it 

becomes slightly darker with a brownish tint. Its reflectance 

values at the four standard wavelengths are R470nm48.8%, R546nm53'35 

R589nm55.6%' 13650nm53 .9%. It appears to be isotropic, although any 

weak anisotropy under crossed nicols could not be distinguished 

with certainty on such small grains enclosed by strongly aniso-

tropic merenskyite. Its hardness from its polishing relief was 

softer than merenskyite and chalcopyrite. 

8.6.2 The Composition was determined by electron-probe micro-

analysis of the largest (5 pm) grain. Because of this small size, 

a certain proportion of the underlying and enclosing merenskyite 

may have been irradiated as well. Consequently the analysis could 

be considered to be only semiquantitative. The analysis after full 

matrix corrections gave Pd 27.8, Hg 12.0, Te 38.5, Bi 1.6 wt. per-

cent. This suggests a (Pd,Hg):(Te,Bi) ratio of 1:1, and an empiri- 

cal formula of (Pd 	.19  0.811160 )(Te  0.97B10.03)* 

Since this was reported by the author in 1966, Cabri 

et al (1973) have described a new mineral from Ontario, temagamite  

Pd
3
HgTe

3 , 
of composition within the ranges of Pd 34.6 35.1, 
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Hg 21.5 - 22.6, Te 41.6 - 42.3, Bi 0.0 - 0.5, Sb 0.0 - 0.3 weight 

percent. This mineral is described as white with a grey tinge in 

air and oil, weakly anisotropic with a measured bireflectance on 

one grain of R4701nm52.8 - 51.8, R546nm53.9 - 52.9, R589nm55.0 - 54.2, 

R
650

57.7 - 57.1, and a micro-indentation hardness value from one 

identation of VHN25 92. Temagamite was usually closely associated 

with merenskyite, hessite, and stuetzite inclusions in chalcopyrite. 

An orthorhombic symmetry was proposed with cell dimensions of a 

11.57, b 12.16, c 6.76, + 0.001 A. 

It is probable that temagamite is the same mineral as 

mineral A from Rustenburg. 

8.7 Michenerite - cubic PdBiTe. 

The presence of michenerite in the Merensky Reef has 

only recently been brought to the attention of the author by Vermaak 

and Hendriks (1976). However, although they record its distribution 

in the ore, they give no confirmatory analytical evidence of its 

existence there in the first place. Even qualitative observations 

have been omitted. Since michenerite is nearly identical in colour 

and reflectance and similar in composition to kotulskite, a quanti-

tative electron-probe microanalysis, or X-ray diffraction with a 

qualitative analysis, would be needed to distinguish it. The fact 

that michenerite is isotropic is no certain guide, since basal sec-

tions of kotulskite are also isotropic. It may be that an assump-

tion was made by Vermaak and Hendriks that all isotropic grains 

looking like kotulskite were michenerite. 

At the time of the author's publication on the 

bismuthotellurides in the Merensky Reef, data for michenerite was 
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incorrect and conflicting, and it was not until 1973 that Cabri 

et al., and Childs and Hall, fully redefined it. Prior to this, 

therefore, any isotropic grains similar to kotulskite were merely 

considered to be basal sections. Later reports of the common oc-

currence of michenerite with merenskyite in other deposits made the 

author aware of its possible occurrence in the Merensky Reef, al-

though this has not yet been investigated at Rustenburg or Union 

mines. However, until quantitative evidence is provided, its re-

ported occurrence cannot be fully accepted, especially as it would 

constitute the first recorded occurrence for this deposit. 
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CHAPTER 9 

GENERAL DISCUSSION 

9.1 Geochemical Considerations  

91.1.1 Introduction  

Since the discovery of platiniferous deposits in the 

Bushveld numerous reviews of the PGE geochemistry have been pub-

lished. Some of the more notable ones are by Vogt (1927), Rankama 

and Sahama (1950), Goldschmidt (1954), Wright and Fleischer (1965), 

Yushko-Zakharova and Ivanov (1967), Nertie (1969), and Crocket 

(1969). These publications, together with recent ore genesis type 

reviews (Naldrett and Cabri, 1976) and 'thoughts' (Stumpfl, 1974; 

Stumpfl and Tarkian, 1976; Cabri, 1974; Cousins and Vermaak, 

1976), and various specific geochemical papers, add up to a consid-

erable sum of knowledge and opinion on PGE geochemistry. 

Over the last decade it has become increasingly evident 

that, although previously considered to form a geochemically co-

herent group, fractionation amongst the PGE does take place during 

endogenic and exogenic processes, and that the PGM are not the inert 

substances once generally envisaged but may undergoe dissolution and 

differential leaching, redeposition, and recrystallisation, even in 

the exogenic environment. Thus the PGM will not only be restricted 

to primary orthomagmatic deposition from a basic magma but may also 

be formed by pneumatolytic, hydrothermal, metamorphic, and supergene 

processes. This behaviour has been particularly stressed by Stumpfl 

(1974), and Stumpfl and Tarkian (1976). 

A further advance is in our understanding of the parti- 
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tioning of the PGE between the various rock forming silicates and 

oxides as well as the closely associated ore sulphides. Studies of 

the PGE content of chromite, and the primary sulphides pyrrhotite, 

pentlandite, and chalcopyrite has attracted particular attention 

(Cijbels et al, 1973; Keays and Crocket, 1970; Chyi and Cro:-Aet, 

1976; Crocket et al, 1976; and others). These studies involving 

neutron activation analysis show that at least some incorporation 

and partitioning of the PGE in these lattices occurs, and that dis-

crete PGM cannot always be used to account for all the PGE content 

of a rock or mineral concentrate. 

The origins of these important geochemical concepts 

about the PGE are not as recent as many publications give the im-

pression. Fifty years ago fractionation of the PGE was reported 

by Wagner (1929, p.110) with regard to the supergene oxidation of 

the Merensky Reef when he recorded that "palladium was clearly more 

susceptible to leaching by oxygenated surface waters" than platinum 

since the Pt:Pd ratio in the oxidised ore was 7 - 10% higher than 

in the unoxidised ore. It is also clear from the observations and 

conclusions on the various genetic types of platinum deposits studied 

by Wagner in the Bushveld Complex that he, and also Schneiderhohn, 

realised the importance of pneumatolytic and hydrothermal processes 

in PGM deposition. 

With regard to trace element work, Schneiderhohn's 

excellent spectrographic study (1929) is generally overlooked be-

cause he did not see or perhaps recognise any of the discrete PGM 

associated with the base-metal sulphides he was analysing. However, 

when considering his painstaking method of extraction under the 
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microscope it is likely that his samples were just as uncontaminated 

with Platinum minerals than present day samples concentrated by 

initial crushing of the rock followed by heavy liquid or/and dry 

electromagnetic-density separation, with final 'purificatidn' by 

acid leac'ling and microscopic monitoring. Even had he found discrete 

PGM in his ore samples his conclusion from his data still must have 

been that the PGE occur at least in part in the lattices of the base-

metal sulphides. It is important to remember that, although he con-

cluded that before oxidation of the ore the PGE occurred completely 

in solid solution in the base-metal sulphides, it was known and re-

ported by others (Cooper, 1928; Adam, 1929; Wagner, 1929;) that 

discrete PGM occur in the Merensky Reef as well as other genetic 

ore types in the Bushveld. It is strange, therefore, that in many 

of the later reviews and papers so much was made of disproving 

Schneiderhohn's conclusion. That a large quantity of the PGE con-

tent in these Bushveld deposits is accounted for by the existence 

of distinct PGM has never been in doubt by those exploiting the 

deposits since mining of them began. They would have been amused 

to have been told that their grey very heavy concentrates which 

they were so carefully packaging for the refinery were not platinum 

minerals. The only controversy to be inspired by Schneiderhohn's 

work should have been on the extent and the physico-chemical nature 

of the incorporation of PGE in various mineral lattices. The latter 

aspect still being a relatively unknown quantity, although the ap-

plication of the crystal field theory may elucidate the substitution 

problems involved. 

Even in connection with the paragenesis of the Merensky 
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Reef ore minerals it is the author's opinion that Schneiderhohn's 

conception was basically sound, and his sequence of events of (1) 

liquid magmatic deposition, (2) pneumatolytic deposition, (3) hydro-

thermal deposition, and finally (4) exogenic oxidation can.be used 

as a framework within which details such as chromite and sulphide 

formation in relation to To,P,f02'fS2' and Fe0 content of the magma, 

and sulphide-oxide/silicate immiscibility, postcumulus growth and 

trace element redistribution etc. are fitted. 

Thus at least from the time of the discovery and ex-

ploration of the Merensky Reef and other PGE deposits in the Bush-

veld it was recognised particularly that: (1) fractionation of the 

PGE could occur during geological processes, (2) PGE mineralisation 

could be produced from orthomagmatic, pneumatolytic, hydrothermal, 

and supergene processes, (3) PGE could occur in the lattice of base-

metal sulphides but predominantly occured as discrete platinum 

minerals in ores of the Merensky Reef type. It is interesting that 

it took nearly 40 years before the conclusions of these pioneers 

were reincarnated, and before reliable geochemical data became 

available to confirm and greatly elaborate upon their findings. The 

following considerations aim to incorporate aspects of ore mineral 

paragenesis and ore genesis of the Merensky Reef at Rustenburg and 

Union mines within a broad geochemical context of PGE partitioning 

at the various stages of the geochemical cycle. 

9.1.2 Primordial Fractionation  

The platinum metals (table 9.1) are transition elements 

of the second and third transition series, a transition element 

being defined as one which has a partly filled d or f shell. This 
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Table 9.1 Some Physical characteristics of the platinum metals. 

Properties Ru Rh Pd Os Ir Pt 

Atomic no. 44 
101.07 
12.45 
H.C.P 

C6/mmc 

1.33 

45 
102.905 
12.41 
F.C.0 
Fm3m 

1.34 

46 
106.4 
12.02 
F.C.0 
Fm3m 

1.37 

76 
190.2 
22.61 
H.C.P 

C6/mmc 

1.35 

77 	78 
192.2 	195.09 
22.65 	21.45 
F.C.0 	F.C.0 
Fm3m 	Fm3m 

1.35 	1.38 

Atomic wtc1)  

Density.(5) 
Crystal typ. 

Space grp. 

Atomic raW 
in angstroms 

Ionic radius 

n.d )  

stable 
(4) 

stable' 

(4) 
unstab(141 

unstable 

0.68-0.75
6)  (2) 	( 

0) 
unstable 

(4) 
unstable 
n.d.f 

0) 
stable 

o.65 g 	.0.65(6) 

unstabia)unst 

unstab 
14) 

stable 

0.64(3) 
0.68(2) 

(4; 
b 

VAL. C.N 

1 + --- 
2 + 4 0.80(2 '6)  0

' 
80 	' 

(4) 
unstable 

o.65 (2) 
4c1.64(6) 

3 + 6 n.d.f. 

0.65(2) 
0.64(6) 

4 + 6 0.63(3) 
0.62(6) 
0.67(2)  

stab&)  

stable 

stablP)  

0.68(2) 

• 
unstabVe°  

n.d.f. 

n.d.f. 

unstable
(4)  

n.d.f. 

n.d.f. 

(4 
unstable

)  

n.d.f. 

n.d.f. 

6 + (6) 0.69(2) stable() 

n.d.f. 

n.d.f. 

7 + ? (4) 
unstable 

stable
(4)  8 + 

. 
? 

Electron(4) 

2 
8 

18 
8-7 
1 
- 

2 
8 

18 
8-8 
1 
- 

2 
8 

18 
8-10 

- 

	

2 	2 	2 

	

8 	8 	8 

	

18 	18 	18 

	

32 	32 	32 
8-6 	8-9 	8-9 

	

2 	0 	1 

Structure. 

K 
L 
M 
N 
0 
P 



- 322- 

Table 9.1  contd. 

Ionizatio 1C7)  
Ru 

7.364 
16.758 
28.459 
(47) 
(63) 
(85r 
(115 ** 

Rh 

7.461 
18.072 
31.049 

4'667 ) 
(1o5** 

Pd 

8.334 
19.423 
32.921 
(49) 
(66 ) 
(9o)** 

Os 

8.732 
(17) 
(28)** 
(41** 
(54 * 
(7o ** 

Ir 

9.1 
(18)** 
28)** 
39)* 
57)* 
77)** 

Pt 

8.962 
18.558 
(29) 
(41) 
(55 ) 
(7o)** 

Potential 
in e.v. 

1 + 
2 + 
3 + 
4 + 
5 + 
6 + 
7 + 

Electrode(4)  Ru 

-0.45 

-0.3 

-1.3 
-1.7 

-1.6 

-1.0 

Rh 

-0.6 

-0.9 
-1.4 

-1.4 

n.d.f. 

n.d.f. 

Pd 

-0.64 

n.d.f. 

-1.29 

n.d.f. 

n.d.f. 

n.d.f. 

Os 

-0.7 

-0.3 
n.d.f. 

-0.85 

n.d.f. 

-1.0 

Ir 

-1.0 

-1.0 

(-1.2) 
-1.4 

n.d.f. 

n.d.f. 

Pt 

-0.73 
n.d.f. 

-0.72 

n,d,f. 

n.d.f. 

n.d.f. 

Potential 

M -CM2 
2 	3 m -;m 
3 m -)m 
4 	6 M -m 

m6 44 7 
7 	8 m ->m 

Electro- (7) 
negativity 

(a) 2.05 
(b) 1.42 

2.1 
1.45 

2.0 
1.35 

(2.1) 
1.52 

2.1 
1.55 

2.1 
1.44 

References and notes  

(1) Strunz (1970). (2) Ahrens, (1952) in Strunz (1970).(3) Pauling 

(1927), in Strunz(1970). (4) Latimer & Hildebrand, 1951. (5) Mertie 

(1969). (6) Razin & Khomenko (1969). (7) Ahrens (1964) 

(a) Pauling et al (1951) in Ahrens (b) Little and Jones (1960), 

in Ahrens. 

VAL - Valency. 	CN - Coordination number. 

n.d.f. - no data found. 

H.C.P. is 'hexagonal close packed'; F.C.P. is 'face centred cubic'. 

* - corrected from Razin & Khomenko by author. 

** - extrapolated by author. 

Ionization potentials  in parentheses are uncertain according to Ahrens 

(1964). 



- 323 - 

includes also those elements which have partially filled d or f 

shells in any one of their commonly occurring oxidation states. As 

a result of the Lanthanide contraction the PGE atomic radii, and the 

ionic radii are closely similar. This similarity also extends to 

other Characteristics like ionization potential, electrode potential, 

electronegativity, anion affinity, and heats of formation of the 

oxides. They, therefore, form a geochemically coherent group in 

that they are invariably found together. However, as illustrated 

in table 9.1, the atomic properties are sufficiently different to 

give rise to detectable fractionation during natural and artifical 

chemical and physical processes. 

The first natural evidence of their ability to frac-

tionate comes from meteorite data. This data shows that the PGE are 

strongly siderophile, with average contents for the individual metals 

ranging from 0.1-2.0 ppm in chondrites and 1-10 ppm in irons (Crocket 

1969). Their siderphilic character is further emphasised by their 

distribution within ordinary chondrites where their concentrations 

in the metallic phase are roughly 1000 times that in the silicates 

(Crocket, 1972). Goldschmidt's (1954) and Wright and Fleischer's 

(1965) data for chondrites indicates that in the coexisting troilite 

and metallic phases Pd especially and also Ru and Os are equally 

distributed between them, whereas Pt,Ir,and Rh are preferentially 

enriched in the metallic nickel-iron phase. The chalcophile char-

acter of Pd was also reported by Crocket (1972) who demonstrated a 

strong positive correlation with As and Sb. Goldberg et al (1951) 

noted that in individual iron meteorites the platinum and palladium 

content appeared to increase with increasing nickel, whereas 
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ruthenium decreases. Crocket (1972) also confirms a strong positive 

correlation of Pd with Ni as well as with Cu and Au, although a poor 

correlation with the other noble metals. He, however, considered that 

Pt decreases with increasing nickel, and that it correlates strongly 

with Ru but only weakly with the others. 

These fractionation trends indicated in meteorites are 

broadly reflected in some aspects of the ore-mineral paragenesis of 

the Merensky Reef, Thus the late stage Pd-Ni metasomatism of co-

operite to form braggite, and the replacement of 'platinum' meren-

skyite by 'palladium' kotulskite as reported in this thesis are evi-

dence for the fractionation of palladium, particularly from platinum, 

and its close association with nickel. The strong positive corre-

lation of Ir,Os,Ru, and Pt shown by Crocket (1972) and their probable 

positive correlation with Rh expresses itself in the composition 

of laurite, and its notable defficiency in palladium. 

9.1.3 Magmatic Fractionation  

Since basic and ultrabasic rocks, in particular 

chromitites„dunites, peridotites, pyroxenites, and serpentinites, 

are the source of economic amounts of PGE, it is clear that the first 

fractionation trend is for the PGE as a whole to be concentrated in 

the early stages of magmatic differentiation. Also being very weakly 

lithophilic the PGE will rarely enter the silicate lattices, especi-

ally if there are sulphide phases present. Because of this lack of 

affinity for the silicate lattices the PGE may be carried through 

the differentiation process and become concentrated and transported 

in hydrothermal derivatives. Hydrothermal transportation of PGE was 

first recognised in the Waterberg District (Wagner, 1929), and since 
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then there has been an increasing awareness and acceptance of the 

importance of this mechanism for PGE mineralisation. The awareness 

has been particularly promoted by Stumpfl (1961,1974,1976) who has 

championed the 'hydrothermal platinum' cause for many years. Recent 

studies by Mihalik et al (1974) on the Messina copper deposit in 

S.Africa, and McCallum et al (1976) on the New Rambler Mine, Wyoming, 

have particularly reinforced his contentions. These hydrothermal 

deposits are characterised by the PGE being largely in the form of 

tellurides and bismuthotellurides; minerals which are also the last 

to have formed in the Merensky Reef from a residual volatile-rich 

phase after the formation of the main bulk of the sulphides (Kingston, 

1966). Mobilisation of PGE during serpentinisation is also proving 

to be an important PGM-formation and redistribution process 

(Rucklidge,1971; Razin, 1971). 

The importance of post-intrusive crystallisation dif-

ferentiation as opposed to pre-intrusive magma fractionation in the 

concentration of PGE can be demonstrated by comparing the concen-

tration factors for platinum and palladium necessary firstly to pro-

duce their average abundance values in the Bushveld mafic zone rocks, 

and secondly to produce the ore grade values in the Merensky Reef. 

From the abundance data for the Mafic Zone rocks by Hagen (1954) a 

useful average abundance figure for Pt of 0.04 ppm and for Pd of 

0.037 ppm can he taken as representing the probable content of the 

Mafic Zone magma. This gives a WA(Pd) ratio (Cousins and Vermaak, 

1976, p.292) of 0.48 which compares with a WA(pd) ratio of 0.50 for 

the chilled marginal gabbro of the Skaergaard intrusion (Wright and 

Fleischer, 1965). Hagen's figures are given below. Values for 



- 326 - 

silicic rocks are not included since these are not considered to 

be differentiates of the mafic zone magma. 

Bushveld Gabbros 

Bushveld Norites 

Bushveld Peridotite 

Bushveld pyroxenite 

Bushveld anorthosite 

Pt 

0.021 

0.038 

0.017 

0.048 

0.075 

Pd 

0.031 ppm 

0.051 

0.012 

0.059 

0.032 

Average value  0.040 	0.037 ppm 

     

Values of crustal abundance for Pt and Pd are taken as 0.005 and 

0.015 ppm respectively, for Ir,Os,Rh, and Ru a maximum of 0.001 ppm, 

and for Au 0.004 ppm (Wright and Fleischer, 1965). The average grade 

of the Merensky Reef is taken as 10 ppm, corresponding to individual 

metal values as in table 9.2. 

Table 9.2 Platinum metal grade values for the Merensky Reef at 

Rustenburg(1)and Union
(2)  mines, together with the corres-

ponding concentration factors(A)relative to crustal abun-

dance. figures and (B)  relative to concentration in the 

original magma. 

Grade in ppm Concentration Factors 
PGE _ 

(1) (2) (1) (2) 
A 	B A 	B 

. _ 

Pt 5.8 6.6 1160 	145 1320 	165 
Pd 2.7 2.8 180 	73 187 	76 
Ir 0.07 0.01 7o 	388 lo 	55 
Os 0.06 0.005 6o 	375 5 	31 
Ru o.6 0.3 600 	545 300 	272 
Rh 0.3 0.3 300 	n,d 300 	n.d 
Au 0.4 0.2 100 	n.d 50 	n.d 

n.d. - No data. 
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It is evident from these figures that the processes of magma forma-

tion are less important than magma crystallisation in the formation 

of a deposit like the Merensky Reef, since the magma concentration 

factors for Pt and Pd are 8 and 2.5 respectively compared with a 

crystallisation concentration factor of Pt 145 and 165, and Pd 73 

and 76 for Rustenburg and Union mines respectively. However, of 

special interest is the preferential concentration of platinum in 

the Merensky Reef relative to palladium. In terms of WA ratios this 

enrichment in platinum can be alternatively expressed as WA(Pd)0.32 

and 0.30 for Rustenburg and Union mines respectively, compared to 

WA(Pd) 0.48 for the original magma. This platinum enrichment in 

the iron-rich Merensky Reef pyroxenite clearly reflects its strong 

siderophilic character, whereas the weaker affinity of palladium 

for this environment reflects its equally strong siderophile and 

chalcophile character. It also follows from the above reasoning 

that if one considers the Merensky Unit as a single differentiation 

unit, then the hanging wall anorthositic rocks must be impoverished 

in platinum relative to palladium. Thus the differentiation trend 

for the unit is one of palladium enrichment or fractionation upwards. 

This relative enrichment or persistence of palladium towards the acid 

pole of a differentiating basaltic magma is known from other studies, 

notably Crocket and Skippen (1966). They suggested that during 

freezing of basaltic magma the palladium was probably rejected from 

common silicates, and thereby enriched in residual liquids due to the 

highly covalent character and the square planar orientation of its 

bonds. 

Cousins and Vermaak (1976) have demonttrated that by 
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arranging the various platiniferous deposits of the Bushveld into 

a 'stratigraphic order' their WA(Pd) ratios show an upward decrease. 

Thus in successively later formed and increasingly iron rich platini-

ferous deposits the Pt : Pd ratio increases. From this they con-

cludedtha'L although fractionation towards an acid pole favours pal-

ladium enrichment, which they called the Sudbury trend, any tendency 

towards iron enrichment highlights the siderophile nature of platinum 

and favours platinum enrichment relative to palladium. Thus in the 

case of the Merensky Unit of differentiation they considered that the 

basal Merensky Reef pyroxenite and sulphides provided the necessary 

iron-rich environment for platinum to respond to its siderophile 

nature and become relatively enriched against palladium, whereas 

palladium responded to differentiation of the unit towards an acid 

pole by being relatively enriched upwards in the hanging wall 

anorthositic rocks. Fractional crystallisation of the interstitial 

sulphides in the Merensky Reef would similarly lead to progressive 

enrichment of palladium in the increasingly more copper-rich and 

acid residual liquid fractions. This "Sudbury trend" of palladium 

enrichment is mineralogically evident in the Merensky Reef as a 

progressive paragenetic increase in the importance of palladium in 

the composition of the platinum group minerals, as well as in the 

base-metal sulphides as a trace constituent. Thus within a slightly 

oversimplified framework of base-metal sulphide paragenesis of pyrite, 

pyrrhotite, pentlandite, and finally chalcopyrite, the earliest 

platinum group minerals at Rustenburg mine are palladium deficient 

graphic Pt-Fe alloy and cooperite, followed by 'palladium rich' 

braggite resulting largely from Pd and Ni metasomatism, and finally 
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palladium rich bismuthotellurides associated with chalcopyrite and 

which exhibit further evidence of palladium enrichment in the re-

placement of merenskyite by kotulskite. 

This fractionation of palladium from platinum in the 

ore is'further supported by Vermaak and Hendriks (1976) who have 

shown that pyrrhotite contains the bulk of the submicroscopic 

"invisible" platinum and no palladium, whereas pentlandite contains 

the bulk of the "invisible" palladium and very little platinum. 

After using the analysed Bi and Te content of chalcopyrite to account 

for nearly all the detectable PGE content, they concluded that chal-

copyrite contained little or no "invisible" platinum, palladium or 

ruthenium. Crocket et al (1976) adds further support to the corre-

lation of Pd with pentlandite and nickel at Western Platinum mine by 

showing that pentlandite rich sulphide aggregates were characterised 

by above average Pd contents. These results correlate broadly with 

the observed main location of the various platinum group minerals 

described in this thesis. Thus cooperite and graphic Pt-Fe alloy 

are the main PGM to be found in pyrrhotite, and braggite is the main 

one to be found partly or completely enclosed by pentlandite, and 

clearly pre-dating chalcopyrite which veins it. The lack of 

"invisible" PGE in chalcopyrite correlates with the parageritic 

observation that the bulk of the PGM in the Merensky Reef crystal-

lised before chalcopyrite and therefore left little over, especially 

after PGE combination with Bi,Te, and Sb, to be incorporated in the 

lattice of chalcopyrite. 

Fractionation of Ru,Rh,Os, and Ir in the course of the 

formation of the Merensky Reef is more difficult to define, because 



-330- 

of a general lack of analytical data for these elements arising 

from their very low concentration in the ore, the ore minerals, and 

the enclosing silicates and oxides. For the original magma Gijbels 

et al (1974) quote estimates of Ir 0.18 ppb, Os 0.16 ppb, and 

Ru 1.1. ppb. Table 9.2 indicates their low content in the ore, and 

their concentration factors. Gijbels et al analysed separates of 

orthopyroxene, plagioclase, and chromite from the eastern Bushveld 

and concluded that Ru,Os, and Ir were progressively depleted in the 

magma as differentiation proceeded, and that the ratio of any one of 

these elements between the separates was 1 ; 16 : 700. They also 

reported a tendency for the orthopyroxenes to be enriched in Ru 

relative to Os and Ir. Greenland (1971) showed that Ir decreased 

systematically upwards through the Great Lake dolerite sheet, in 

Tasmania, from the mafic dolerite (0.25 ppb) to the grarphyre 

(0.006 ppb), its differentiation trend closely paralleling that of 

chromium. He considered that the substitution of Ir
4+ 

for Cr
3+ 

in 

chromite accounts for this correlation, although Gijbels et al (1976) 

found a tendency for Ir to be impoverished relative to Os and Ru in 

their chromite concentrates, and Crocket et al (1976) considered Ir 

to show a stronger relative enrichment in the sulphides of the 

Merensky Reef at Western Platinum mine than Pd; their order of en-

richment being Ir>Pd>Au>Pt. 

In the Merensky Reef at Rustenburg and Union mines the 

higher concentration factors (A & B in table 9.2) of Ru compared to 

Ir and Os suggests some fractionation. Some separation of Ru from 

Os and Ir can also be inferred from the common occurrence of Os and 

Ir with platinum in Ru defficient platinum-iron alloy and sperrylite. 
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The fact that there is insufficient laurite to account for much of 

the Ru at Rustenburg mine suggests a possible tendency for Ru to 

occur in the lattices of the base metal sulphides. This, together 

with the findings of Crocket et al that Ir is also relatively en-

riched and homogeneously distributed in the base-metal sulphides 

and, the common substitution of Ir and Os for Ru in laurite, points 

to the overall geochemical coherency of these three in the Merensky 

Reef. Finally the absence of any rhodium minerals to account for 

the relatively high Rh content at both mines could be explained by 

accepting the conclusions of Grimaldi and Schnepfe (1969) that, as 

in the case of chromite in the Stillwater Complex, the rhodium 

occurs almost entirely within the chromite lattice. However, data on 

the content of "invisible" Pt,Pd, and Rh in the base metal sulphides 

of the Merensky Reef by Vermaak & Hendriks (1976) can be used to con-

tradict this. They found equal amounts of Rh in pyrite, pyrrhotite, 

and pentlandite, with none in chalcopyrite. 

The presence of the platinoid bismuthotellurides is of 

interest as regards the geochemical behaviour of tellurium during 

the fractional crystallization of the sulphides. Their occurrence 

is in agreement with investigations by Sindeeva (1959) and others who 

have demonstrated that tellurium, although a close analogue of sul-

phur and selenium, tends to form independent minerals even when pre-

sent in very low concentrations rather than to form solid solutions 

in the base metal sulphides. This is explained as a result of the 

quite different atomic size and electronegativity of tellurium com-

pared to sulphur. Selenium readily substitutes for sulphur, as 

shown by Zaryan (1962) and others, and where the concentration of 
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selenium is low, independent selenium minerals will be unlikely to 

form. In the Merensky Reef no selenides have yet been found, al-

though traces of selenium are probably present in the sulphides. 

Platinoid selenides were first reported from the Urals in the copper-

nickel sulphide ores of the Norilsk region by Zainullin and 

Pashinkin (1960), but compared with the platinoid tellurides they 

were rare even though there was more selenium than tellurium pre-

sent in the ore. The results of microscopic and chemical investi-

gations of the distribution of tellurium in ores related to basic 

and ultrabasic intrusives by Zainullin (1960), Pshenichnii (1961), 

Zaryan (1962), and others, show that tellurium is concentrated in 

the later stages of crystallization and in particular in the chal-

copyrite-rich ores. The tellurium in the Merensky Reef follow this 

trend. Bismuth appears to behave in a similar way and in these ores 

substitutes for tellurium as demonstrated in the various analyses of 

moncheite in table I. This substitution would be expected from the 

close similarity in atomic radius of bismuth (1.551) and tellurium 

(1.431). 

A further point of interest is with regard to the low 

nickel content of the bismuthotellurides in the Merensky Reef, par-

ticularly moranskyite (table 8.8), when compared to other reported 

occurrence:. This can be explained by the fact that the environ-

ment of chalcopyrite-bismuthotelluride deposition would have been 

depleted in nickel by the prior formation of pentlandite together 

with the nickel replacement of Pt in the cooperite lattice. 

Finally, the fractionation trends for the PGE which 

can be discerned from undertaking whole rock, mineral concentrate, 
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or individual mineral analyses are merely superficial expressions 

of the complex physico-chemical and crystallochemical intricacies 

of crystallisation, involving ultimately the question of the suit-

ability or unsuitability of these particular elements to be accepted 

into the various possible crystal structures during or after they are 

formed. The factors controlling the incorporation of atoms and ions 

into crystal structures are many, and have been and are still a sub-

ject for lengthy discussion. Some particularly authoritative dis-

courses on this subject are by Goldschmidt (1937)*, Ahrens (1953, 
1964), Ringwood (1955), Tauson (1965), and Zehmann (1969). In the 

case of the PGE such a discussion is backed by a deficiency in re-

liable data on their chemical and crystallochemical properties. 

Some of these properties are given in table 9.1 and can be used to 

predict and support observed trends or possible, probable, or proved 

lattice substitutions. Although the substitution of PGE in base-

metal sulphide lattices is theoretically acceptable, and in prac-

tice has been demonstrated as conclusively as is possible within 

the limitations of present day analytical procedures, substitution 

in silicate and oxide lattices, in particular chromite, is still not 

proved. The siderophilic nature of the PGE, together with the recog-

nition of minute inclusions of base-metal sulphides entraped by 

chromite and silicate growth, and PGM and base metal sulphides along 

cleavages and alteration veinlets, are arum?ats used by minaralo-

p-ists against the validity of the geochemical results obtained from 

the analysis of mineral concentrates. Cousins and Vermaak (1976) 

and Vermaak and Hendriks (1976) have summarised some of the facts 

with regard to chromite substitution in particular, and the author 

* Goldschmidt, V.M. (1937). J.Chem. Soc. p.655. 
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Is inclined to agree with their unconvinced attitude to suc,:gestions 

of diadochic substitution of PGE in such lattices. Tho experiences 

of the Merensky Reef do little to convince the author of any sig-

nificant contribution of PGE from such a source. 

9.2 bre Mineral Paragenesis  

It has been generally shown (Haughton et al, 1974; 

Page, 1971; MacLean, 1969) that in iron-rich systems the separation 

of an immiscible sulphide liquid from a basaltic magma is favoured 

by an increase in oxygen fugacity and a decrease in sulphur fug-

acity, Fe2+, and possibly temperature. Assuming the 'system is closed 

to sulphur, the principal control appears to be compositional changes 

measurable in terms of relative ferrous iron depletion or enrichment. 

Thus Haughton et al consider that although the crystallization of any 

silicates or oxides will increase the relative concentration of sul-

phur in the melt, the separation of pyroxenes and plagioclase which 

are less iron-rich than the parent magma, will cause the magma to be-

come enriched in Fe0 and thus cause the magma to move off the sul-

phide saturation surface. However, as discussed also by Page for the 

chromitites of the Stillwater Complex (1971), the removal of large 

amounts of Fe
2+ 

from the magma in the region of chromite precipita-

tion results in a decrease in the sulphide capacity of the magma and 

the segregation of immiscible iron-sulphide-oxide liquid droplets 

which are carried down and accumulated with the chro-lite. Continued 

sulphide precipitation depends then on the differentiation trends of 

the silicate and oxide phases. Haughton et al consider that in a 

closed system there is not likely to be sufficiently large changes 

in the f0
2
:fS

2 
ratio to strongly influence the sulphur solubility. 
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In the case of the Merensky Reef' at Rustenburg and 

Union mines there is a clear correlation with the occurrence of a 

chromitite band and the concentration immediately above of sulphides 

(chapter 3.1.3). At Rustenburg mine this sulphide concentration 

also corresponds with the bulk of the PGE content of the ore. At 

Union mine, however, the bulk of the PGE content is immediately 

below the top chromitite band although again there is a correspon-

dence with base-metal sulphide concentration. However PGE, although 

in uneconomic quantities, are also concentrated with sulphides im-

mediately above. 

Although the concentration of sulphides and PGE is 

understandable in relation to precipitation and accumulation of the 

bottom chromitite band at Rustenburg mine, it is less so in the case 

of the top chromitite band, particularly at Union mine. However 

the evidence presented in this thesis that the potholes were formed 

after the accumulation of the bottom chromitite band and PGE-rich 

and sulphide-rich Reef pegmatitic pyroxenite may account for this, 

since it is considered that pothole formation involved the combina-

tion of disturbances of the footwall cumulate crystal mush and 

fairly turbulent magmatic currents. The potholes are, therefore, 

evidence of 'disturbances' prior to the formation of the top chrom-

itite band and the further removal of PGE from the magma by the pre-

cipitation of the PGE-scavenging base-metal sulphides. The in-

crease in oxygen fugacity and the related decrease in ferrous con-

tent of the magma necessary for sulphide segregation during this 

period of instability may be directly related to an influx of new 

magma as well as changes in the magma produced by phenomena like 
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"roof foundering" as suggested b r HalIghton et al (1974). Tne top 

chrornitite band can be used as evidence of this change and can 

therefore be considered to represent a pause or retrograde step in 

the differentiation of the Merensky Unit. The mechanism proposed 

by Vermaak (1976) for the formation of the'boulder-like' pegmatitic 

patches in the Reef pyroxenite is an attractive one, although the 

formation of a plagioclase raft has very little to support it. Also 

the formation of a pegmatItic facies is clearly not a prerequisite for 

PGE or sulphide concentration, as is evident from its absence or 

lack of correlation with the 'ore grade section' in some other out-

crops of the Merensky Reef. 

The extensive removal of PGE from the magma by the sul-

phide liquid is evident in the fact that the bulk of these metals 

plus gold are concentrated in the interstitial crystalline sulphide 

aggregates, and that the PGM are clearly an intimate part of the total 

sulphide paragenetic picture. This thesis clearly shows that the PGM 

have not resulted from their introduction by hydrothermal fluids as 

suggested by Lauder (1970), and as implied by Stumpfl (1974). How-

ever Stumpfl has altered his opinion recently (Stunpfl and Tarkian, 

1976) under the recent weight of published evidence and has conceded 

that in situ magmatic crystallisation of an interstitial sulphide 

liquid, as proposed by Schneiderhohn (1929) and first supported by the 

author in 1966, is responsible for the bulk of the PGE and PGM occur-

rences in the ore section. 

Some of the interpretations and findings in this thesis 

are supported by recent experimental work. The relevance of Hoffman 

and MacLean's work and others on the Pd-BI-Te system to the meren- 
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Skyite-kotulskite intergrowth relationship has already been dealt 

with in chapter 8. They were concerned with the artifical equiva-

lents and their solid solution relationships. However, in the ore 

the main relationship between the two phases is one of replacement, 

althoUgh some intergrowths can be explained by complete segregation 

from a solid solution. In addition Skinner et al (1976) have pre-

sented some tentative results for the Pt-Pd-Fe-As-S system, and the 

relevance of their conclusions will be dealt with briefly. 

The system Pt-Pd-S  

Skinner et al summarised the binary phase relations at 

1000°C as follows: The join Pt-S contains a single binary compound, 

PtS(cooperite) whereas the join Pd-S is occupied by an extensive 

liquid field but does not contain any binary solids. However a 

ternary phase equivalent to braggite and showing an extensive com- 

positional range from 
(Pd0.40 Pt0.60)S to (Pd0 	

Pt0.16 )S does 
.84  

occur. They also observed that the substitution of Pd for Pt in 

cooperite amounts to approximately 30 atomic percent, and that the 

metal:sulphur ratio in cooperite and braggite does not depart signi-

ficantly from 1:1. 

These findings agree with the available compositional 

data for these two minerals, and with the author's affirmation of 

braggite and cooperite as distnet and recognisable species. Their 

observed substitution of Pd in the PtS phase supports the replace-

ment origin for much of the braggite at the two mines. However it 

is also clear that some of the braggite could have formed in its 

own right at a similar time to cooperite. The author's recommen-

dation for a reinvestigation of vysotskite is also supported by its 
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absence in the artificial system. 

The system Pt-Pd-As  

Skinner et al reported the existence of two stable 

phases, a Pt-Pd alloy and Pt As
2 (sperrylite). They noted that 

Pt As2nand Pt-Pd alloy cannot coexist at 1000
o
C or higher tempera-

tures, and concluded that the association of sperrylite with the 

alloy must therefore arise by reaction at sub magmatic temperatures. 

This is supported in this thesis by the association of graphic 

Pt-Fe alloy in pyrrhotite enclosing and replacing sperrylite. They 

also support the author's conclusions on the purity of sperrylite 

in their statement that "the main phase PtAs2  has a very restricted 

compositional range, less than 1 at.% Pt being replaced by Pd. 

The system Pt-As-S  

Skinner et al concluded that the two binary phases PtS 

and PtAs
2 are stable and coexist with each other, and that neither 

phase shows any tendency toward solid solution. This supports the 

observed absence of any intergrowth relationships in the ore between 

these two, and also the lack of As in cooperite and S in sperrylite. 

The system Pt-FeS  

Skinner et al concluded that pyrrhotite contained small 

but detectable (under the electron-probe microanalyser) amounts of 

Pt, presumably in solid solution. Cooperite was also present as a 

binary phase and accepts less than 0'5 	Pe into its lattice. 

Four Pt-Fe alloy phases were observed i.e. a face-centered cubic 

platinum-iron solid solution; a primitive cubic phase (isoferro-

platinum); a tetragonal phase (tetraferroplatinum); and a gamma-

iron solid solution. They noted that in the assemblage pyrrhotite 
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cooperite + alloy the alloy is isoferroplatinum. The stable co-

existence of these phases supports the author's interpretation of 

a high temperature segregation origin for the Pt-Fe alloy textural 

types I - IV involving pyrrhotite and cooperite. 

In their final discussion Skinner et al support a 

fractional crystallisation origin for the PGM, and also the enrich-

ment of Pd and other rare elements relative to Pt in the liquid re-

maining after pyrrhotite crystallisation. The data in this thesis 

provides considerable evidence to support fractional crystallisation 

as being the main process for PGM formation. Detailed explanations 

of the various textural types found in the ore and concentrates have 

been offered for the first time. Finally a paragenesis diagram on 

the basis of fractional crystallisation is presented for the ore 

minerals in figure 9.1. This diagram is at present offered as a 

basis for discussion, and represents a first attempt by anyone at 

providing such a diagram for the Merensky Reef ore minerals. There 

is still an immense amount of research to be done and we should not 

be lulled into inactivity by the recent spate of publications on 

the subject. The study and interpretation of the PGM texturespro-

vides a particularly rewarding field for future study. 
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MAGMATIC SULPHIDE FIELD 	PNEUMATOLYTIC 	HYDROTHERMAL  
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Fig. 9.1 Ore Mineral Paragenesis Diagram for the Merensky Reef at 

Rustenburg and Union Nines. 
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CHAPTER 10 

SUMMARY OF CONCLUSIONS 

1. As a climax to a natural progression of crustal instability evi-

dent at various stages in the deposition of the Transvaal System, 

the final collapse of the area of the Bushveld Basin coincided with 

a sill phase of basic magma injection into the Pretoria Series, an 

epicrustal phase of volcanism and metasomatism, a phase of intru-

sion and differentiation of the Mafic Zone magma as marginal arcu-

ate sheets, and finally a central intrusion of the Bushveld Granite. 

2. Visible mineral layering, unconformities, disconformities, the 

characteristic cyclic differentiation units of the Critical Zone, 

and cryptic compositional trends are all compatible with progres-

sive differentiation of the Mafic Zone magma by fractional crys-

tallisation and gravity settling, together with periodic influxes 

of new magma. 

3. The Merensky Reef is a platiniferous and sulphide-rich pyroxenite 

forming 'a basal cumulate fraction of a cyclic differentiation unit 

(The Merensky Unit) of chromitite - pyroxenite - norite - anortho-

stic norite - anorthosite, which was terminated by the onset of a 

final cyclic unit (The Bastard Unit), at the base of which was 

formed the Bastard Reef pyroxenite. 

4. Personal field observations on the structural and lithological 

characteristics of the Merensky Reef and associated hanging wall 

and footwall rocks at Rustenburg mine demonstrate and emphasise 

that the variable nature of the Merensky Reef is due to its dif-

fering environments of accumulation at 'normal reef elevation', in 
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'potholes' or over 'koppies'. 

5. New and more detailed field evidence on the structure of potholes 

and koppies supports the opinion that magmatic currents were re-

sponsible for the scouring and enlargement of existing downwarps in 

the footwall to produce the Bastard Potholes, and for scouring new 

and shallower hollows, producing the Normal Potholes. 

6. The latest genetic model by Vermaak (1976) to account for the cyc-

licity in the Critical Zone and the pegmatitic Reef provides an at-

tractive explanation of many of the facts, but is in part contra-

dicted by the author's suggested mode of formation for the potholes. 

7. Available PGE distribution data for the Merensky Reef show that peak 

PGE plus gold values correspond to the bottom chromitite band at 

Rustenburg mine, and the top chromitite band at Union mine, although 

the bulk of the PGE content of the 'ore section' occurs immediately 

above these chromitite bands. At Rustenburg mine this corresponds 

to the pegmatitic Reef, and at Union mine to the finer grained 

Merensky pyroxenite. 

8. The formation of a pegmatitic pyroxenite is not a prerequisite for 

PGE concentration, although the formation of a chromitite band ap-

pears to be so. 

9. In the pyroxenite above the chromitite bands the PGE content is 

mainly accounted for as discrete PGE sulphides, arsenides, anti-

mondes, bismuthotellurides, and graphic Pt-Fe alloy intergrown with 

the base metal sulphides. In the chromitite bands it is considered 

most likely that alloys, particularly Pt-Fe alloy, are the dominant 
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PGE minerals, although the great majority of the PGE content is 

considered to be 'submicroscopic'. 

10. Recent studies on the occurrence of PGE in mineral separates have 

added further weight to the probability that solid solution in the 

base-metal sulphides, and even in the silicates and chromite, ac-

counts for a significant proportion of the PGE content of the ore. 

Rhodium is a particularly important example where no discrete PGE 

mineral has been found in the ore to account for it. However, the 

problem of whether substitution of PGE in silicate and oxide lat-

tices can or does occur is highly controversial and difficult to 

resolve. 

11. The most common PGM in the ore are braggite, cooperite, and graphic 

Pt-Fe alloy at Rustenburg mine, and laurite and graphic Pt-Fe alloy 

at Union mine. The bismuthotellurides of Pt and Pd found by the 

author, although rare relative to the total PGM content, are as 

easily found in polished sections of the ore because of their in-

variable concentration with chalcopyrite. 

12. The nature of the macro- and microtextures formed by the inter-

growth of the base metal sulphides with each other, with the PGM, 

and with the enclosing silicates and oxides, are consistent with an 

origin from the fractional crystallisation of an entraped liquid 

platiniferous sulphide phase within the interstices of a cumulus 

aggregate of silicate and oxide crystals. This mechanism, toge-

ther with the inclusion of sulphide liquid during adcumulus growth 

of silicates and oxides, the reaction of intercumulus liquid with 

cumulus minerals, and deposition of material from residual hydro- 
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thermal fluids as a final product of intercumulus liquid crystal-

lisation, accounts for all the observed textural and mineralogical 

features, and dispenses with theories involving an external hydro-

thermal source of PGE mineralisation. 

13. Pyrite enclosed by pyrrhotite is poor in nickel and is considered 

to have been the first base-metal sulphide to crystallise. The 

textural evidence shows that the common replacement relationship 

between granular 'mosaic' pyrrhotite and pyrite is the result of 

desulphurisation of pyrite in the solid state after the main bulk 

of the pyrrhotite and pentlandite had formed, and before chalcopy-

rite. The replacement may correspond in time to the recrystal-

lisation of myrmekitic Pt-Fe alloy in pyrrhotite, and to the re-

placement of cooperite by braggite. 

14. The bulk of the pentlandite is considered to have crystallised dir-

ectly from the sulphide liquid after pyrrhotite. Later pentlandite 

occurs as exsolution flames in pyrrhotite. 

15. Chalcopyrite is the latest formed major sulphide phase. 

16. A brown 'valleriite-looking' phase of the same composition as 

Rustenburg mackinawite may have been mistaken for valleriite by 

previous workers. No valleriite was found in this study. 

Rustenburg mackinawite appears to be structurally different from 

Outokumpu mackinawite. 

17. The textures formed by the intergrowth of Pt-Fe alloy are classi-

fied into five textural types. Types I,II, and III are considered 

to represent variations on the segregation of Pt-Fe alloy from a 
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Pt-Fe-sulphide mixed-crystal. 

Type I has involved exsolution by co-nucleation and the 

mutual growth of Pt-Fe alloy and pyrrhotite to produce a normal 

eutectoid texture. 

Type II results from exsolution from a mixed crystal contain-

ing either a high concentration of Pt or which has been under-

cooled. 

Type III may have either formed from the slow cooling of a 

mixed crystal or the recrystallisation of a myrmekitic texture. 

Type IV is considered to largely result from the desuiphuri-

sation of cooperite in response to a lowering of the sulphur fuga-

city, and probably corresponds in time to the similar breakdown of 

pyrite to pyrrhotite. 

Type V is considered to have formed by simple euhedral crystal 

growth, largely from the silicate walls or in the interstices of the 

chromite aggregates. 

18. The properties of Type V Pt-Fe alloys in the concentrates indicate 

that both isoferroplatinum and tetraferroplatinum are present. 

19. No reliance can be put on the use of indentation microhardness as a 

tool for determining the iron content of natural Pt-Fe alloys. The 

same probably applies to measurements of reflectance. 

20. A new Pt-Au-Fe alloy has been detected. 

21. The first report of 'palladic gold' in the Merensky Reef by the 

author is supported. 

22. The detection of minute granules of a possible silver-palladium 
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alloy in palladian electrum is a further illustration of the 

need for careful ore microscopic observation prior to any meaning-

ful analytical work. 

23. Gold, electrum, and palladian electrum are generally formed at the 

time of chalcopyrite crystallisation, but some may result from the 

replacement of cooperite by braggite. 

24. On the basis of a historical review of the facts regarding the dis-

covery of cooperite, it was clearly Bannister and Hey who first 

isolated and defined it, and thus technically discovered it. 

25. Published results confirm an ideal metal:sulphur ratio of 1:1 for 

braggite and cooperite. This is supported by the present study al-

though cooperite from Rustenburg may be an exception. 

26. The composition of seven braggite grains from Rustenburg mine fall 

within the range of (Pt0-  39 0'54 Pc10.24-0'40 Ni0.19-0.28 S , and  

trend towards PdS rather than vysotskite in the ternary composi-

tion diagram. Vysotskite needs to be reinvestigated. 

27. The compositional variation and antipathy between palladium and 

nickel in braggite from Rustenburg reflects its origin largely 

from the late stage palladium metasomatism of cooperite. 

28. The common occurrence of braggite intergrown with cooperite toge-

ther with their similarity in reflected-light has led to confusion 

in the literature over their properties. This study provides new 

data on their properties, and shows that they are sufficiently 

different to confidently distinguish between cooperite and brag- 
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gite where they are found intergrown, although confirmation by 

X-ray powder diffraction analysis or electron-probe microanalysis 

is usually necessary for the certain identification of solitary 

grains of either. 

29. X-ray powder patterns of cooperite and braggite are especially di-

agnostic. 

30. The use of electron-probe microanalysis for their identification 

without microscopic examination can give rise to errors where brag-

gite is intergrown with cooperite, or confusion where the palladium 

and nickel content of braggite is lOw or that of cooperite high. 

31. A thorough examination of the crystal structure of cooperite is 

required along the lines of Childs and Hall (1973). 

32. The study of cooperite and braggite provides further evidence for 

the geochemical fractionation of palladium from platinum during the 

formation of the Merensky Reef. 

33. Laurite is pre-pentlandite in its time of formation and grew as 

euhedral crystals from the silicate walls into the sulphide melt. 

34. A high proportion of Ru in the ore at both mines appears to occur 

in the lattices of the base-metal sulphides. 

35. The Ir-Os-Pt-Ru zoned laurite crystal from Union mine is appar-

antly unique. Substitution of iridium and osmium in laurite and 

Pt-Fe alloy probably accounts for the bulk of their content in the 

ore. 
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36. Osmium substitution is probably the most effective in raising the 

reflectance of laurite although measurements of reflectance are 

unsuitable for compositional determinations where specimens from 

a variety of localities are involved. 

37. Osmium substitution is mainly responsible for a decrease in hard-

ness in laurite. 

38. Reliable indentation microhardness values for laurite are diffi-

cult to obtain, although the indentation features are particularly 

diagnostic as a determinative parameter. 

39. The range within which the cell size of most laurites can be ex- 
0 

petted to fall are from ao 5'61 - 5.63 A. 

40. The electron-probe microanalyses for several grains of the new 

cubic rhodium sulphide (a0  9.853(1) ) are best represented by the 

empirical formula (Rh0.57Fe0.  17G110.161r0.10)4 

41. The composition of the optically anisotropic mineral 'zappinite' 

is best represented by the formula (Rh0.82Ir0.12Pt0.05(CuFe)0.01)3  34. 

42. The large difference between the amount of sperrylite at Rustenburg 

and Union mines (0.3 vol.%) to that at Western Platinum mine (50.3 

vol.%) further emphasises the large variation in the platinum group 

mineral proportions along the strike of the Merensky Reef, and the 

need for more localised and comparative studies. 

43. Some sperrylite (if not all) crystallised prior to pyrrhotite, and 

its rarity in the Rustenburg and Union mine ores compared to Western 

Platinum mine may be due to its replacement by Type I - III Pt-Fe 

alloy intergrowths. 
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44. A detailed study is required on the Pd-Sb phases in the Merensky 

Reef. The PLII,S phase located in this study conforms more closely 

to mertleite II than stibiopalladinite. 

45. The original composition and structure of merenskyite determined 

by the author has been verified many times since then by other 

workers. However lengthy terminology like "platinian bismuthian 

nickolean merenskyite" should be discouraged. 

46. Mineral A is probably the same as the more recently described 

temagamite. 

47. Mineral C is similar to kotulskite but with considerably more 

bismuth, and is probably the same as the recently described new 

mineral from Bissersk. 

48. The question of the existence of a Pd3 	' (Te Bi)
5 
 phase is still 

problematical. 

49. The early findings of the author's that kotulskite was Pd(Te,Bi) 

has been verified by other workers. 

50. The bulk of the platinoid bismuthotellurides crystallised with 

chalcopyrite. Some very large crystals appear to have grown from 

the silicate margins prior to chalcopyrite and even pentlandite 

formation. 

51. The relationship between merenskyite and kotulskite in this ore is 

largely one of replacement, although examples showing mutual boun-

dary relationships are probably formed by complete segregation of a 

kotulskite-merenskyite solid solution. The replacement process 

could coincide with the similar palladium metasomatism of cooperite. 
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52. Electron-pro microanalysis of the b]smuthotellurides 

ore microscolJic and X-ray diffraction controls can lead to the 

erroneous propolial of 'new unnamed minerals'. 

53. Reflectance measurements, combined with qualitative observations 

of their rPflooted-light properties and intergrowth relation-

ships, can enable fairly confident identifications to be made on 

a routine basis. 

54. This thesis has provided additional mineralogical evidence which 

increases our conception of the presently emerging picture of 

PGE mobility and fractionation during geological processes. In 

particular it has emphasised that the PGM are an intimate part 

of the total sulphide paragenetic picture, are not foreign min-

erals or metals introduced into a 'favourable horizon' from some 

hypothetical external source, and were formed at all stages of 

the magmatic base-metal sulphide crystallisation time scale. 

The textural data and interpretations which have been presented 

are supported by the recent tentative conclusions on the arti-

ficial Pt-Pd-Fc-As-S system by Skinner et al (1976). 
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Summary. Four different palladium and platinum bismuthotellurides, one con-
taining major mercury, have been identified in the ore from Rustenburg mine on 
the Merensky Reef. The composition of each phase was determined by electron-
probe microanalysis, and X-ray powder data are presented for three of these 
phases. Quantitative spectral reflectivity values at 470, 546, 589, and 650 mg were 
obtained on areas of 1-10/1. Similar phases have been located in the ore from Union 
mine. 

Two of these phases are shown to be moncheite and kotulskite. From two electron-
probe microanalyses, kotulskite is shown to be Pd(Te,Bi). The other two phases 
are new minerals: analysis of one of them gives the composition (Pd,Pt)(Te,Bi)2, 
containing 23.1 % I'd, 1.8 % Pt, 50.8 % Te, 14.2 % Iii, with strongest X-ray 
powder lines at 2.92 (10), 2.10 (6), 2.02 (3), and 1.54 A (3), and cell parameters a 
:3.978 - 01101, c 5.1'2'34 0.002 ; it is probably isostructural with moncheite, and an 
isomorphous series may exist between them; the name merenNkyitc is proposed for 
this mineral, after Dr. Hans 3Ierensky who was mainly responsible for discovering 
the platinoid bearing 'reef': it is commonly intergrown with kotulskite. For the 
second new phase (Mineral .1), no X-ray data could be obtained, but a single 
electron-probe microanalysis gave a composition of Pd 27.8 %, Hg 12 %, Te 38.3 % 
and Iii 1.6 % suggesting the empirical formula (Pd,lig)(Te,Iii). 

THE Merensky Reef, named after the geologist Dr. Hans Merensky 
who was responsible for the prospecting programme that led to its 

discovery in 1924, is a layer of feldspathic pyroxenite containing economic 
amounts of copper, nickel, and platinoid elements. It occurs in the lower 
part of the intrusive norite or mafic zone of the Bushveld Igneous Com-
plex, which is a vast composite body of extrusive, hypabyssal, and 
plutonic rocks in the central Transvaal of South Africa. The Merensky 
Reef or Merensky Horizon forms a generally continuous layer that has 
been located and followed around most of the norite outcrop. It is at 
present being exploited in the western sector of this mafic zone at 
Rustenburg mine, about 50 miles west of Pretoria, and also at Union 
mine, 55 miles north of Rustenburg and about 6 miles west of Northam. 
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The Merensky Reef at Rustenburg is a composite layer at the base of 
which is a thin chromite band, resting on an undulating but sharp con-
tact with the footwall spotted anorthositic norite. The chromite band. 
about one inch in thickness, grades rapidly up into a coarse feldspathic 
pyroxenite commonly known to those exploiting this horizon as the 
' Reef', averaging about one foot in thickness. The Reef or pegmatoid (as 
suggested by Willemse (1964)) contains disseminated interstitial segre-
gations of copper—iron—nickel sulphides with which the platinum group 
minerals are commonly associated. At or near the top of the Reef is 
found a thin irregular and discontinuous chromite band of about in. 
thickness. The Reef or pegmatoid is overlain by a less coarse feldspathic 
pyroxenite known to the miners as the Alerensky'. The contact be-
tween the two is sometimes sharp and sometimes gradational. The 
llerensky ' pyroxenite is also gradational into the overlying hanging-
wall spotted anorthosite, although generally the top of it is about two 
feet above the Reef. 

In the northern outcrop of the Merensky Reef at Union mine these 
units are still present although considerably thicker. The bottom one-inch 
thick chromite band, resting on the undulating surface of the footwall 
spotted anorthosite, is overlain by a very coarse feldspathic pyroxenite 
of 10 to 18 feet in thickness that can be equated to the ' Reef ' peg-
matoid at Rustenburg. A continuous one-inch thick chromite band 
occurs at the top of this coarse pyroxenite, and is overlain by up to 20 
feet of a finer grained pyroxenite similar to the Merensky ' pyroxenite 
at Rustenburg. This grades upwards, after about 75 feet, into a spotted 
anorthosite. It is of interest to note that whereas at Rustenburg mine the 
entire width of the pegmatoid, including the top and bottom chromite 
bands, is mined, at Union mine a combination of the great width of the 
pegmatoid and the generally much lower platinoid content of the bottom 
chromite seam renders the extraction of the whole ' Reef' uneconomic 
(Beath, Cousins, and Westwood, 1961). Fairly typical geological sections 
through the Merensky Reef at Rustenburg and Union mines are illus-
trated in fig. 1. 

Up to the commencement of the author's investigations in 1962, the 
platinoid mineralogy of the Merensky Reef was generally thought to be 
fairly simple, consisting of five or six major platinoid minerals together 
with a large proportion of platinum metal content accounted for by 
Schneiderhohn (1929) as occurring in solid solution in the base metal 
sulphides pyrite, pyrrhotine, pentlandite, and chalcopyrite. However 
workers on other platiniferous deposits, in particular Stumpfl (1961), 
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Borovskii et al. (1959), and Genkin et al. (1961, 1963), have described a 
great variety of new platinoid minerals and it was thus reasonable to 
suspect that many of these new phases, together with other unreported 
ones, were present in the :\Ierensky Reef. During the present study all 
the previously recorded platinoid minerals from this deposit have been 
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Fro. 1. Geological sections through the :\[erensky Reef zone 
at Hustenburg and Union mines (after Beath, Consins, and 

Westwood, 1961). 

recognized, and their identification confirmed with the electron-probe 
microanalyser and X-ray powder analysis. A number of new phases were 
identified, the most interesting of which are the platinoid bismutho­
tellurides. The frequencies of occurrence of the platinoid minerals in 
polished sections of the ore from Rustenburg mine and Union mine are: 

ferroplatinum (Pt,Fe) 
palladic gold (Au,Pd) 

Rustenburg 

mlllor 
rare 

UniO/~ 

common 
rare 
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Rustenburg Union 

palla die electrum (Au,Ag,Pd) nunor nunor 
cooperite PtS common mmor 
braggite (Pt,Pd,Ni)S common mmor 
laurite RuS2 rare common 
sperrylite PtAs2 nunor mmor 
arsenopalladinite PdaAs v. rare not located 
stibiopalladinite Pd..,Sb v. rare not located 
moncheite (Pt,Pd)(Te,Bi)2 rare rare 
kotulskite Pd(Te,Bi) rare rare 
merenskyite (Pd,Pt)(Te,Bi)2 rare rare 
mineral A (Pd,Hg)z{Te,Bi)v v. rare not located 

More phases are undoubtedly present. Iridium, osmium, and rhodium 
are known to be present in appreciable quantities but have not yet been 
detected as separate mineral phases in the ore although minor quantities 
do occur in most of the above minerals. 

Determinative techniques 

Electron-probe microanalysis. The electron-probe microanalyser used 
in this study is a Cambridge Microscan Mark 1. This is a scanning ana­
lyser with a vertically incident electron beam and X-ray detection at an 
angle of 20° to the surface of the specimen. It does not have paraxial 
optics, but positioning is facilitated by the use of a back-scattered elec­
tron image also obtained at an angle of 20° to the surface. 

The counts for the characteristic radiation are detected with a semi-focusing 
spectrometer that incorporates a flow-proportional counter with a 'dead time' of 
5 p.Sec. A pulse-height analyser is used for discrimination against unwanted noise 
while scanning photographs are being taken, but it is rarely used while counting 
in order to avoid errors due to pulse-height depression. 

The count rates were corrected for statistical errors due to the 'dead time' of the 
electronics, and also for counts due to the background radiation. The apparent mass 
percentages ginn by these corrected count rates were further corrected to allow for 
the following phenomena: absorption of the characteristic X-rays by the matrix 
(using the method proposed by Philibert (1962)); fluorescence produced by the 
characteristic radiation (using Castaing's formula (HJ51)); the effect oftbe difference 
in atomic number of the constituent atoms of the mineral (using Ziebold's correction 
method (1964)); and a correction for overvoltage was made by a modification to 
Philibert's formula made by Duncumb (\964). Background fluorescence effects 
were ignored. The values of the absorption coefficients used in the above corrections 
were those gh-en by Kelly (\966). 

The standards used in the present investigation were an analysed 50/50 I't:Pd 
alloy (kindly given by Johnson and Matthey & Co" Ltd.), an analysed specimen 
of calaverite, (Au,Ag)Te,. for tellurium, an analy;,ed specimen of coloradoite, HgTe, 
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for mercury determinations, and spectrographically pure bismuth. All specimens 
for analysis were polished using diamond abrasives on cloth laps as described by 
Barringer (1953). They were subsequently cut down to size and coated with a 
50-75 A thick film of aluminium to render the surface electrically conducting to the 
electron beam. 

X-ray diffraction. In this particular investigation a procedure was re-
quired which would enable a very small (0.3-0.01 mm) and previously 
analysed grain to be extracted, with minimum contamination from the 
enclosing silicates and sulphides, and to be suitably mounted for X-ray 
powder analysis. A steel needle, a tungsten carbide pick, and a micro-
drill were found too unmanageable and not practical for extracting such 
small grains. However, by using a diamond marker in the way described 
by Williams (1962) it was found that with practice very small areas can 
be removed with some precision. A method devised by A. P. Millman 
(pers. comm.), which entails using the Leitz Durimet microscope fitted 
with a standard Leitz wedge-type scratch diamond, was found to have 
a much greater precision of positioning. 

The diamond, after being lowered on to the required spot, is moved, using the 
micrometer stage, in the opposite direction to the normal one used for scratch 
purposes. A mound of mineral powder is formed at the end of the scratch, the length 
of which can be very precisely controlled. The mineral powder is mounted as 
follows: a clean glass slide is taken and a spot of Tow' gum or other rubber solution 
is allowed to adhere to it ; the slide is then inverted and held over the polished 
section whilst still observing the powdered area under the ore microscope with a 
low-power objective (some refocussing is required because of the intervening glass 
slide); the rubber-cement spot, which can now be seen through the back of the 
glass, is lowered on to the powdered area to engulf the fragments of broken mineral. 
After a short while the solvent begins to evaporate and the cement can be rolled into 
a ball containing the mineral powder. The slide and adhering rubber ball are then 
raised from the surface of the polished section. Further grinding of the powder can 
be accomplished between two slides, as described by Hiemstra (1956), followed by 
the mounting of the ball on the end of a glass fibre. The ball should generally not be 
greater than 0.5 min in diameter. The larger the ball the more scattering of X-rays 
occurs with consequent fogging of the film. An X-ray photograph of a globule of 
pure cement should be taken first since some varieties yield lines in the front 
reflection region. 

Before destroying the rare mineral grains of these bismuthotellurides some 
preliminary experiments, similar to those by Iliemstra (1956), and Genkin and 
Korolev (1961), were carried out on cleavage fragments of galena to determine 
approximately the minimum quantity of material required to produce a distinct 
powder pattern. It was found that a cleavage fragment of dimensions 0.06 x 0.05 x 
0.025 mm and of approximate weight 0.6 pg produced a weak but measurable 
pattern. 

Spectral reflectivity measurements. Quantitative spectral reflectivity 
values at wavelengths of 470, 516, 589, and 650 nip. were obtained with 
the Reichert reflex spectral microphotometer, which incorporates a 
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photomultiplier tube and wedge dielectric filter. A description of this 
together with the results of standardization experiments are given by 
Santokh Singh (1965). This instrument enables rapid and accurate 
spectral reflectivity measurements to be made on areas down to 1 ft 
diameter and is invaluable for routine determinative work on opaque 
minerals. In the present context the size of the area used for any par-
ticular mineral grain corresponded to the maximum flawless and flat 
area available and ranged from 1 to l0µ diameter. The rarity of grains of 
a suitable size and having a flat area limited the number of reflectivity 
values that could be made. 

The author is indebted to S. H. U. Bowie of the Atomic Energy Divi-
sion for the loan of an N.P.L. Measured pyrite (N.1915.1), which was 
used in the present study as a standard. 

Indentation microhardness values were obtained where possible with 
a Durimet hardness tester fitted with a Vickers diamond, as described by 
Young and Millman (1964). Because of the general by small grain size of 
these platinoid bismuthotelluride phases in polished sections of the ore, 
only a 15 g load could be used to produce a reliable indentation value. 
The relative hardness, deduced from the polishing relief, was assessed 
for each phase. 

Bismuthotellurides of platinum and palladium 
Although this is the first time that platinoid minerals of tellurium and 

bismuth have been found and described in the Merensky Reef, the 
presence of a Pd-Bi-Te compound was demonstrated in 1952 by chemi-
cal analyses of a non-magnetic portion of a concentrate from the 
northern extension of this horizon at Union Mine by F. M. Lever, R. 
Todd, and A. R. Powell of Johnson and Matthey Ltd. (pers. comm.). In 
1962, in a preliminary investigation of the platinoid minerals with the 
electron-probe microanalyser, the author found a number of white 
strongly anisotropic laths, occurring in chalcopyrite and at the margins 
of the iron-copper-nickel sulphide segregations, to be bismuthotellurides 
of platinum and palladium. No X-ray powder data at that time could be 
obtained for any of these phases because of their small size. Meanwhile 
in 1961 Genkin and Korolev, in a paper describing a procedure for the 
identification of small mineral grains by X-ray powder analysis and 
microspectrographic methods, described the occurrence of similar 
phases from the Monchegorsk deposit. In 1963 Genkin et al. defined these 
minerals more precisely, naming two of them moncheite, (Pt,Pd)(Te,Bi)2, 
and kotulskite, Pd(Te,Bi),_,, as well as giving more data on michenerite, 
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PdBi2, which was shown to contain tellurium as a major constituent. 
Recently Stumpfl (pers. comm. 1965) has also detected by electron-probe 
microanalysis the presence of a platinum bismuthotelluride from the 
Dreikop platinum pipe in the eastern Bushveld. 

The results of the present study confirm the presence of moncheite and 
kotulskite in the llerensky Reef at Rustenburg mine. Two other bis-
muthotellurides are shown to be new platinoid phases: one of composi-
tion (Pd,Pt)(Te,Bi)2, named merenskyite after Dr. Hans 31erensky, is 
possibly isostructural with moncheite and an isomorphous series may 
exist between the palladium and platinum end members; the second new 
phase (Mineral A), for which no X-ray data are yet available, is a grey 
isotropic mineral having a composition close to (Pd,Hg)(Te,Bi). A pre-
liminary investigation of the ore from Union mine has also revealed the 
presence of moncheite and a palladium bismuthotelluride phase optically 
similar to merenskyite. A more detailed electron-probe study has still to 
be completed. It is hoped that more occurrences of these phases will be 
found at Union mine so that a comprehensive study can be made of them. 

These bismuthotellurides occur late in the paragenesis as equant 
grains 1-3,u in size enclosed partially or completely by chalcopyrite and 
occasionally pentlandite (pl. XII, fig. A). Larger euhedral to subhedral 
lamellae of 0.3 to 0.6 nun are more rarely found. Often clusters of small 
grains are to be found isolated in microveinlets in the silicates together 
with disseminated blebs of chalcopyrite. Except for the mercury phase 
(Mineral A) all these platinoid minerals are white to cream in colour, are 
anisotropic, and crystallize in the hexagonal system. 

Moncheite 
Moncheite (Genkin et al. 1961, 1963) was reported to occur as minute 

grains in chalcopyrite, pyrrhotine, and occasionally violarite in the upper 
sectors of vertical veins of the Monchegorsk platinum deposits, commonly 
intergrown with michenerite and kotulskite. Moncheite from the 
31erensky Reef at Rustenburg mine is similarly associated with kotuls-
kite and other platinum tellurides enclosed by or adjoining chalcopyrite. 
Generally it is in the form of blebs or fine laths of the order of 1 to 10p. in 
size (pl. XII, fig. A). Only one large lath of sufficient size to enable its ex-
traction for X-ray powder analysis (200 x 60µ) has so far been located. 
This occurred at a sulphide: silicate contact as a subhedral lath pene-
trating pyrrhotine along a pentlandite: pyrrhotine boundary (fig. 2) ; 
pl. XII, fig. D). 

Optical and physical properties. Moncheite from Rustenburg is a bright 
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Fm. 2. X-ray scanning micrographs showing the distribution of platinum, iron, 
tellurium, bismuth, and nickel in an intergrowth of moncheite Pt(Te,Bi)2  (mon) 
and ferroplatinum (Pt,Fe) in pyrrhotine (pyrrh) and pentlandite (pent) in a polished 

section of the 'Reef' pyroxenite. 
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greyish-white mineral showing weak pleochroism in air. Under oil immer-
sion it is a light grey and exhibits a distinct pleochroism. Compared 
with ferroplatinum it appears more grey and less creamy especially 
under oil. When enclosed by braggite it appears greyish white but is 
a bright white against chalcopyrite. Its anistropy is from distinct to 
strong in air, according to orientation with light yellowish brown to dark 
brown polarization colours. Although a reliable indentation microhard-
ness measurement was not obtained, it was seen to be approximately 
of the same hardness as pentlandite when applying the pseudo-Becke 
line test. Its reflectivity in sodium light, by visual comparison, was 
between pentlandite and ferroplatinum and very much greater than 
braggite or cooperite. Accurate measurements are given in table II. The 
measurements were made in air using a x 60 objective and 2 mm mirror 
diaphragm. Two of the largest grains were measured. 

Composition. The results of quantitative microspectrographic analyses 
of four grains of moncheite from the Monchegorsk deposit by Genkin et 
al.. and the results of electron-probe microanalyses of moncheite from 
Rustenburg are tabulated for comparison in table I. The analyses 1, 2, 3, 
and 4 were under conditions of constant specimen-current, and after 
correction for absorption, using a correction procedure by Tong (pers. 
comm.), they were still far from satisfactory but sufficiently accurate to 
illustrate substitutional trends in the moncheite members. 

One of the grains (table I, anal. 3; pl. XII, fig. D; fig. 2), confirmed by 
X-ray powder analysis to be moncheite, was reanalysed at constant 
beam-current. The analysis was corrected for absorption, atomic number 
and fluorescence by the method previously outlined. This is presented in 
table I under analysis 5. The empirical formula front this approximates 
to that of the type moncheite, (Pt,Pd)(Te,Bi),. 

The X-ray data for the Rustenburg moncheite are given in table II to-
gether with the type moncheite and the probable palladium end-member 
merenskyite. The unindexed spacings may be due in part to contamina-
tion by pyrrhotine and pentlandite during extraction front the polished 
section. Of the eleven indexed lines, nine agree closely with those for the 
type moncheite. The discrepancies in intensity towards the back reflec-
tion region are probably the result of the minute quantity of powder 
available and also possible disorder in the lattice. 

Kotulskite 
Kotulskite was first reported from the Monchegorsk deposit by Genkin 

et al. (1961, 1963) and an approximate formula given, Pd(Te,Bi),_,. 



TABLE I. Results of electron-probe microanalyses and reflectivity values of some platinoid bismuthotellurides from Rustenburg Mine, and 
quantitative microspectrographic analyses of moncheite and kotulskite from the Monchegorsk deposit by Genkin etal., 1963. 

Monrheite Kotalskite 
Merenskyile 
Itustenbary 
„.---..., 

Mineral A 
Rustenburg 

Mineral C 
linstenbarg Rustenburg Monchegorsk Itustenbary 

..-------, 
3Ioncheporsk 

Element 	1 2 3 4 5 6 7 	8 9 10 11 12 13 	14 15 16 

% before correction 
Pt 	17.2 26.2 349 39.4 41.0 - 1.0 1.5 - - 1.2 

Pd 	6.7 2.5 - - - 568 47.0 27.5 40.7 31.5 30.0 

Ill 	9.9 7.2 16.7 17.0 160 18.3 21.0 14.2 15.7 1.5 29.6 

Te 	38.6 39.8 30.8 35.6 45.0 32.1. 31.0 50.2 54.0 35.3 17.2 

Ilg 	- - - - - - - - - 11.9 _ 

(Fe,Cm/s1I) 	5.0 

after correction 

6.0 3.0 3.0 - - - - trace 

Pt 	18.6 28.4 37.0 42.0 38.4 22_•3 27.4 	25.9 :10.8 - 1.1 - 1.8 -- - 1.3 

Pd 	9.3 3.7 - - - 7.0 9.2 	69 4.6 45.9 38.8 31.1 2:3.1 33.2 27.8 40.0 

111 	10.2 7.5 17.0 17•(1 162 31.7 29.9 	12.9 9.2 17.2 20.1 24.9 142 15.1 1.6 30.6 

Te 	40.3 40.7 35.1 35.3 45.8 39.0 33.5 	54.3 55.4 38.0 36.1 44.0 50.8 56.3 38.5 23.3 

Hg 	- - - - - - - 	- - - - - - - 12.0 - 

(Fe,Cti,N1) 	7.0 8.0 3.0 3.0 - - - - - - - - trace 

Reflectivity % 
A in 
470 	- 53.0 - - 53.9 - - 	- - 55.1 53.0 - 61.8 60.9 48.8 - 

56.8 565 57.3 53.4 62.2 61.4 

546 	- 5:3.2 - - 5:3.7 - - 	- - 669 58.7 - 64.3 63.2 53.3 - 

58.8 56.6 64.4 61.1 65.2 64.4 

56 
589 	- 52.9 - - 53.3 e- 60 --° 63.3 61.7 66 % 65.7 64.4 55.6 - 

58.1 56.1 65.6 63.2 max. 67.0 66.0 

650 	- 52.7 - - 50.7 - - 	- - 65.2 64.1 - 65.9 64.3 53.9 - 

59.6 54.9 67.9 66.2 67.4 66.6 
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TABLE II. X-ray powder data for moncheite (l't,Pd)(Te,Bi)2  and merenskyite (Pd,Pt)(Te,Bi)2  from Rustenburg mine (Cu radiation, Ni filter 
and 11-183 cm and (11 cm diameter cameras respectively), and for moncheite from Monchegorsk (Genkin et al., 1093) and artificial PdTo2  

(Thomassen, 1929) 

Mortchefte 

Merenskyite Artificial PdTe, Itustenburg Moncheporsk 

hexagonal a. c a c a e a 
cells 4.062 5.346 4.049 5.288 3.978 5.125 4.028 5.118 

+0.002 +0.003 ±0.004 +0.005 -i 0.001 +0.002 10.003 ±0.004 
hi it d rale. a ohs. 	I ohs. d ohs. I ohs. hkil d rale. d ohs. I ohs. hkil d ohs. I ohs. 

0001* 5.325 5.25 	50 5.32 60 - - - - - - _ 
- - 3.02 	40 3.07 211 - 3.07 30 "7 - - 
1OTI• 2.932 2.94 	100 2.93 100 1011' 2.921 2.92 100 1011 2.89 60 
- - 2.73 	10 - - - - - - - - - 
((0(12 - - 	- 2.66 10 - 2.51 20 0002 2.56 20 
1012* 2.124 2.12 	60 2.11 80 1012" 2.088 2.10 60 1012 2.07 60 

- 2.08 	20 - - -- " - - - - - 
1120• 2.028 2.03 	60 2.02 70 1120" 2.015 2.02 30 1120 2.02 40 
1121* 1.896 1.885 	20 1.888 40 - - - - - - - 
- - 1.798 	40 1.712 20 - - - - - - - 
((00:3 - - 	- - - 0003' 1.726 1.73 20 0003 1-71 20 
-_ - 1.728 	30 - - - - - - - - 
2021* 1.668 1.668 	40 1.664 60 - - 1.67 30 2021 1.65 30 
1013* 1.587 1.588 	20 1.575 50 - 1.61 20 1122 1.59 20 
--_ - 1.534 	21) - - 1013' 1.543 1.54 30 1013 1.54 70 
2022* 1.467 1.471 	20 1.462 70 - 1.46 10 2022 1.44 50 
0004 - - 	- 1.324 40 - - - - - - 
2130• 1.328 1.328 	20 - - - 1.39 10 1123 1.30 20 
2121' 1.289 1.289 	40 1.282 70 0004* 1.288 1.29 10 0004 1.28 80 
2023 - - 	- 1.242 3() 
1014. 1.247 1.248 	10 - - 
2132 - - 	- 1.182 50 

• These indices were checked, assuming a hexagonal symmetry, using a modified version of a computer programme by W. D. Hoff et al. (1965). In this pro-
gramme the indices were accepted if I(sin.0„-sin'8e)l ..<, 0.003. The drift constant K (Hess, 1951) was assumed proportional to 1(cos'9/oln8-1-cos'0/B). Stan- 
dard deviations of a and c were also determined. All reflections Indexed were Included in the determination of the cell parameters. 	 co 
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t - 
lat. 3.032 

- 
10122' 2.224 
1120* 2-071 
2021* 1.711 
1013* 1.671 
1122 1.672 
2022* 1.515 

- 
1014* 1.318 
21112 1.310 
-- - 

3031 1.170 
1124* 1.1(39 

1 

1 

} 
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A similar phase from Rustenburg mine, considered to be kotulskite 
from the evidence of the X-ray powder data (table III), is shown to 
be Pd(Te,Bi) from two accurate quantitative electron-probe micro-
analyses. Kotulskite occurs in the Monchegorsk platinum deposit inter-
grown with moncheite and michenerite, and as separate grains enclosed 

TABLE III. X-ray powder data for kotulskite (13d,Pt)(Te,Bi) from Rustenburg mine 
(copper radiation, Ni filter and 11483 cm diameter camera), kotulskite Pd(Te,Bi)1_2  

from Monchegorsk (Genkin et al., 1963), and artificial PdTe (Thomassen, 1929) 
Rot olskite 

... 	 -... 
Rostenborg 	 Moneheyorsk 	.Irlifirial PdTe 

,...---..------...... 	,.....--------..s 	,...--------...., 
a 	c 	a 	c 	a 	c 

Ilexaqona 	4.145 	5.67 	4.10 	5.67 
cell 	+0.005 +0.01 	+0.01 +0.01 
hkil 	d rale. 	d obs. 	I obs. 	bkil 

 
,l as. 

- - 1010 3.05 
:303 loo 1011 :3.05 
- 0002 2.85 
-,22 90 101-2 2-24 
2 08 70 1120 2-09 
1.72 20 2021 1.73 
1.67 20 1013 1.68 

1.52 30 205.,  1.53 
1.41 5 0004 1.42 
1.32 10 10T4 1.33 

1-2:3 10 202:3 1.31 
1.17 10 2132 1.24 

3030 1.10 
2024 1.17 

• See footnote to table II. 	f Strong blackening of the film in this region due to rubber. 

in chalcopyrite. At Rustenburg mine it also occurs enclosed by or ad-
joining chalcopyrite, especially at the periphery of the chalcopyrite 
where it abuts against the silicates. It is along the sulphide-silicate 
boundaries that the larger grains of this phase and the other tellurides 
occur. Kotulskite is also invariably intergrown with the new palladium 
bismuthotelluride, merenskyile, which occasionally replaces it but often 
shows mutual boundary relationships (fig. 3; pl. XII, fig. c). 

Optical and physical properties. Kotulskite from Rustenburg is a 
cream or pale yellow mineral in air and exhibits a distinct pleochroism 
from a light cream to a slightly darker greyish cream. In oil it appears 
more yellow and the pleochroism is more distinct. Moncheite and merens-
kyite compared with pale yellow kotulskite appear white and are easily 
distinguished. Chalcopyrite against kotulskite appears greenish yellow. 
It exhibits a strong anisotropy with polarization effects from grey to dark 
bluish grey with the nicols completely crossed. Its polishing relief, com- 

I obs. 

4127 
+0.004 
d obs. 

5.063 
+0.005 

I obs. 
30 :358 10 

BO 3(13 40 
10 - - 
!10 80 
00 2-07 60 
6)) 1.71 40 
60 1.67 50 

70 1.51 80 
20 1.42 25 
70 1-32 50 

30 1-30 25 
80 1.22 100 

70 1.21 50 
80 1.17 0)0 
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pared with associated minerals, indicated it to be harder than chalcopyrite 
and softer than pentlandite and merenskyite. One grain of this phase was 
large enough to obtain two Vickers indentation microhardness values 
using a 15 g load. The average of the two indentations gave a value of 
VMH„ = 236. The indentation shape for kotulskite was symmetrical 
with no fractures and straight to very weakly concave sides. Accurate 
quantitative measurements of reflectivity are given in table I. The 
measurements were made in air using a x 32 objective and 2 mm mirror 
diaphragm. 

Composition. Two grains of kotulskite from Rustenburg mine were 
quantitatively analysed with the electron-probe microanalyser using 
constant beam-current conditions, and the initial percentages were 
corrected for absorption, atomic number, and fluorescence as outlined 
previously. The results are presented in table I together with the semi-
quantitative microspectrographic analysis of kotulskite from Mon-
chegorsk by Genkin et al. X-ray scanning micrographs showing the 
distribution of palladium, tellurium, and bismuth in an intergrowth of 
kotulskite and merenskyite are presented in fig. 3. 

A phase, Mineral C, with similar optical and physical properties to 
kotulskite, and which with stibiopalladinite formed a small composite 
grain of about 30 µ diameter in a late stage microveinlet cutting the early 
formed matrix silicates, showed, on analysis under conditions of con-
stant specimen-current (table I), a large bismuth content compared to 
the previous analyses of kotulskite; tellurium was correspondingly 
lower. 

The X-ray data for the Rustenburg kotulskite are tabulated in table 
III together with the type kotulskite and artificial PdTe for comparison. 
Although the powder was exposed for 26 hr at 40 kV and 22 mA only 
ten lines could be measured to a reasonable degree of accuracy. The fall-
off in line intensity towards the back reflection region is again probably 
caused by the extremely small quantity of powdered mineral available. 
The close agreement with artificial PdTe strongly supports the empirical 
formula Pd(Te,Bi) for kotulskite derived by electron-probe microanaly-
sis. This is further emphasized by the lack of agreement with the powder 
data for artificial PdTe2. 

Merenskyitel 
Merenskyite occurs in the same manner as kotulskite with which it is 

very commonly intergrown (fig. 3; pl. XII, fig. c). In reflected light it is 
I Name approved before publication by the Commission on New Minerals and 

Mineral Names, International Mineralogical Association, June 1965. 
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easily distinguished from kotulskite, which is pale yellow in colour, 
whereas merenskyite is white in comparison. Monchelte and merenskyite 
are not easily distinguished from each other, unless in close proximity, 
when merenskyite can be seen to have a higher reflectivity and appears 
slightly more creamy. 

Electron Image 

  

Pd La 

Te La 	 Bi La 

FIG. 3. X-ray scanning micrographs showing the distribution of palladium, tellurium 
and bismuth in a composite grain of merenskyite Pd(Te,Bi)2  (mer) and kotulskite 
Pd(Te,Bi) (kot) intergrown with chalcopyrite (cpy). Because of poor contrast the 

respective phases have been outlined. 

Optical and physical properties. In air merenskyite is white with a weak 
pleochroism from white to greyish white. In oil the reflection pleochroism 
is more distinct, from white with a slight creamy tint to light greyish 
white. It is distinctly to strongly anisotropic, according to orientation, 
with dark brown to light greenish grey polarization colours. No Vickers 
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indentation microhardness values were obtained for this phase because 
of the small size of the grains. The polishing relief indicated its polishing 
hardness to be less than pentlandite, greater than chalcopyrite, and just 
greater than kotulskite. Precise reflectivity values are given in table I; 
measurements were made in air using a x 32 objective and 2 mm mirror 
diaphragm. 

Composition. An electron-probe microanalysis of a large grain (fig. 3) 
of this phase, from which X-ray powder data were later obtained, was 
made using constant beam-current conditions and correcting the initial 
percentages for absorption, atomic number, and fluorescence. This 
analysis (table I, anal. 13) gives a (Pd,Pt): (Te,Bi) ratio of 1.0: 2.06 
indicating the empirical formula (Pd,Pt)(Te,Bi)2. The X-ray data for this 
phase are presented in table II together with artificial PdTe2  and mon-
cheite for comparison. As with previous phases only a minute quantity of 
powder could be obtained and a 30-hr exposure at 40 kV and 22 mA with 
Cu-Ka radiation was needed to obtain a reasonable photograph. The 
similarity of the patterns for merenskyite and moncheite suggests that 
they are probably isostructural, merenskyite being the palladium end-
member of a possible solid solution series, and the close agreement of 
both patterns with that for artificial PdTe2  helps to confirm the above 
formula. The X-ray data compared with those for artificial PdTe do not 
show such a close similarity. 

A further electron-probe microanalysis (table I, analysis 14) of a phase 
optically identified as merenskyite and intimately intergrown with 
kotulskite (pl. XII, fig. c) suggested the empirical formula Pd3(Te,Bi)5. 
This may be an error, probably present in many probe analyses of 
chemically similar phases complexly intergrown, caused by the inclusion 
of sub-outcropping kotulskite in the irradiated zone of the analysis. How-
ever, in an equilibrium diagram for Pd—Te alloys (fig. 4) (Z. S. Medvedeva 
et al. (1961)) it is significant that in the PdTe,—PdTe region, in the range 
640-690° C, the alloys form a continuous series of solid solutions, which 
break down below 640° C into a mixture of two solid solutions based on 
PdTe and PdTe2. This could account for the Pd,(Te,Bi), phase as con-
sisting of merenskyite with PdTe or Pd(Te,Bi) in solid solution. This 
relationship also helps to account for the invariable occurrence of 
kotulskite, equivalent to PdTe, as an intimate intergrowth with merens-
kyite. 

In conclusion it appears that merenskyite is the palladium end-mem-
ber of a possible solid-solution series with the platinum end-member 
moncheite. It may also form a complete solid-solution series with 
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kotulskite at high temperatures and only a partial one at normal tem-
peratures, an indication being the possible existence of Pd3(Te,Bi)5. 
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Fin. 4. Equilibrium diagram for Pd-Te alloys (after Medvedeva, Klochko, Kuznet- 
soy, and Andreeva, 1961). 

Mineral A, (P(1,119),(Te,Bi) 5, 

This phase has so far only been located as four blebs, ranging from 
2 to 5µ in diameter, intergrown with merenskyite. Its colour in air is light 
grey but under oil immersion it is slightly darker with a brownish tint. 
It appears to be isotropic. Values of reflectivity for this phase are pre-
sented in table II. From an examination of polishing relief it is softer 
than merenskyite and chalcopyrite. 

The composition of this phase as determined with the electron-probe 
microanalyser is at present only semiquantitative because of the small 
grain size and the consequent errors involved in such an analysis (table I. 
anal. 15). This suggests a (Pd,Hg): (Te,Bi) ratio of 1:1. The only other 
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palladium—mercury minerals reported in the literature are potarite, 
PdHg, and allopalladium, whose exact composition is uncertain but 
which appears to contain palladium and mercury. 

Paragenetic considerations 
Although the mode of emplacement and the details of the subsequent 

differentiation of the mafic zone of the Bushveld Igneous Complex are 
still somewhat controversial, there are few who would not concede that 
it was produced from a melt of basaltic composition, which did undergo 
at least part of its differentiation in situ. Thus the paragenesis of the 
minerals composing the Merensky Reef can be considered in the light of 
fractional crystallization and sulphide immiscibility in an oxide-silicate 
melt. One can envisage, as a result of these two processes combined with 
gravity settling and related phenomena, the formation at one stage of 
a compact coarsely crystalline aggregate of mainly pyroxenes with sub-
ordinate feldspars, with a sulphide melt rich in volatiles filling the inter-
stices. Reaction takes place between this sulphide melt and the early 
silicates producing reaction minerals such as hornblende and biotite. 
Graphite may also be formed at this time. Meanwhile from the interstitial 
sulphide melt the base metal sulphides and platinoid minerals begin to 
crystallize out in a certain order. In the Rustenburg mine this order is 
relatively simple and early pyrite is followed by pyrrhotine, exsolution 
pentlandite and primary pentlandite, and finally chalcopyrite with ex-
solved cubanite and mackinawite. One of the earliest formed platinum 
minerals is ferro-platinum, which is commonly associated with pyrr-
hotine either as a fine graphic intergrowth, suggesting a eutectic rela-
tionship, or as euhedral partially corroded grains. The platinoid sulphides 
and arsenides are slightly later and generally occur as euhedral aggre-
gates or isolated grains enclosed in pentlandite but often fractured and 
veined by chalcopyrite. The bismuthotellurides, stibiopalladinite, and 
arsenopalladinite are the latest formed platinoid minerals and are 
commonly associated with chalcopyrite as included blebs and laths or as 
discrete grains along sulphide—silicate boundaries. They are also found 
as clusters or small grains in microveinlets along partings in the altered 
early silicates. These microveinlets may have been formed by reaction of 
residual fugitive constituents with the early silicates. Thus the platinoid 
bismuthotellurides appear to be of late crystallization and may be asso-
ciated with the residual ' pegmatitic ' phase after the formation of the 
main bulk of the sulphides as postulated by Schneiderhohn (1929). 

The tendency at present is to allocate platinum minerals to a later 
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stage of crystallization (Stumpfl, 1962) than was envisaged in past con-
ceptions of the geochemical behaviour of the platinum metals by 
Schneiderhohn (1929) and Rankama and Sahama (1950). This trend of 
opinion began as a result of the location of numerous new platinoid 
phases in deposits and ores that from field evidence were of a relatively 
late stage of crystallization compared to the early magmatic sulphides of 
the Merensky Reef. Notable among these discoveries are those from the 
Dreikop dunite pipe in the eastern Bushveld by Stumpfl (1961), from 
the Urals, Norilsk, and Monchegorsk by Borovskii (1959), Genkin 
(1959, 1961, 1963), and Betechtin (1961), and from Sudbury by Hawley 
and Berry (1958). However, as regards the Merensky Reef it is apparent 
that not all the platinum minerals are of a late stage of crystallization 
as has been suggested by Willemse (1964). In fact, the chief platinoid 
minerals at Rustenburg mine, cooperite and braggite, appear to have 
crystallized early from the interstitial magmatic sulphides. 

The presence of these platinoid bismuthotellurides is of interest as re-
gards the geochemical behaviour of tellurium during time fractional 
crystallization of the sulphides. Their occurrence is in agreement with 
investigations by Sindeeva (1959) and others who have demonstrated 
that tellurium, although a close analogue of sulphur and selenium, tends 
to form independent minerals even when present in very low concentra-
tions rather than to form solid solutions in the base metal sulphides. This 
is explained as a result of the quite different atomic size and electro-
negativity of tellurium compared to sulphur. Selenium readily substi-
tutes for sulphur, as shown by Zaryan (1962) and others, and where the 
concentration of selenium is low, independent selenium minerals will be 
unlikely to form. In the Merensky Reef no selenides have yet been found, 
although traces of selenium are probably present in the sulphides. 
Platinoid selenides were reported from the Urals in the copper—nickel 
sulphide ores of the Norilsk region by Zainullin and Pashinkin (1960). 
but compared with the platinoid tellurides they were rare even though 
there was more selenium than tellurium present in the ore. The results 
of microscopic and chemical investigations of the distribution of tellurium 
in ores related to basic and ultrabasic intrusives by Zainullin (1960), 
Pshenichnii (1961), Zaryan (1962), and others, show that tellurium is 
concentrated in the later stages of crystallization and in particular in 
the chalcopyrite-rich ores. The tellurium in the Merensky Reef appears 
to follow this trend. Bismuth appears to behave in a similar way and in 
these ores substitutes for tellurium as demonstrated in the various 
analyses of moncheite in table I. This substitution would be expected 
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from the close similarity in atomic radius of bismuth (1.55 A) and 
tellurium (I-13 A). 

Acknouledgeinents. This paper constitutes part of a research programme into the 
mineralogy of the Merensky Reef of the Western Bushveld. I am very grateful for 
financial assistance from the Vernon Hobson Bequest Fund of the Institution of 
Mining and Metallurgy and the Hilary Bauerman grant from Imperial College. I am 
also indebted to Johannesburg Consolidated Investment Co. Ltd. for their help 
and permission to study the field relations and collect specimens of this platiniferous 
horizon at Rustenburg and Union mines from July to September of 1962. I would 
especially like to thank Dr. J. Zermatten of J.C.I. for his kindness and assistance 
and his generous provision of a comprehensive collection of polished sections of 
concentrates and ore from the two mines. 

I would like to express my sincere thanks to Dr. A. P. Millman for his helpful 
suggestions and criticisms during the course of this investigation and in the prepara-
tion of this paper. 

I am grateful to Mr. T. K. Kelly for his help in the electron probe microanalysis 
of these minerals and for correcting the initial results for absorption, atomic number, 
and fluorescence. In connexion with the electron probe microanalysis, Messrs. John-
son and Matthey Ltd. very generously provided standard platinoid alloys. Thanks 
are also owed to Mr. R. Curtis and Mr. M. T. Frost for their help in obtaining and 
processing the X-ray data. 

References 
BARRINGER (A. R.), 1953. Trans. Inst. MM. Metall., vol. 63 (Bull. Inst. MM. 

Metall., no. 563, Oct. 1953), p. 21. 
BEATII (C. B.), COUSINS (C. A.), and WESTWOOD (R. J.), 1961. The exploitation of 

the platiniferous ores of the Bushveld Igneous Complex with particular refer-
ence to Rustenburg Platinum Mine. Commonwealth Conference of Min. Metall. 

BETECIITIN (A. G.) [Berexrini (A. 1-.)], 1961. Mikroskopische Untersuchungen an 
Platinerzen aus dens Ural. Neues Jahrb. Min.,Abh. vol. 97, p. 1. 

[BouovsKtt (I. B.), DEEV (A. N.), and MARCHUKOVA (I. D.)] Boponetaiii (II. B.), 
„Wen (A. II.), ii MapgyHolm (II. A.), 1959. Peon. pyan. ntecTopoaiA. 
(Geol. ore-deposits), no. 6. 

CASTAING (It.), 1951. Application des sondes electroniques a une methode d'analyse 
ponctuelle chimique et cristallographique. Thesis, Faculty of Science, Univer-
sity of Paris. 

DuNcumn (P.), 1964. Paper presented at the International Symposium on Electron 
Probe Microanalysis in Washington, D.C. (to be published). 

[GENKIN (A. D.)] Fentum (A. a.), 1959. 	pyan. mecropoina. (Geol. ore- 
deposits), no. 6, p. 74. 

[ 	 and KOROLEV (N. V.)] 	 n Kopo.neu (H. B.), 1961. Ibid., no. 5. 
[ 	, ZIIURAVLEV (N. M.), and SMIRNOVA (E. M.)] 	, 71iypatmen (II. M.) n 

Cmupnona (E. M.), 1963. Aloncheite and kotulskite-new minerals and the 
composition of michenerite. 3an. Ececom:3. nuts. 06111. (Mem. All-Union MM. 
Soc.), vol. 92, p. 33 [M.A. 16-283]. 

GRONVOLD (F.), HARALDSON (H.), and KJEKSIIUS (A.), 1960. Acta Chem. Scand., 
vol. 14. no. 9. 

HAWLEY (J. E.) and BERRY (L. G.), 1958. Canad. Min. vol. 6, p. 200. 
HESS (J. B.), 1951. Acta Cryst., vol. 4, p. 209. 
HIENISTRA (S. A.), 1956. Amer. Min., vol. 41, p. 519. 
Hon' ( W. 1).), WALLACE (W.), and KITCHINGMAN (W. J.), 1965. Journ. Sci. Instr., 

vol. 42, p. 171. 



834 	G. A. KINGSTON ON PLATINOID BISMUTHOTELLURIDES 

KELLY (T. K.), 1966. Inst. Min. Metall., Earth Sciences Section, vol. 75, p. 59. 
[MEDVEDEVA (Z. S.), KLOCIIKO (M. A.), K uzsEysov (V. U.), and ANDREEVA (S. N.)] 

MeAnep,ena (3. C.), HaimHo (M. A.), 	 (B. F.) n AnApeolla 
(C. II.), 1961. 	 (Journ. Inorg. Chem.), vol. 6, no. 7. 

Putout:1yr (J.), 1962. A method for calculating the absorption correction in electron 
prove microanalysis. 3rd Internat. Sympos. X-Ray Optics, X-Ray Micro-
analysis (New York, Academic Press, 1963), p. 379. 

Nut:swim' (U. N.) [Ilineunquoii (1'. 11)], 1961. Geochemistry (translation of 
Feoxumuli), no. 8, p. 751. 

RANKAMA (K.), and SAIIAMA (T.), 1950. Geochemistry (Chicago). 
SANTOKII SINGH (1).), 1965. Trans. Inst. Min. Metall., vol. 74, p. 901. 
SCIINEIDERHOHN (H.), 1929. In 1'. A. Wagner-The platinum deposits andmines 

of South Africa. (Edinburgh: Oliver and Boyd). 
SIN D EEVA (N. I).) [CluEwelsa (II. 	)1. 1959. quoted by %Aryan in Geochemistry, 

no. 3. 1962. 
STUMPIL (E. F.). 1961. Min. Mag., vol. 32, p. 833. 
	 1962. Econ. Geol., vol. 57, p. 619. 
TuomassEs (L.), 1929. Zeitschr. physikal. Chem., Abt. 13, vol. 2. p. 349. 
WILLEMSE (.1.). 1964. Geol. Soc. South Africa, vol. 2 (The geology of some ore 

deposits of southern Africa.) 
is (K. L.), 1962. Amer. Min. vol. 47. p. 974. 

Yorm: (B. II.) and MILLAt AN (A. P.), 1964. Trans. Inst. Min. Metall., vol. 7:3, p. 437. 
ZAINULLIN 	[3aiiny.a.010 (I'. I'.)], 1960. Geochemistry (translation of 

Feosumusi), no. 3, p. 273. 
ZARXAN (R. N.) [3apinii (P. FL)]. 1962. Ibid., no. 3, p. 267. 
ZIEBoLD (T. 0.) and ()Guam (R. E.), 1964. Anal. Chem., vol. 36, p. 322. 

[Manuscript receircd 2 September 1965.1 

EXPLANATION OF PLATE XII 
Fin. A. Two grains of moncheite Pt(Te,1102  (white) associated with chalcopyrite 

(cpy) which encloses fractured braggite (Pt,Pd,Ni)S (brag). 
no. r. Platinoid bismuthotelluride grains (white) associated w ith chalcopyrite 

(light grey) in microveinlets in the silicates (dark grey). 
c. A subhedral lath of merenskyite (mer) along a pentlandite: silicate contact 
showing partial replacement by kotulskite (k) Pd(Te,Iii). Crossed nicols. 

EIO. D. A lath of moncheite Pt(Te,Bi), (loon) and euhedral crystals of ferroplatinum 
(I't,Fe) show ing cubic outline, intergrou n with pyrrhotine (pyrrh) and pent-
landite (pent). 

[Note: ton, on the scales on Plate XII, is a micro-metre, equal to a micron (p,), 
and not to be confused with a millimicron, nip.-Ed.] 
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