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core from the Lonrho property (Western Platinum Limited) on the 
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Analytical results Jor Pt, Pd, lr and Au in a total of 65 
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whole rock samples. Profiles along the core length were obtaIned for 

the four noble metals and these WE're correlated with the rnineralogical 

and petrographic character of the core. The sulphide and OXIde data 

were used to evaluate the proportion of total platinum group metals 

contributed by these mmeral phases. 
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ABSTl~CT 

Neutron activatIon analy~ts W<lS us('d to dt'ternlllH' the 

Pt. Pd, Ir and Au conknts In <l sln~te 27 Inch chamond drtll core fron) 

the Lonrho propl'rty (W~'st('rn Platlnum Lnruted) on the Mprt'nsky 

horizon. sonle 2.S 1n11e5 east of Rustenburg, Western Tr<lnsva<d, SOUUl 

Africa. Fus Ion - gra VIlllP tr 1 (' a neI a ton\! c a bso rptlOn nlethod S Wl'1"'e 

applied to the delernllnatlOn of S, Cr, NI and Cu contc'nls In whole 

rock san1pll's. A total of 65 sanlples Includwg 2.5 one-Inch whole 

rnck lore banlple:-., 19 separated sulpludl' and 21 oXIde salnph.'s were 

analysed. 'IJ 

The rock IS a feld~pathic pyroxen.lk consi~tlng. mainly of 

cUInulus orthopyroxene, IntercUlllulus pl<lgloclase and accessory bIotIte, 

clinopyroxene, chrorn,lfe. nlagnptlte and sulphides. Locailzed c,:oncentra­

tion of oxides (dlrOllllte and Illagnehte) in bands occurs In the top half of 

the core. Extensive hydrous alteration is observed in the middle of 

the cort' and occaslOnally elsewhere. Part of the sulphide ha~ cryslal­

li~ed frorn the 101c r cumul us liqUId appa ren tl y in equilibri unl wi th slli ca te s. 

whIle otlH'r sulphIdes show close spatial relationslllp wIth hydrous second­

ary silicates occurnng nlainly along cleavages In altered silIcat<"s. This 

xi 



secondary sulphIde ma y resul t from reaction of pnmary sulphIdes 

with hydrous solutlOns of dcuteric orIgin during the altcratlOn of prImary 

silicates. 

Pt, Pd and A u are all high! y enri ched In the central po rtlOn 

of the core in association wi-th hydrous secondary silIcate alteratIOn and 

high content of secondary sulphIdes. Pd and Ir arc ennched In sulphldes 

'throughout the core and Pd is closel y related to pentlandite. SulphIdes 

(and oxides) account for approXImately 20 and 40<;0 of total whole rock 

Pd and lr respectivdy. From the dlspcrslOn o~ Pd and Ir contents in 

different sulphides from the same one inch core spcClmen it is mferred 
! I 

i that much of tl1C Pd probably occurs in discrete minerals, whereas lr 

may be in true lattice solid solution. 

Pt and Au do not show clear ennclunent in separated sul-

phides and oxides which account for only 5% of the whole rock total 

.5 
for these clements. The heterogeneous distributIOn of Pt suggests the 

'" presence of discrete Pt minerals as a major source of this metal, 

particularly in the Pt-rich central portion of the core. Metallic gold 

is probabl y a sigmficant contributor to total whole rock gold. 

xii 



CHAPTER I 

INTRODUCTION 

The rnaJor sources of platinum group metals are, at present, 

South A fn ca, the U. S. S. R. and Canada. Although prIma r y pla tinunl in 

economIC concentrations IS lnvarIably assoCIated with basic and ultra­

basic rocks, types of occurrences differ considerably. in South Africa, 

platinum and }fu.llachum are recovered mainly from the Merensky. Reef 

of the Bushveld Ignpous Complex where they are mined as principal 

economic nletals. In the U. S. S. R. and Canada, the platinoids are 

recovered maInly from rnagmabc Cu-Ni sulphIde deposits as by-products 

from such deposits as Noril'sk and Sudbury. 

Nearly all the productIon of platinum In South Africa is 

derived from the Merensky Reef. a pegmatitic pyroxenite dis covered 

to be platiniferous in 1924 by a prospector. A. F. Lombaard. It was laler 

named in honor of Dr. Hans Meronsky who was in charge of lhe pros-, 

pc cting. Alth6ugh abtnos t 50 year s have pass ed 5 ince this eventful 

dis covery, lhe true or igin and relations hips of this pe glna lo'id to 1 ts 

1 
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host Bushveld Igneous Complex have been a most controvers1al subject 

amongst geolO'gists and still remaln open to considerable dis cussion. 

The Merensky Reef. normally bounded on top and bottom 

by thln chromitlte seams, 1S characterized by high platinurn metal 

value s wi thin 0 r adja cent to the top and bo ttom chronute bands. 

SchneiderhClhn and Montz (1931) analysed sulphIde and silicate minerals 

from the Merensky Reef for platInum metals by microdriUing of polished 

sections, followed by direct analysis by emIssion spectrography. In the 

samples examIned by them no dis cr ete pIa tinum mineral!? were observed 

and they concluded that the platinum meta'ls were in solid solution in 

sulphides. They also found that the highest platlnUIn metal contents were .. 
in the earliest sulphides, pyrite and pyrrhotite. 

The well-established occurrence of discrete platinum metal . 
minerals in the Merensky Reef (Wagner, 1929, p. 226; Ramdohr, 1969. 

p. 354; StUtnpfl. 1962; Cousins. 1969. etc.) indicates, however, that 

only part of the total platinum metal content can be in solid solution In 

sulphides. Although distinctive plati~um metal-sulphide mineral 

". 
associations are apparent, it is by no means clear whether the platinum 

metals are In solid solution or arc n1echanically admixed as discrete 

minerals with the sulphides. 
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The occurrence of platinum metals in dunitic rocks such 

as the Mooihock and Onverwacht pIpes in the Bushveld Conlplex is 

characterIzed by two nnportant features Including- I) enrichment 

associated wIth spmel group minerals. particularly massive or 

s egrega tlOn-type c hromlte and 2) concentra tion in the younger por bons' . 
of the pipe 5_ 

A suggested explanation IS that low solubIlity of platinum 

metals in sll1cate lattIces has led to con<..entratIon in resldual magma-

tic fluIds or melts,where they have iin~lly crystallized as native n1etals, 

sulphides, arsenides or antimonides depending on the availabili ty of 

• 
thes e elements. 

Having studIed platinuITI metals in the Inaglinsk Massif, 

u. S. S. R. , Ra zin .£.!.~. (1965) appeal to substantial solid sol ution or 

adsorption of platinum metals in silicates. whereas Cousins (1969) 

maintains that the Merensky Reef and other Bushvteld ch.romites are 

free of platinum metals although supporting analytical data are not 

presented. 

Thus, the relative importance of oxides, sulphides, sili-

cates and discrete platinoid n1inerals as carriers of the noble Inetals 

in economic deposits renlains obscure. With this situation in mind, 

it was decided to conduct a study of the distribution of the noble rnetals 
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in whole rock samples J sulphide graIns and oxides (mainly spinel 

group minerals) frOITI the Merensky Reef. 

The study was carried out on a single 27-lnch dIamond 

drill core from the Lonrho property (Western Platinum Limited, 

South Africa), a nune currently operating In the Merensky Reef some 

25 miles east of Rustenburg. Pt, Pd, Ir and Au were determined by 

neutron activatlOn on whole rock and separated sulphid(' and oXIde samples. 

The rruneralogy of the whole rock samples and purity of the separated 

grains were evaluated by microscopIC observatlons of thin and polished 

sections and X-ray powder di ffractIon. Chemical analyses by fusion-

gravimetric and atonlic abso rption nlethods Wt're used to dctern1in¢ S J 

\ 
Cr J Ni and eu in whole ro ck sarrlples. 

Throughout the thesis the platinum group tl1t·l<l.ls will be 

referred to as PGM. For the purpose of discussion, gold is included 

in the PGM for convenience. 

It was hoped by consideration of these data that a better 

understanding of the geochemical behaviour of noble metals during 

crystallisation of a basic magma would be obtained. 
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CHAPTER II 

OUTLINE OF PREVIOUS WORK 

The geology~,mineralogy and geochemistry of the Bushveld 
\ 

I 

Igneous Complex has\been investIgated and described,amongst others, 
\ , 

by Wagner (1929), Hal\ (932), Lombaard (l934), Wager and Brown 

(1967), Willcmse (l969~_~: /"ebcnber g (1970) and Cousins (1956 -1973). 

The outline below is taken from these studies. 

2. 1. General Geology of the Bushveld Igneous Complex 

The Bushveld Igneous Complex occupies a lobate area In 

the Central Transvaal with one aXIS striking in a general east-westerly 

direction and m.easuring 288 miles in length, and the other extending 

from north of Pretoria for 153 miles to the north. The area taken up 

by the Complex is about 26,000 square miles, including tha t covered 

by YO\1nger formations. The accompanying map depicts the areal 

relationships (Fig. 1). / 

5 
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The COITlplex cOITlprises essentially five adjoining. basin-

.f 

shaped masses of igneous ~ocks. A typical section, where such a 

basin is followed froITl the ITlar gin inwards, consists of a gabbroic 

mar ginal zone, a layered succession of ITlafic and ultraITlafic rocks, 

and towards the centre or roof of the structure "red rocks". viz. 

felsite. leptite, granophyre and granite, called Bushveld Granite. 
f 

The absolute age of the Bushve1d grani~e was deterITlined 

as 1954±30 ITlillion years (Nicolaysen, 1958; Davies et al. 1970). 

Most of the determinations, however, were ITlade on material froITl the 

~ Bushveld granites, whose relations to the mafic and ultramafic rocks 

of the intrusion are in doubt (Hess. 1960, p. 164). One Rb-Sr deter-

mination of 2050±50 ITl. y. was obtained on biotite from a pyroxenite 

(.Jackson, 1967). Previously, the Bushveld was considered to be 9f Late 

Precambrian age. 

7 

Although there is doubt about the order in which SOITle of the 

rocks of the Bushveld COInI?lex were ernp~aced. they are usually' grouped 

in the following chronological order: 

1. deposition of the Transvaal Sys teITl, including contemporaneous 

volcanic rocks; 

2. diabase intruded as sills in the Tran~vaal SysteITl; 

• 
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3. Epicrustal rocks 'including felsite, leptite, gra.nophyre and 

micro grani te; 

4. the Layered Seq\lence of mafic and ultramafic rocks cp,mprising 

the Bushveld Complex proper, and 

5. a later plutonic phase represented by the Bushveld granite. 

The Transvaal System, having an average total thickness 

of 20,000 feet,is 300 miles long and 100 mil~s wide. It makes up 85 

l .• 

percent of the circumference of the Complex and consists main~y of 

shale, dolomite, andesite and quartzite. The System is characteri~ed 

by uniform deposition over extens.ive areas so. that marker -horizons 

can be followed for hundreds of miles along tl:te strike, far beyor...d the 

main basin of the Complex. / 

Although comparatively little research has been done on the 

. 
dia~ase sheets in the Transvaal System, they are known at a number of 

'1._ . uvrlzons. Each retains roughly the same stratigrap~ic pC?s ition over . , 

~ 

long distances of strike, but locally they migrate from one horizon to 

another for no clear reason. These "diabaae" sheets comprise a 

considerable -variety of mafic rocks, although the most common type 

~s a plagioclase and clino~yroxene rock. Cousins (1962) believes they 

represent contemporaneous (extrusive) lava and not intrusive sills. 

\ 
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The roof of the Layered Sequence of rnafic and ultramafic 

rocks is formed by felsite, granophyre, fine-grained silica-rich rocks 

called ~eptite and micro granite . The thickness of these rocks varies 

with 10 cality and is over 15, 000 feet thick in pIa ces. The mode of 

formation of these rocks is not clear. They may be feldspa thized 

sediments, or they may represent somewhat coarsely crystalline, 

slowly cooled felsite. 

The Layered Sequence of mafic and ultramafic rocks 

comprises a tl:!.ickness of the order of 25, 000 feet. It is subdivided , 
\ ... 

into the Basal, 'Critical, Main and Upper Zones (Fig. 2). The mWjor 

subdivisions are based on the following rna rker horizons: the main 

Chrornitite Seam, the Merensky Reef and the Main Magnetite Searn. 

The Basal Zone comprises essen~ially ultramafic rocks, 

mostly monomineralic bronzitite with occasional interb~dded layers 

and large masses of peridotite. The lower boundary of this zone is 

. 
not definite because the outer or basal contact of the Complex is very 

irregular. In places, for exa,m.ple, tne Main Zone is in contact with 

marginal pre-Bushveld sed~mentary rocks for long clistances" The 

Basal Zone displays marked layering although the individual units are 

\ ra ther iliick. In th~ Eas tern Transvaal its expos ed thicknes s is of the 

I 
, . 
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order of 4.500 feet. Sou0east and northwest of Rustenburg a thickness 

of L 500-1, 800 feet was calculated according to Willemse U964}. In the 

far western Transvaal the Basal Z.one forms a basin-like structure and 

the rocks are pyroxenite and harzburgite. 

The ,Critical Zone displays layering of a grand scale 

involving rocks ranging from banded norite to a variable succession 

of pyroxenite. norite. anorthosite and chromitite. The maximum thick-

ness of this zone in the Eas tern Transvaal is about 3,5 00 feet, but in 

the faulted and folded area south of the Steelpoort River, the zone 15 

locally sometilnes only 500 feet thick. Southea~t of Rustenburg the 

thickness ranges from 1, 140 to 2,190 feet. Most of the chromitite seams 

occur in this zone. The upper and lower markers of the zo'ne are the 

Merensky Reef and the Main Chromitite Seam respe~tively. 

The Main Zone consists of a great thickness of gabbrctic 

rocks 'forming a prominent ridge and mountainous country. This zone 

is generally considered to be noritic towards the base and gabbroic 

higher up in the sequence. Many of the rocks contain both clino-
.. .. ' . 

and ortho -pyroxene in. var.iable amo.unts. The thicknes s of the Main 

Zone is about 17,'000 feet in the Eastern Transvaal and 10, 000 feet in 

the Rustenburg Sector (W"iUemse, 191>4). 

: '. 
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The Upper Zone includes continuous and persistent seams 
, I 

of titano-magnetite, interlayered wi.th anorthosite. in a mass of 

gabbroidal to dioritic ro cks. It is up to 6. 300 feet thick in the Eas tern 

Transvaal, but only 5,000 feet in the Rustenburg and Pretoria areas 

(Willemse, 1964). 

Extensive areas in the central portion of the Complex are 
• 

'bccupied by the Bushveld Granite. This granite is essentially intrusive 
-7 L 

into the Epicrustal rocks. i. e. the felsite, granophyre. leptite and 
. l 

microgranite. The granite body is essentially basin-shaped in form 

and has as its roof ITlostly felsite. granophyre and iragITlents of the 

Transvaal Sys tern. 

2. 2. Minera10 gy of the Bus hveld Igneous Complex 

The compositional variation of the major minerals in the 

Layered Sequence has been presented by Willemse (1969)' ts shown in 

Fig. 3. The change in plagioclase composition over_ the Layered Sequence 

is remarkably small, ranging from An 85 in norite of the Basal Zone to 

An 60 at the top of the Main Zone. It is only at the top of t~e Upper Zone 

.that the change is somewhat rapid where the anorthite content drops to 

An 30. Variation in the composition of orthopyroxene is more marked. 

-
It ranges from 10 to 60 mole percent FeSi0

3 
from the Basal Zone to the 

top of the Main Zone. 

I . 
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A very significant fea ture is the appearance and disappear-

ance and the relative concentration of certain mineral phases. A few 

outstanding examples are as follows: Forsteritic olivine is a prominent 

constituent of the Basal Zone. It is unknown from the Critical Zone but 

has been reported from th,e Merensky Reef pegmatoid in the Western 

Transvaal. Then for thousands of feet of the Main Zone there is no 

olivine until the Main Magnetitite Seam is reached. In the Upper Zone 

olivine is again widespread, but here is hortono1ite to fayalite becoming 

more iron-ric;:h upward in the succession. 

The oxide minerals, chromite and magnetite, are generally 

mutually exclusive. From the vicinity of the Merensky Reef downwards, 

cqromifero,us rocks are abunda!"lt, and magnetite is absent for all practical 
~ 

purposes. Chromite o~curs in thinlayers.or chromitite sear..1.S between 

the Merensky Reef and the Main Chromitite Scam, Cousins (1969) 

recognizes Upper, Middle and Lower (= Main Chromite Seam) Chrome 

groups in the Critical Zone in both the Eastern and Wester~ Bushveld . 

• Neith~r chromite nor magnetite is prominent in tl).e rocks above the 

Bastard Reef, a horizo~immediately overlying the .Merensky Reef, until 

the Upper Zone is reached: Here magnetite becomes so abundant that 

over a thickness of 5,000 feet 26 seams of magnetite have been reported 

in a typical profile (Willemse, 1969). 



-.. 

Regarding the pyroxenes. orthopyroxene is prevalent 

in the Basal. Critical and Main Zones. Clinopyroxene is rare in the 

Basal Zone, subordinate to orthopyroxene in the Critical Zone and 

becomes a major mineral constituent in the Main Zone persisting r--...· 
~~~iout the entire Upper Zone. Orthopyroxene disappears in the 

upper horizons of the Upper Zone. 

Biotite is a subordinate constituent of the mafic and ultra-

mafic rocks generally, but is fairly abundant in the dioritic rocks to-

ward the top of the Upper Zone.' Hornblende is a major constituent 

of the diorite of the Upper Zone. Quartz is a regular constituent of the 

15 

uppermost rocks of the Layered Sequence. but is also quite conspicuous 

in m·ost of the anortho~tes in the Main Zone even lower down in the 

sequence. Apatite is reported from different profiles from about 3, 000 

feet above the Main Magnetitite Seam and continues to be present higher 

in the sequep-ce as a prominent constituent. 

2.3. Textures of Bushveld Complex Rocks 

Bushveld rocks are characterized by textures ~iginating 

through bottom accumulation of settled {cumulus} crystals. The chief 

cumulus minerals found at various hori.zons are: Basal Zone, bronzit~ 

and olivine; Critical Zone, bronzite, plagioclase, augite and chromite; 

.. 
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Main Zone, pigeonite, plagioclase, ferroaugite, olivine, magnetite 

and apatite. Rhytlunic layering results from the concentration of some 

cumulus phases relative to others. Most of the Basal and Critical Zones 

. ~contain either one or two cumulus phases. The Main Zone is characterized 

by three cumulus phases, two pyroxenks and plagioclase. The Upper 

Zone rocks, in which six cumulus phases ma.y occur, generally contain 

at least three and usually more cumulus phases. Hence, the Bushveld 

layered succession displays an important feature of the crystal fractiona- ~ 

tion of basaltic magmas, ~. e. a gradual increase in the number of cry- ~ 

stalline phases in equilibrium with successive liquids. 

A few of the characteristic textures reported .bY Willemse 

(1969) include the following. In the Basal Zone forsteritic olivine.almost 

invariably represents primary precipitate material and when orthopyroxene 

is also present. as in peridotite layers., it poikilitically encloses olivine 

indicating <:tn interprecipitate origin. In pyroxenites of the Basal and 

Critical Zones orthopyroxene, in contrast. is cumulus in nature. In the 

upper Main Zone orthopyroxene ep.closes grain~ of clinopyroxene and 

even an orthopyroxene which contains exsolved clinopyroxene indicating 

original pigeonite. 

Textures involving pyroxene and plagioclase dominate rocks . 
above the Basal Zone. Two important textural types useful as horizon 

, 
-( ,. 

,­-, ...... . ~, 
4,~ 
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markers are mottled anorthosite and porphyritic (Willemse, 1969) 

norite (= spotted norite, Liebenberg, 1970; Fig. 2B in this work). 

Mottled anor'thosite, an important rock type in the Merensky Suite, is 
I" 

a plagioclase cumulate with dark coloured intercumulus clinopyroxene 

blotches 1 crn Dr more in diame'ter ,giving a mottl~d appearance in a 

light coloured plagioclase background. Porphyritic or spotted norite 

forms the hanging wall and footwall rock of the Merensky pyroxenite. 

It is made up of distinctive clots of pyroxene less than 1 em in diameter I 
in a light coloured plagioclase rna trix. Thus, the textural character of 

the ferromagnesian minerals depends very much on their relative 

volume with respect to the other mineral phases of the rocks. 

Many of the textural relationships indicate that after 

accumulation of primary pre cipitate ,crystals, considerable interaction 

took place between these minerals and the interprecipitate liquid during 

th.e process of consolidation and compaction. 

2. 4. Ch~mical Studies of the Bushveld Complex Rocks 

The most comprehensive sfudy of the chemical composition 

of the rocks of the Bushveld Igneous Complex has been done by 

C.J. Liebenberg (196,O, 1991) and L. Liebenberg (19!O). As expected, 

general consistency prev.ails between chemical and mineralogical trends. 

\ 
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The averages of analyses from each zone were plotted on a 

Mg-(Fe+Mn)-(Na+K) diagram !>y Wager and Brown (1967, Fig. 217) 

2+ 3+ " 
and a Mg-(Fe +Fe )-(K+Na) dlagram by C. J. Liebenberg (Willemse, 

\ 

1969). o:J;hese plots sugge~t iron~~ichment relat.iv; to magnesium, and 

.. , 
feldspar enriclune~t relative to mafic minerals. upward in the Layered 

Sequence. On the appearance of plagioclase "in the Critical Zone there 

is a sudden increase in the alkali content, although increasing alkali 

content does not continue to t' of the Layered Sequenc':'. Through 

the Main Zone and a great part of the Upper Zone, the main tr.end of the 

overall differentiation is towards enriclunent in iron. In the late Bushveld 

.' 
granites and related rocks, the alkalies are noticeably in excess of the 

femic constituents. A relatively high iron content is a general charac-

teristic of the pegmatoidal rocks which are found in the Layered Sequen ceo 

The variation of S, Ni and Cu at different stratigraphic 

horizons was studied by L. Liebenberg" (1970). This work clearly 

illustrates the effect of differentiation on these elements. 

The average S content of ultramafic and mafic rocks of the' 

Basal Zone is about 200 ppm and 1 00. p~)ln respe€tively" The late 

hypabyssal norites at or" near the contact with the main plutonic rocks 

of the Complex, a~d the ultramafic rocks in the Western TransvaaL 

which contain disseminated sulphides, . have value's very much higher 

than their unrnineralized equ~valents in the Easter:n Transvaf 
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The pehnent part of Liebenber;'S 
I 

diagram has been re-

/ 
drawn here as.~. 4. The S content gradually decreases from the 

lowest expo ed member of the Complex (900 ppm) to the upper part of 

the Critic 1 Zone (30 ppm). A suddon increase occurs in the rocks of 

the Merensky ~ (mineralized pyroxenite + pegmatoid t 4850 ppm; 

unmineralized, l~ ppm). The greater part of the Main Zone has 
, '. 

values below 50 ppm. In the uppermost pyroxenite layer of the Main 

Zone the S content increases rapidly to 300 ppm. The maximum value 

in the normal layered rocks ,of the ,Complex occurs in the mineralized 

anorthosite below the Main Magnetitite Seam. A gradual decrease is 

again noted in the Upper Zone and below the uppermost magnetitite 

where a repetition of the condi.tions below the Main Magnetitite Seam 

appears. 

In comparison with the Critical and the Main Zones, the 

Upper Zone is quite S -rich (average of 350 ppm). The most striking 
, 

phenoITlenon in the variation curve for S is the repeated decreases in 

the Critical, Main and Upper Zones. which are follo'!Ved by abrupt 

increases at the top of each of the zones respe ctively. 

The Ni con ten t of the mafic and the ul tramafi c ro cks of the 

. " I , 

Complex is 100 and 700 ppm respectiv~y and is lower than the terres .... 

trial average for these ro ck types as compiled by Liebenber g and the 
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present writer (see Table 1 below). Nick~l shows a gradual decrease 

r/ 
from ultramafic rocks to the rocks of the Upper ZOZle. Nickel is much 

.. 
more enriched in the forsterite dunite (1,423 ppm) than in the hortono-

lite dunite (4 OQ ppm) of the pipes in the Critical ~one. The capturing 

of Ni by Fe is clearly ilIustrated by the high Ni content {600 ppm) of 
.. 

the magnetitites and magnetite gabbros of the Upper Zone. Otherwise, 

owing to the Chalcophi1e'~perties of Ni, this element varies sym-
t' 

pathetically with S. 

The average content of Cu in the ultramafic and mafic rocks 

is 35 and 25 ppm respectively. These values ar~ lower than the avera,ge 

value for the corresponding rock types (Table 1). Norite interlayered 

with pyroxenite has generally a lower Cu content than the pyroxenite. 

to 
The harzburgites at the base of the Com.plex have higher Cu contents than 

the pyroxenites higher up. Hortonolite dunite is enriched in Cu compared , " 

with !orsterite dunite. A suddep increase occurs in the mineralized 

pyroxenite and pegmatoid in the Merensky Reef (876 ppmJ and the 

. 
mineralized anorthosite in the Main Zone (3,"805 ppmL In the Fe-r1sh 

rocks of the Upper Zone. the magnetitites including those at the bottom 

and top of the Main Seam s1)ow lower eu contents than m.ineralized 

" , 
anorthosite in the,same· zone. 
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Table 1. The S, Cr 7 Ni and Cu Contents ?f Bushveld Complex Rocks 

in Comparison with the World's Average .for Mafic 

and Ultramafic Rocks 

Average ppm 
Ultramafic Mafic 

1 2 3 4 5 6 7 8 9 

S 300 100 300 300 150 200 

Cr 1600 2000 2400 170 200 140 980 

Ni 2000 2000 '\J1500 130 160 150 700 75 435 

eu 10 20 N 30 87 100 30 35 100 6 

1+4 Turekian and Wedepohl (1961) 

2+5 . Vinogradov (1962) 

3 Wyllie (1967 .. p. 354) 

6 Average Bushveld magm.a after L. Liebenberg (1970) 

7 Ultramaflc rocks of Bushveld Com.plex after L. Liebenberg (ibid. ) 

8 Basaltic rocks after Hess and Poldervaart H968) 
I 

9 CUlTIulus bronzite from the Merensky Ree.f after Atkins (1969) 

" . 

22 

t~. 
~ .. .,. 

-
i:.:_ 
~~ 
:~ 

~"-~ 

~--
~;-

... ~. 
,) 
.~. 

.......... --:.' 
~ : 

'. 



1 

I 
t . 
r 
': 

T , 

1 

23 

\ 

Bushveld 

With regard to the trace elements in pyroxenes of the) 

Complex, the work done by Atkins (1969) indicates that Ocr 

decreases rapidly in both series of pyroxenes. and is approximately 

twice as abundant in augites compared with bronzites. Nickel de-

creases progressively with fractionation in both pyroxene series, the 

amount being greater in the Ca -poor pyroxene of a coexis ting pair. 

Copper is usually present in low concentrations. Some Ca-rich 

pyroxenes, however, contain appreciable Cu, suggesting that the 

distribution of Cu is very irregular, if this element is present in the -~-

pyroxene ,structure. Alternatively, Cu may have been present as 

an immiscible sulphide intim.a'tely associated with pyroxene on a sub-

; 

micros copic scale. 

2. 5. General Geology of the Merensky Reef 

qenera,lized profiles across the Merensky ~uite I 
rep~esentative oJ t~e Western and Eastern Transvaal (after L. Liebenberg, 

1970) are shown in Tig. 2B. In the past the feldspathic pyroxenite has 

generally been called the Merensky Reef. Currently, the 1.1erensky Reef 

is defined as a norite, a pyroxenite or 'an oliv;'ne-bearing pegtnatoid 

layer, occurring at the base of a feldspathic pyroxenite in the Rustenburg 

and Schilpadnest areas in the Western Transvaal and at the top of a 
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feldspathic pyroxenite in the Eastern Transvaal (Fig. 2B). The 

Merensky Reef dips inwards at angles of 50 and 300
• The dip and 

strike remain uniform over long distances. The dip in the Rustenburg 

district averages 9.5
0

_10
0 

N. At the Union Mine in the Northam 

area it is 23
0 

SE and in the northern Lydenbu:rg district, about 250 W 

(Newman, 1973). 

The Merensky Suite constitutes the following rocks, 

in as cending order: 

1. the footwall spotted and/or mottled anorthosite and/or norite. 

The rocks are plagioclase cwnulates in which pyroxene 

has an inter cumulus relations hip, except in the norites in which the 

24 

pyroxene 1S also a cumulate. When the pyroxene crystals or clusters of 

pyroxene crystals are less than I cm in diameter, the adjective Hspotted ll 

is applied and when they are more than 1 cnl, the adjective "mottled ll 

is used (L. Liebenberg, 1970). 

2. a thin layer of pure anorthosite which is almost barren of 

pyroxene. 

In places ,this anorthosite contains is-olated specks ,of 

sulphides which are interstitial to the feldspars. The thickness aoes 

not exceed one inch and the layer is absent in places. 

) 
{ 
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3. the chromitite seams (usually not more than 2 inches thick) 

These are developed at different horizons in the pyroxenite 

and are mostly restricted to horizons above/or below the pegmatoid. 

A chromite seam characteristically occurs at the contact of the felds-

pathic pyroxenite and anorthosite units. 

4. the feldspa thic pyroxenite 

This Wlit contains the pl~tinum metal values and averages 

3 to 10 feet in thickness. It is characterized by a pegmatitic facies ..... -. .... 

of the same composition averaging 1 to 3 feet. In the Eastern Transvaal 

this pegmatoid occurs near or at the top of the pyroxenite. More than 

one layer of pegmatoid is developed in some localities. e. g. three are 

observed in the Lydenburg District. In the Western Transvaal, the 

pegI?atoid generally occurs at the base of the feldspathic pyroxenite. 

While the correlation of platinoid values with the pegmatitic layer is 

definite in the Western belt. a lack of such correlation in the Eastern 

belt is equally definite. However, in both belts, the platinoid values 

occur in the rock between the thin chromitite seams. 

5. hanging-wall spotted norite or anorthosite which varieS., from 

5 to 10 feet in thicknes s. 
I ( 

6. spotted norite or mottled anorthosite J 3,-50 feet tJiick. 

I - ,-

, : . ~ .. ...-
-'" " ';~ . . ~ . , 
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Immediately succeeding the mottled anorthosite is a second 

feldspathic pyroxenite approximately 12 feet in thickness known as the 

Bastard Reef. Disseminated sulphide with accompanying low platinwn 

values usually occurs near the top or the base of the Bastard Reef. 

'A chromitite seam at the base o'f this unit is also developed in some 

localities such as the Schilpadnest area, The Bastard Reef is. therefore, 

a repetition of the Merensky Reef with less intense mineralization. 

Although the hanging-wall succession of the Merensky Reef is uniform 

in both Eastern and Western belts, the f~otwal1 section shows marked 

thickness variations from one atrea to others. 

Two major breaks in the continuity of the Merensky Reef 

are found. One is in the Western belt, north of the Pilanesberg. and 

; 

is due to faulting while the second occurs in the Eastern belt by 

abubnent against previously up-fold Pretoria sediments of the Transvaal 

System. 

Local structures disturb the regularity of the plane of the 

Reef over limited areas. Two main types of structure known as 

IIpOthole s" ,and "koppies" are present. A IIpothole" is a local, basin-
. -- ~. ) 

shaped depre'ss.ion generally cir cuJ.ar to elliptical in shape. A "koppie" 

is a local, domed structure. These structures occur outside the 
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Merensky Suite as well. Reef containing these structures is still a 

pegmatitic pyroxenite and carries pla tinoid values with dis semina ted 

sulphides, similar "to undisturbed Reef. Sdllnidt (1952), supported 

later by Ferguson and Botha (1964), suggested that potholes were the 

result of rotating eddies in the magma chamber. 

2.6. Mineralogy of the Merensky Reef 

The silicate minerals in the Merensky Suite have been 

studied by Wagner (I929)' Lombaard (1934), Schmidt (1952), van Zyl 

. (1970), and Ferguson and Wright (1970), among others. The results of 

these studies are sununarized below. 

1. The Footwall Spotted Anorthosite 

This rock cons'ists largely of idiomorphic bytownite 

• 
(An 72-80). The spotted appearance is due to anhedral orthopyroxene 

(Fs 18-33) sparsely scattered betwe~n the plagioclase. Also present are 

isola ted ragged grains of diallage (diopside with prominent parting along 

It DO}) which are moulded on the prthopyroxene. The average volumetric 

mineral compositio~ in the Rustenburg district is: plagio clase 840/0, • 

orthopyro-xene 140/0, clinopyroxen~ 20/0 and accessory biotite and magne?te 

", 



.' 

I • I 

2. The Chromitite Seam.s 

The chromitite seam consists of' chromite grains 

poikilitically included in plagioclase, orthopyroxene and diallage 

in approximately' equal proportions. Sulphide grains are always 

present. The chrom.ite grains vary from octahedral crystals to em.-

bayed masses, the former being smaller than the embayed chromite. 

The base of the chromitite band is sharply defined against the anortho-

site whereas the top is .l::ather irregular with chromite grains being 

scattered in the overlying coarse feldspathic pyroxenite. van Zyl 

(1970) observed thq.t the chromite occurs in four different ways: 

1) as small euhedral crystals in the orthopyroxene, 2) ~s bigger 

etlhedral to subhedral crystals in the margins of the orthopyroxene, 

indicating simultaneous crystallization with the o'rthopyroxene, 3) 

as enclosed crystals in the interstitial plagioclase, and 4) as large 

chromite crystals" which are interstitial to. the orthOpyroxene and 

, -
associated with hematite, ihnenHe and magnetite. 

3. The Feldspathic Pyroxenite 

'\. " 

This rock is composed mainly of orthopyroxene (Fs 14-18) 
" " 

/" 

a.nd plagioclase (An 70-76) with subordinate clinopyroxene. The 

average mode at Rustenburg is: plagioclase 14%, orthopyroxene 83%, 
\ 
\ 

clinopyroxene 2% and accessory biotite, phlogopite, chro"mite, 

;," 

I~ 

28 

• 



29 

magnetite and sulphide 1%. Biotite, cm-omite, sulphides and quartz 

make up the minor constituents. Hornblende is very rare. Schmidt 

(1952) stated that no evidence could be found to support Wagner's 

statement (l9i9, p. 105) that magmatic hornblende is always present 

and locally abundant, particularly as a shell surrounding diallage. 

Orthopyroxenes are euhedral to subhedral and poikilitically enclosed 

in feldspar and diallage. The diallage is also interstitial to the ortho-

pyroxene and forms occasional large anhedral to subhedral crystais 

up to several centimeters in diameter sparsely distributed throughout 

the rock. The texture resembles that of a porphyritic ro ck and the 
-.,' 

name pseudoporphyritic pyroxenitic diallage-no.rite was proposed by 

Wagner. The plagioclas e tends to become subhedral to euhedral 

upwards from the base of the unit, until the 'orthopyroxenes are inter-

stitial to the plagioclase in the overlying spotted anorthosite. 

(; 

The order 9.f crystallization is: orthopyroxene, diallage and 

\ ~ . 
plagioclase. In some caseS diallage has been found to surround crystals 

of plagioclase completely. The periods of 'crystallization of diallagE: and 

plagioclase· seem, therefore, to ~ave overlapped. Where chronlite 

graiI}s are found in the feldspathic pyroxenite, they appear to have 

crystallized after the orthopyroxene but before the feldspar. The sul .. 

phldes, biotite a.nd quartz are the last minerals to crystallize and 

, , 
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belong to, the same period of crystallization according to Schmidt -, 

(1952). van Zyl (1970) stated that the sulphic;les are interstitial to the 

silicates and were the' last minerals to crystallize. Sulphide-silicate 

" 

relationships in the samples examined in this study were found to be 

more variable (see Chapter IV). 

) 

4: The Pegmatitic Reef Facies* 

The minerals forming the pegmatoidal pyroxecite of the 

Merensky Ree.f are: orthopyroxene, clinopyroxene, plagio clase I " 
, ... 

other silicates, sulphides I chromite and pIa tinoid minerals. 
< 

" 

Orthopyroxene is mostly subhedra1 to anhedral and varies 

considerably in size. The iron content of orthopyroxenes increases 

from 12% FeQ (bronzite) at the base' of the Re~f to 21% at the top 

(hypersthene) (Schmidt, 1952). No zoning of crystals·is reported. 

Clinopyroxene is a subordinat"e mineral which occurs as 

• large anhedral to subhedral crystals enclosing orthopyroxene and 

I • occasionally plagioclase. Clinopyr6xene has replaced orth!'pyroxene • 

as a result of reacti~n of orthopyroxene with the magma. The rrrineral 

• • has the optical properties of augite I although it is us~lly referr~d to 

• 
as diaHage. 

* This is coarse grain facies of feldspathic pyroxenite. 
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Plagioclase is interstitial to pyroxene and olivine. It is 

sericitized and kaolinised, in part, and sorneti..Ines metasornatically 

replaced by sulphides. The anorthite content varies from An 82 -86 

. 
at-the base of the Reef to An 58-62, 42 inches above the base in the 

Rustenburg Platinum Mine (Sdunidt, 1952). Most of the grains show 

strain shadows, but no zoning is reported. 

Accessory s~licates include biotite, quartz and olivine 

(Cousins, 1969; van Zyl, 1970). According to Wagner (1929, p. 105) 

3r both biotite and hornblende are reaction minerals but according to 

Schmidt (l952), both are primary minerals representing end-stage 

crystallization products of a magmatic residuunl. Olivine occurs as an 

accessory mineral in the pegmatitic pyroxenite. 

The sulphides consist mainly of intergrowths of pyrrhotite, 

~ 

pentlandite, chalcopyrite and pyrite, in order of abundance. and occ:ur 

as sInall interstitial grains moulded on plagidclase. ,They are also 

found included in plagioclase and diallage, and have been seen to pene-

. trate pyroxene, hornblende apd biotite along fractures and cleavage 
J 

planes. The sulphides are uniformly distributed throughout the rock 

making up about 1-2 percent (Schmidt, 1952). althQugh in the Lonrho 

sampl a more complex distr~bution of sulphide is found. ,Accorq.ing 

I 

, 
~)1. 

'5. 
" .­,-." 

~:~,­
~~ , 
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to L. Liebenberg (1970) the compositioJ of sul.phides is fairly constant 

from locality to ld'cality although pyrite is absent and cubanite is present 

at certain localities, e. g. Dwars River area and north:west of Potgie-

tersrus . 

. 
According to Zermatten (peJ;sonal communication to 

Cousins, 1969) the primary mineral was probably nickeliferous pyrrho-

tite, which subsequently exsolved pentlandite and nickeliferous pyrite. 

Chalcopyrite shows considerable secondary redistribution. The sul-

phides are principally concentrated in the platinoid bearing portion of 

v 
. the pyroxenite in th~ pegmatitic layer of the Western Belt an~ in 

proximity to the chromite bands in the Eastern belt. Detailed sampling 

across the Reef at the Rustenburg Platinum ,Mine indicates. that peak 

. 
platinoid values normally occur in the Basal chromite band and that .the 

-peak sulphide values occur immediateiy above it. Redistribution of the 
~ 

~ 

sulphides causes some modifica'tion of. this pattern. 

Chromite is -present. both as an accessory mineral in the 

~ . 
pyroxenite. and concentrated into one or m,ore thin seams at specific 

,positions in the Reef. According to CO,\?-sins (1969) the chromite of the 

Reef has the following 'compo sition: Cr 2°3 -40.50/0, FeO-32. '60/0, 

Reef chromite 



" 

.' 

33 

includes a small percentage of a magnetic variety having the compo-

sition: C;:;r
Z

0
3

-37.Z0/0, FeO-4Z.00/0, AI
Z

0
3

-9.B%, MgO-B.Z%, TiOZ-Z.B%, 

Cr/Fe=O. B. \.. L. LiebenJ;:>erg (970) mentioned that two generations of 

chromite are present: firstly, roundish or euhedral grains which ~ere 

the first to crystallize and, secondly, euhedral grains which crystallized 

more or less simultaneously with the, sulphides. Rutile is also r~ported 

in the ores from Rustenburg and from Potgietersrus. According to 

van Zyl (1970) the textural r.elationship of the minerals indicate that 

the chromite crystallized later than the olivine, pyroxene, and plagioclase. 

This means that the chrom.ite m.ust be either a late crystallization product, 

or it has bee~ introduced from. a foreign source. This conclusion is 

at variance with Wager and Brown's (1967) who regard the chromite 

exclusively as a cumulus phase. 

Platinoid minerals listed by Cousins (1969) as pre~ent in ,the 

Reef 'and confirmed by X-ray diffraction include: braggite, {Pt, Pd, Ni)S; 

ferro-platinum; sperrylit~, PtAs
Z

; lau~ite, (Ru, Os.1r )8
Z

; and various 

rare pIa tinoid minerals such as the bismuth-tellurides of pIa tiFlUm and 

.. 
palladium; . pI a tinwn telluride, PtTe

2
; and cooperite. BiPd3 . Gold, 

allpyed with silver, cOp'per, and up to lZ% Zn, is also pres.ent. The 

different m.inerals containing the platinum group metals (~G~) are not 

homogeneously distriouted along the strike of the Merensky Reef. In the 

Rustenburg area braggite is the main mineral which contains the PGM 
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(excluding perhaps the platinum alloys) with subordinate sperrylite 

I and cooperite. l... Liebenberg (1970) noted that where platinum metal 

rnineral~re present in relatively large amounts) the Merensky Reef 

is in contact with or near sedimentary rocks) e. g. the Lydenburg 

district. 

The greatest concentra.tiQn of platinum metal minerals 

occurs in a mineratized skarn at Potgietersrus. Usually the minerals 

containing the I;GM are in association with chalcopyrite. The coarse 

34 

feldspathic pyroxenite in the Potgietersrus Platinum Field is the richest 

in PGM in the Bushveld and often assays above 7 cwts/ton (:= 12 ppm). 

Some aspects of the geochemistry of the platinum group metals are 

discussed in Chapter V. 

5. The Hanging Wall Spotted Norite 

In passing from the Meren~ky Reef to the spotted an6rthosite, 

plagioclase becomes more idiomorphic and orthopy.roxene gradually 

develops an int~rstitial character. In.addition, the. diallage becomes 

more evenly distributed through the ro.ck. The plagioclase is more 

'basic than in the top part of the Re~f (An 74-82). Orthopyroxene 

composition does not show a syznpathetic variation. 

• 
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2.7. Genesis of Bushveld Rocks with Particular Emphasia on the 

Merensky Reef 

The origin of the Merensky Reef and the relationship of 

the mineralized pegmatoid to the associated rock types has repeatedly 

been debated amongst geologists working on the Bushveld Complex, 

but a complete explanation incorporating all the facts is not yet avail-

~ 

able. Willemse (1964) and Wager and Br6wn (1968. pp. 344-5) sum.marized 

-
the existing hypotheses on the genesis of the Complex and the Merensky 

Reef. 

One school of thought~ to whicJ:1 especially Wagner (1929, 

pp. 4~-47), Hall. (l932, pp. 278-283) and Lombaard (1934) belong, 

considers that two processes operated to produce the diversity of rocks. 

Firstly, differentiation at great depth produced mag~as differing in 

composition. These were emplaced intermittently and then gravitative 

crystal-settling in situ too'k place, producing pyroxenit~, anorthosite 

. 
and chromitite, etc. The most popular alterna tive hypothesis for 

explaining local irre.g~arities is that of multiple injecti0n.s of contras.t-

ing magmas with similar bulk compositions to t~e individual lay~rs 

(rruter, 1.955; Co~rtz, 1958, etc. ,. According to this hypothesis the 

\ 
effect of differentiationl.!!~ by crystal-settling was entirely subordinate. 

" 
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The theory of differentiation at great depth to produce 

magmas differing in composition has been criticized fr~m various view-

points. After considering the difficulties involved in this postulate of 

differentia tion in 'depth, Hes s (1960) concluded tha t it is more reason-

able to expl~in the changes in composition of the main crystalline phases 

and the changes of the phases with stratigraphic height by fractional 

crystaUization in situ of undifferentiated basaltic magma. Wager and 

Brown,(l967, p. 345) also mentioned: "There seems little doubt" from 
• 

all the evidence now at our disposal, that the Bushveld basic rocks are 

the pr'oducts of crystal accurnulati.t\n froIn a basaltic magma". 

Recent views favour the idea that the basic mass consists 

of four 'separate intrusions which developed simultaneously through 

" 

crystalliza tion in a group of interconnected magma chambers, e. g. 

Truter (1955) and Willemse (1964). Accor~ihg to Willeml$e (1964) 

transgressions of large magnitude suggest that the emplacement of 

magma took place in successive heaves. The effect of transgressions 

,~ 

of large magnitude refer,S tp the overlap of zonal component of one zone 

by the laters of tl1e stratigraphically higher zone. as fOJ: example. 
, ~ 

transgression of the main plutonic phase by the Upper Zone near Northam. 
. I . , 

Compelling evidence to prove that influx of magma of highly variable 

• 
com:positio,n during formation of the Layered Sequence is still problema-

tic. 
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According to L. Liebenberg (l970) field relationships 

indicate that the main plutonic phase of the Bushveld clearly involved 

intrusion of at least tw:> separa'te surg~s of magma. Convection-

currents and gravity-settling of minerals took place and gave rise to 

the phase -layering in the Complex. Variation in the S content of the 

magma was responsible for the concentr~tion of sulphides in the Layered 

Sequence. Most of the disseminated sulphide in the Bushveld Compl~x 

crys tallized fr~xn an inftnis cible sulphide liquid trapped in the inter-

cumulus pores. During crys~l1ization of the Critical Zone the S 

content in the magma was relatively low and consequently mainly 

chalc~pyrite was formed. Not enough Cu was present to remove all 

the S and its concentration therefore gradually increased. Iinxnediately 

after the second magma surge. a copper -nickelife,rous immis cible 

liquid formed during deposition of the Merensky Reef. During the cry-

J'<' 

stallization of the -Main Zone conditions were the same as in the Critical 

Zone. except that the oxidation potential of the magma during the ,.. 
" crystalliza ti~n of the upper part of the Main Zone was relatively high. 

From pefrogrqphic data on the Merensky Suite in the 

Rustenburg district. van Zyl" (1970) concluded that the rhythmic layering 

could best be exp1ai~ed by different heaves of homogeneous magma 

emplaced periodically from. wh:.ch fractional crystallization ~nd gravi-
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ta tive differentiation took place. A.cCOl"ding to van Zyl the norite-

anorthosite unit may be subdivided into four sup-units; Basal, Pseudo-

reef. Merensky Reef and Bastard Reef. His conclusions are supported 

by the following observations: 1) an ahnostperfect repetition of rock 

sequences in the various sub-units, 2) a regular decreas.e of ortho-

• 
pyroxene from the bottom to the top ln each sub-unit, 3) a regular 

• • 
i 

increase in the Fs content of the orthopyroxene from the bottom upwards 

in each sub-unit due to fractional crystallization and gravitational dif-

ferentiation in situ/ 4) almost identi.cal Fs content of the orthopyroxene 

in the upper and lower portions of the. different sub-units, 5) a regular 

decrease in the An content of the plagio'clase from the bottom upwards 

in each sub-unit. and 6) the identical composition of the plagioclase 

in the basal portions of the different sub-units. The shal'p contacts 

between the sub-units of the norite-aI?-orthosite unit indicate that the 

lapse of time between the emplacement of the successive heaves of 

magma was probably long enough for each heave to crystallize almos! 

I 

completely b-efore the next heave was emplaced. Atkins (1969) also 

noted the revereal of iron content in pyroxenes from the Merensky 

Re.ef hor1zon and those occurring some 370 m lower, in the Critical 

Zone and conduded that this rEiversal was probably due to the fresh 

influx 9i undifferentiated magtna which.produced the platinoid and sul-

phide minerals of the Merensky Reef. 



According to Wager (1968 t p. 620) in the Critical Zone 

olivine is present in some layers and absent in 0 thers t espe ciall y in 

the Western Busvheld. This behaviour may well prove to be due to a 

succession of influxes of new magma other than that at the Merensky 

Reef horizon. 

However, the coarseness of the pegmatitic reef and the 

presence of chromitite bands along its' upper and lower contacts are 

problems still to be iolved. 
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CHAPTER III 

EXPERIMENTAL METHOD 

3. 1. Des cription and Loca tiori of the Samples 

The diarrlOnd drill core was kindly provided by the 

Western Platinum Company from its Lonrho property opera tions 

on the Merensky Reef.about 25 miles east of Rustenburg. Here the 

'Merensky Suite shows a variation.in width from 11. 5 to 21.5 feet and 

dips at 1:0
0 

to the north (Newman, 1973). The thicknes s of the Merensky 

Reef proper (L e. the pegmatitic facies of the pyroxenite) is understood 

to average 36-40 inches (Chilton, 1971). 

The core sample, 1. 75" in diameter X 27" in length, 

included the thin chrornitite seam near the top of the Reef known to be 

associated with the highest PGM values. The approximate location of 

the core in a stratigraphic sense within the Reef is shown in. Fig. 5. 

The core was first sawn in half lengthwise. One of the half-core 

pieces was sawn into 25 sections of approxi.n1'l\.t~ly one inch length 
'f 

perpendicular to the core axis. A 1/8" slice was then taken from the 

flat face of each one-inch sa,np1e for preparation of a thin section. 

- 40 
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The remainder was crus hed and powdered for chemical analysis. 

Samples for chemical analysis were ground to pass lOO mesh. Polished 

sections were prepared from the uncut, half- core piece. 

3.2. Sample Preparation of Separated Grains 

Sulphide grains were sampled from the polished sections 

by microdrilling. Most analyses were carried out on single grain .. 

aggrega tes. However, if a sulphide grain was too small to yield a 

sample of c. a. 10 mg, several grains were combined if they had 

o 
approximately t~e same mineral proportions (Separate Grain No. 

\ 
7-2.15-1. 17 .. 2,20-1, 20-2 and 20-3 in Table 11). 

Oxide grains were separated by the following methods. 

From thin se~tion observation. the samp~es rich in oxides, No. 1, 

4, 7, 10 and 13 were chosen for mineral separation. The strongly 

magnetic' portion of the 1 00-200 mesh size fraction was removed with 
" . 

a hand magnet. The powder was then rUn through a Franz magnetic 

separator at 100 forward inclination and 20° -30
0

u tilt at 0.1-0.2 

ampex:es. About 700;0 chrome spinel concentr~te was collected on the 

. 
magnetic side after repeating this procedure several tirnes. This 

concentrate was th~n run through at the same forward inclination, 

but a tilt 2.5° or less and a .current of 0.05 amperes or less. This 

procedure separatEi'd chrome spinel from other contaminants. mainly 

-
".: -,,. 
"'\, 

"':':)-y 
,'= 

" "~ .. " " . . . 
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pyroxene and plagioclase, which collected at the non-magnetic side. 

The procedure was repeated several funes until maxiInum purity, as 

judged visually, was obtained. 

The final mineral separates \\!ere alwayS contaminated with 

talc and composite grains. These were removed as far as possible by 

hand picking under a binocular microscope. In some samples composite 

pyroxene- chromite grains consisting of inclusions of chrome (Pinel 

in pyroxene could not be effectively separated from pure pyroxene. ~ 
~ 

representa tive portion of such composite grains was counted under a 

binocular microscope to estimate the purity of such samples. Samples 

No.7 and 10 which were of this type could only be purified to 500/0 even 

with many passes through the Frantz. These samples (No. 1-4, 4-4, 

7-1, 7-2a, 2b, 10-1, 10-2 and 13-4 in Table 12) are called composite 

3.3. X-ray Powder Diffraction of Whole Rock Samples 

The X-ray powder diffraction spectra 01 e,ach whole rock 

core sample' and twenty one samples of oxide concentrates' ~nd compo-

site grains from samples, No.!, 4, 7, 10 and 13 were taken with a 

,. 
Toshiba X-ray biffractomet~r. 
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In the case of oxides "and composite grains, the small 
~ 

amount of the sample available (20-80 mg) required use 'of the following 

method. Grains were first mixed with analytical grade acetone in an 

agate mortar, ground slightly with a pestle and coa ted on a thin glass 

slide with a small pipette. Using this technique, mineral orientations 

of samples were not completely random. Therefore, the intensities 

of the resulting spectra may not be exactly the same as those recorded 

in the literature. In order to minimize this weakness i,n the procedure, ~ 

at least two spectra of the same sample were taken. The instr,umental 

settings used for the experiments were as follows; Time constant 2 

second, Counts per second 200, X-ray tube current 22 rnA, X-ray 

tube voltage 35 KV, Cu-Ka
1 

J a
1 

;; 1. 54050.x, Ni ~ilter, Scan range, 

o 
28 :;:: 5--120 . 

For calibration the spectrum of fused powdered sili~on 

(Fi$her Scientific Co. S-164, 78122, lot 724745) was taken and used 

for the construction of a c~ve of 28 -28 a
2 

a
l 

versus 28 (where a ;; . a 1 
I 

very strong, LIll -~ K and where ar.:':: strong, LII -~ K of Cu-K ) to . . 2 . a 

check for diffraction oy K which may cause incorrect interpretation 
a • 2 , , 

of fJP'e ctra. 

I 
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The interpretation of spectra was based on literature 

values found in the folloVt{ing ref erences; 1) Calculated X-ra y Powder 

Patterns for Silicate Minerals (1969), 2) X-ray Powder Data for Ore 

Minerals (1962), 3) The X-ray Identification and Crysta:l Structures 

of Clay Minerals (1961) 4) Inor ganic Index to the Powder Diffra ction 
", 

File (1967), 5) Powder Diffraction File. Sea:rch ManuaL Minerals 

(1974) and 6) Selected Powder Diffraction Data for Minerals (1974). 

, 3 .4-. Chemical Anal ys e s 

3.4. 1. DeterITlination of Total S Content in Whole Rock Sample • 
• r 

,A flow chart of the analytical procedures is prekented in 
, .. 

Appendix 1. Although the gravimetric deterITlination of sulphur as 
\ 

bariwn sulpha te . is considered the ITlO~t accurate method f?r deterITlining' 

sulphate concentrations greater than 10 mg/l (Heinrich et al. J 1961), the 

bariuITl sulphate precipitate1 is almost alwa ys con1a,ITlinated through co-

precip~tation phenomena. Numerous papers have been yv'ritten on the 
, 

probleITl of obtaining a pure p"r'ecipitate of pariuITl sulphate' (Vogel, 

1961, p. 462; Willard et aI., 1956, pp. 328-332 and 358-360),. but its 

deterITlination remains one of the least accurate in quantitative analysis 

(Heinrich et aL. 1961, p. 59). The excellent agreement often observed 

beclveen theo'retical an~ experirn~nta1 resul,ts is due in considerable 

f<-'; 
rneasure to a canceilation of errors (Skoog et ~l. • 1966, p. 203): In 

r 

" 



order to rrlinimize experimental errors in the pres ent deter~a tions, 

the optimum conditions known for each step were followed with caution. 

As the final precipitates of barium sulphate were white, they were not 

contaminated by barium chromate. The experimental errors are 

considered to be less than O. I percent of the total sulphur found from 

the experiences of the present author. 
, 

3.4.2. Determination of Cr, Ni and Cu Contents in W"hole 

/ Rock Sample,s by Atomic Absorption Analyses { 

The experimental procedures for the atomic abso~ption 

methods are given in Appendix 1.. Satisfactory, completely oxidise.d, 

fusions were confirmed for all samples by the presence of a diagnostic 

green colour of t~e melts when cooled. Despite extensive leaching of 

the melts, the observation of residue ':l~\ a bino~ular micros cope 

indicated that there were traces of unattacked brownish black material 

in samples, 9, 11, 16, 20 and 21. According to Jeffery (1974, p. 193) 

this loss of chromiwn, generally found to be of the order of 1 percent, 

was demonstrated for a sample of fuchsite from Nakilor, Uganda, 

containing L 57 percent. total chrorhi.~. The errors due to this step 

for chromi~, therefore, are estimated as r percent I?f the concentra-

tion of Cr. 

46 
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,All reagents us ed were certified reagent chemicals. 

The standard solutions were prepared from the Johnson Matthey 

"Specpure ll (Regd) Cr2 03 (J.M. 705), NiO {J.M.~95} and CuO (J.M. 40). 

~ 

The 'concentrations of the standard solutions were as follows: 

\ 

Cr Ni eu in ppm 

12.0 ~4. 91 2. 06 

60.0 11. 6 5.15 

74.9 '18.6 8.20 

150.0 39.6 22.0 

The bl~nk solutions were prepared in the same way as the 

standards and s~es. Furthermore. to test the validity of the ex-t . 
\ 

perimental method, duplicate analyses of the U. S. Geological Survey 

Standards. W -1 and DTS-l were c;:onducted. 

The results obtained for the above rocks were checked 

\ against published ~alu'es in the literature (Flahagan,. 1969; Fleischer I 

1969) and they were within the range of the accepted values . 

. An atomic absorption spectrophotom.eter (Perkin-Elmer 

Model 303) was used with a recorder and model PR4 printer. All 

instrw:nental settings were as recommended in the Perkin-Elmer 

Anal yti cal Me thods Book ,(1973). 

. , ..... 
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Sensitivity is defined as the concentration of metal in 

solution that gives a 10/0 absorption signal for the instrumental 

conditions designated in the above book. Sensitivity for Cr, Ni and Cu 

are as follows: 

Cr Ni Cu 

O. 1 O. 15 O. 09 in )J.g/ rol 

The concentrations of m.etals in samples were obtained 

from calibration curves constructed from sets of standard solutions. 

Readings of absorbance were recorded at least three times for each ., 
sample and standard» and their average value us ed for the determ.ina-

48 

tion of concentration of the element. The estimated errors in the metal 

. . 
concentra tions due to th~ pr esent experimental procedure (including 

instrumental fluctuation) ara 50/0 for Cr, and 2% for Ni and Cu. The \ 
) 

~ 

values of Cr concentration may be lower. than actual ones in the samples, 

I comparing only one value of the standard rock DTS-I with that in litera-

I I ture, although no acceptable Cr value of DTS-I by atomic absorption 

--• I 

is reported. With respect to .contribution of oxides to total noble metal 

. values in whole rock, this error is not significant. 

, 
" 

" ~;::~ 
, .-

" ,~, 
~~'::'-t-:. 

" ... :~ 
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• 3.4.3. Determ.ination of Pt. Pd, Ir and Au Contents by 

Neutron Activation Analyses 

a) Sample Preparation: Powdered samples of 20.0 to 250 mg 

for'1whole rock analyses. 3 to 20 .. mg for sulphide grains and 20 to 80 Il')g 

for the oxides ~nd composite grains were accurately weighed into 

labelled quartz ampoules of 2 nun inside diameter and sealed with a 

gas -oxygen flame. Oxide and composite grains were powdered in an p... 

agate mortar to 200 mesh. This procedure is said to be necessary 

for fusion of chromium compounds (Hartford. 1963). However. excess 

grinding was avoided, as this causes contamination from the grinding 

procedure. oxidation. and the absorption of difficultly removed water. 

> ~. 
FO~ the weighing of small quan~es of sulphide grains J a Micro 

Gram-atic Mettler Model M-S, s~Place balance (precision ±-O. 001 Il'lg), 

was used. . f \, 
b) Stan~ard~a tion: Standard solutions of Pt. Pd. Ir 

/. and Au were prep~a from Johnson Matthey "Specpure" platinum 

sponge (J.M. r<>iO), palladium sponge (J.M. 940). gold sponge (J.M. 73) 

and ammonium chloroiridate (J. M. C. 995) respectively. ;Following the 

procedures of Crocket et aL (1968). gold. palladium. and iridium. were 

combined into a single solution in 2 M Hel while platinum was prepared 

separately. The final concentrations' 0.£ the standard solution were 
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I 
5.341 tJ.gm/gm Au. 19.42 tJ.gm/gm Pd, 0.4079 f.1gm/gm Ir, and 

604.1 tJ.gm/gm Pt. As some of the oxides and sulphide samples were 

low in gol~d content, a secondary standard solution was prepared from 

the original stock solutions of each metal. The final concentration,s of 

I the second standard solution were 0.6652 tJ.gm/ gm Au, 19.40 tJ.gm/ gm 

Pd, and 0.4095 f.1gm/gm Ir in 2 M Hel. All standard solutions were 

prepared entirely by weighing using a top loading Mettler Model P 1200 N 

balance. 

I c) Irradia Hon: To prepare standards for ir"radia tion, the '-

standard solutions were accurately weighed into quartz ampoules with a 

capillary glass pipette. After reweighing to obtain the ,weight of solution, 

I about 50 mg of 100-200 mesh fused quartz powder was added to adsorb --- the solution. The ampoules were then put in a drying oven at 70° -75
0

C 

overnight, and sealed with a gas-oxyg.en flame. Irradiation units consist-
\ 

ed of 4 to 6 samples and 4 standards (2 containing Au. Pd. and Ir, and 2 

containing Pt) packaged togeth.er in an alurninUfil radia tion caf'!.. Arra.nge-

ment of samples and standards was such that each sample was positioned 

adj~cent to the same number of standards in order to minimize error due 

.1 to flux variation during irradiation. 
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Samples and standards were irradiated in the McMaster 

13 2 
Research Reactor at an average total flux of 2 x 10 nl cm I sec. 

The neutron flux. varies with position in the reactor, thu.3 the same 

reactor loading position (7D) was used for all irradiations. Whole rock 

samples were irradiated at 2 MW Ihr (megawatt per hour) for 12 hrs. 

and cooled for 24 hrs., sulphide grains at 5 MW /hr. for 24 hrs. with 

cooling for 48 hrs. Oxides and composite grain samples were irra,dlated ... 

at 1.5 MW/hr for 4 days. cooled for 5 days, and then re-irradiated for 

12 hrs. and finally cooled for 12 -20 hrs. The second irradiation is 

required to induce sufficient 13.5 hr. 109pd activity as tha t generated 

during the first irraida tion is ,kost during the first 48 hr. cooling period. 

Depending on the Reactor's Rower condition the" above irradiation schedule 

was adj us tec;l to obtain the same total MWI hr for every set of samples. 

As sensitivity is dependent upon induced activity, the nuclide 

with highest yield is the best for the element concerned., For this reason, 

109 192 199 .. 
Pd, Ir and Pt were used for the respective elements. Despite 

the s~mewhat higher yield of. 194Ir , 1921r is preferred because of the 

convenience of the 74 day half-life and its distinctive gamma spectrj' 

The pertinent nuclear reactions are: 
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108 109-
26.7% Pd(n,y) 13.46 hr. Pd (13 only) 

191 192 
37. 3 % Ir (n , y) 74. 3 da y Ir (y: 136, 32 0» 4 7 0 Ke V) 

198 199 13- 199 
7.21% Pt(n,y) 0.5 hr. Pt --- 3.12 day Au (,,: 158 KeV) 

197 198 
100% Au(n,y) 2.695 day Au (,,: 412 KeV) 

d) Chemic<il Proc~dures: Comprehensive analytical procedures 

for Pt, Pd, Ir and Au by neutron activation have been described by 

Crocket et al. (1968) and Keays (1968). The procedure used in this study 

employs selectee! parts of the above procedures with necessary modifica­

tions as ~quired and it will only be presented in flow chart form (Fig. 6). 

The purification steps for Au and Pt are largely omitted because the 

applica tion of high resolution gamma spectros copy does not require the 

higher radiochemical purity. However, the following modifications were 

necessary partly because of sample composition and long irradiation tilne: 

i) Fe(OH)3 scavenging. was required for purifica tion of all Pd 

samples because of the long irradiation time. 

ii) Complete precipitation of Pd-DMG was ensured by adding an 

excess of 1. 5% of dimethylg1 yoxime solution a t room tempera ture and 

allowing the solution to ~ta~ at least 1 hour (Vogel. 1961, p. 512). 

iii) Due to the very refractory pature of spinels, the oxide and 

composite grain salUples were subjected to higher fusion temperatures. 

The mel ~ng tem.perature of the NaOH-Na
2

0
2 

flux was increased by de-

c.reasing the proportion of NaOH ,used. 
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iv) High levels of Cr activity were 0 ccasionall y found in Ir 

from oxide and composite grain samples. To minimize this contamina-

tion the 6 M HCl solution of Ir obtained after the ion exchange step was .. 
made basic and scavenged by precipitation of Fe(OH) - Cr(OH). The 

, 3 2 

repetition of this step was impractical because of the large volume of 

solution to be handled. 

v) A difficulty often encountered in the practical chemistry com-

plexes of IdIV) and Ir(IlI) is that oxidation of tri- to tetravalent or 

reduction of tetra- to trivalent iridium may very easily occur (Grifflth, 

1967, p. 229). Therefore, in the final reduction of Ir -chloride complex 

to Ir metal with zinc, 5 -1,0 mls of H2 O
2 
~ere added to the Ir (III) solution 

two or three times in order to obtain h(IV). Another difficulty is that 

iridium is never quantitatively precipitated by zinc (Walsh and Hausman, 

1963, p. 422). Accordingly, the precipitation of Ir by Zn was repeated 

at least three times from boiling solution. 

In order to avoid cross contamination of samples, zircQniwn 

fusion crucibles were gamma counted before and after each experiment. 

< 

The crucibles w~re c1 eaned immediately after use by fusing Na
2 

O
2 

in them. 

. ) 7 8 5"1 ... 'bl \\ In general, the activities found were: a 2. day Cr actiVlty ill crUCl es 

46 
used for oxide analyses (300-40Q cpm after 3 weeks), b) 85 day Sc 

activity jn crucibles us~d for whole rock analyses (very low levels). 

No a~tivity remained in crucibles used for sulphide a.nalyses. 
/ 

" . . . 
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Fig.6 FLOW CHART FOR ANALYTICAL PROCEDURES 
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e) Counting Procedures: For beta counting a Nuclear 

Chicago beta counter, consisting of a scaler -timer, an automatic 

sample changer and a gas fl?w Geiger-Mueller counting tube with 

coincidence shielding was used. The detector had an average background 

of 3. 0 counts Imin. Electronic drift in the counter was monitored by a 

uranium standard source. Dead time' corrections were unne cessary 

~ 

for count rates up to 10, OOO'counts/min. 

For ganuna counting a Model 4410 Nuclear Data System 

employing a 50 MHz Analog -to -Digital Converter and an 8K Com.puter 
, r. 

for data processing was employed. The effecting capacity of the system 

was 'fooo channels after the various control progr~ms were loaded into 

the memory. Output was to a TC33ASR teletype. The 8K computer was 
" 

progranuned to su~tract backgrounds and integrate photopeak areas 

so that net photopeak counts could be obtained directly in the readout. 

~ 3 ' 
The detector was a Canberra coaxial Ge(Li) crystal 0.( 30 ern nominal 

volume which gave a peak to compton ratio of 11 and a resolution of 3.4 

60 
KeY (FWHM) for the L 17 MeV photopeak of Co. 

Bofh platinum and gold were measured in the gold garnma 

198, . 199 
spectrum. The 412 KeY photopeak o.f A~ 1S a measure of Au 

.' 

while the 158 KeV photopeak of 199 Au is mostly due to a n-uc1ear reaction 
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on Pt (see p. 52). and thereby is a measure of this element. However, 

the 158 KeY radiation can be produced not only from 198Pt(n''Y)199pt_~~ 199 Au 

. 197 199 . . 
but also by the reaction Au{2n. 'Y) Au. The procedure for determina.ti.on 

of platinum radiation in the 158 KeY region is as follows: 

Let A be a sample spectrwn with a 412 KeY photopeak from 

198 .. 197 198' 
Au radlatIon produced from the Au(n, 'Y) Au reaction, and 158 KeY 

and 208 KeY photopeaks from 199 Au radiation which is prod\lced from both . 
198 199 f3" 199 197 199 

Pt(n.y} Pt --- Au and Au(2n.y) Au processes. Let B be 

a pure Au standard spectrum with a major 412 KeY photopeak from 

198Au radiation and minor 158 KeY and 208 Key photopeaks from the 

197 199 
Au(2n,y) Au process only. Let C be a pure Pt ~tandard spectrum 

with a major 158 KeY photopeak from Au and mincar 412 KeY photopeak 

19.8 ' 
from Au. The latter photopeak results from minor gold contamination 

which is in'(!l-riably present in the platinum standard solution. Use x and . ~ . '-, . 
Y to ref~r to 158 KeY and 412 KeY r~tion respe:ctive1y and the syrnbolisrn . 

,> ~~ 
y A to l!l~a'n t~e peak area of the 412 KeY radiation in t116 sample spectrum. 

The corrected 15~ Key peak area ,in the Pt standard, xC' is obtained .. 
from I} pelow: 

(1 ) 
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where the last term on the RHS is the 158 KeY radiation resulting from 

the In.,, reaction on the gold contamination in the Pt standard. 

If x,A. is the corrected value of the 158 KeV peak area 

in the sample. then 

(2 ) 

where the last term in the RHS is the 158 KeV radiation from the 

2n. y reaction in the sample gold. 

If PtA and Ptc are the platinum concentration of samp1e ~nd 

standards respectively. then 

x'/x' A c 

The 320 KeY photopeak of Ir was used for measurement of 

this element. However. the 320 Ke V photopeak of some oxide and 

composite grain ,samples was overlapped by the 322 KeY photopeaks of 

51 . 
Cr because of hIgh Cr cOJ?tarnination in some samples. In this case 

.. 192 
the 470 KeY photopeak,of Ir was used for measurement. This 

elilninates the Cr interference but gives poorer counting statistics. 

To test whether the 322 KeV photopeak of 5l Cr contributed to the 320 

photopeak of 192Ir or not, the ratio of the 320 KeY to the 470 KeY 

(3 ) 

192 . 
photopeaks of Ir samples was always compared with the ratio for the 

standards. 

',. 

".;. . . , 
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The activity of 109pd was deterxnined by graphical analysis 

of a decay curve. Pd saxnples were usually counted for 3 weeks after 

the end of the irradiation in order to subtract activities due to long-

lived contaminants. The long-lived activities were extrapolated back 

graphically to t (reference time for the calculation of the Pd content) 
o 

and subtra cted froxn the total saxnple activity at t , re sui ring in the 
o 
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.. f 109 pd 1 a C,tiVlty 0 a one. The activities of long -lived contaxninants were 

usually less than 2% of the total activity at t . 
o 

A possible competing reaction which could cause inter­

ference is 235U {n, f)112Pd, 109 pd . This interference is not significant 

in chromite (Skippen, 1963). sulphides (Crocket, 1969) and ultrabasic 

rocks (Skippen, 1963). The error due to self-absorption of the 0.96 
... 

MeV
109

Pd beta was not considered in this study. as this error is 1 to 2% 
"f§ 

if the sample and standard chexnic?,l yields are within 20% (Chyi, 1972) 

and is negligible co~pared with the error due to sample inhoxnogeneity. 

Concentra tions were calculated by comparing the specific 

activity of the elexnent in the saxnples with that in the sta"ndards. The 

following equation was used for the calculation: 
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where .. 
I Y 
x s 

0 
m =m 

I y x s 
s x 

0 

mx = weight of the element in the sample (gm) 

ms = weight of the element in the standard (gm) 

I = count rate from the sample at t 
x 0 

o 

I = count ra te from the standard at t 
s 0 

o 

Y = radiochemical yield in the sample 
x 

Y = radiochemical yield in the standard 
s 

The sources of error inherent in the nuclear aspects of 

this analytical method have been discussed by Skippen (1963), Keays 

(1968) and Chyi (1968). 

It is considered that.sensitivities for Pt, Pd, Ir and Au 

13 2 
for a one week irradiation of a 100 lng. sample at 10 n/cm Isec. 

are as fonows (Crocket, 1971): 

N.A.A. Pt Pd Ir Au 

90 0.3 O. 11 0.05 ppb. 

Pr~cision error was not thoroughly evaluated in this study 

for the follQwing reasons. .The natural inhomogeneity of noble metal s 

in the M~rensky horizon is known to b~ ~arge. Secondly, sufficient 

. . 
sample fo.r many of the mineral analyses could not be obtained. The 

59 
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analytical component of the precision error is certainly no larger than 

that obtained by Crocket~ al. (1968) in W-l using a nearly identical 

analytical method. These errors, in terms of coefficients of variation, 

are 2. 6%, 7. 7% and 3. 5% for Pd, Ir and Au respectively. That compo-

nent of precision error due to sample inhomogeneity is probably greater 

for Pt and Pd than Ir and Au due to the very large concentration varia-

tion of Pt and Pd, particularly in certain parts of the core. Thus, 
~ --replica te analyses of sample 9 for Pt gave o. 13, 2. I, 97.4, 2.2, 1. 7 .... 

and 0.44 ppm. These results almost certainly reflect the presence of 

discrete platinoid minerals in this sample. The average coefficient 

of variation was established as 12% on the basis of duplicate Ir analyses 

of ten samples. This result suggests that sample inhomogeneity is 

a negligible sour ce of precision error for Ir as compared with Pt. 

-_. 

, 



CHAPTER N 

EXPERIMENTAL RESULTS 

I 4. l. Microscopic Observation of Thin Sections 

I The results of point counting ca/ried out by J. M. Garth 

~ 
I are presented in Table 2 and Fig. 7. Concerning the point-counting 

'""", 

analyses, many papers have been published since Chayes' work (1954), 

e. g. Shaw and Harrison (1955). Bayly (1960), Solomon (1963) and Kalsbeek 

(1969). According to Shaw & Harrison (1955) the chlef sour ces 6£ error are as 

follows: (a) variability of hand specim.ens, (b) variability of thin sec-

tions from any hand specimen, and (c) operator and mechanical error 

in the point-counter method. Solomon (1963) stated that there are three 

principal sources of error involved in modal analyses by point counting: 

(a) operator variation, (b) the determina tion of area by grid counting, 

(c) the deter'mination of volumes from are,al analyses and that operator 

variation is likely to be negligible but (b) and (c) may combine to give . . 
a major error. Kaisb,eek (1969) gave a convenient chart for evaluating 

errors in terms of total number of points in a thin section and estimated 

modal percents. If Kalsbeek's chart is applicable to tl?-e data obtained 

61' 
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• Table 2. * Modal A-nalyses of Total Pyroxenes. PIa gio cla s e and 

Biotite 

,-
Pyroxenes PIa gio cla s e Biotite Sample Spinels 

. : No . % % % % " 

r 1 72 23 0.2 5 

2 80 16 1.3 2 

3 89 6 1.9 2 
. 4 71 26 0 4 

t '. 5 72 25 0 3.5 

;, 6 80 18 0.3 1.5 

~ i 
7 85 8 1.1 4 . . 
8 90 2 2.0 2 ~. 

1L. 
9 91 3 2.2 2 .-

;) , . 

it 10 89 0.2 1.1 3 ..... , 
~ i) 

t 
\I 11 76 O. 7 1.1 2.5 
~ 

') 
12 70 22 0.2 3 11 

I 
13 68 28 0 5 

I 14 79 19 0.1 0.75 

t 
15 90 1.2 0.4 1 

16 80 19 0 1 

17 74 23 0.1 1 

18 80 17 0.3 0.75 

I 19 86 8 0.3 1 

20 88 
; 

3.8 1.1 0.5 

- 21 67 26 6.8 'V O. I -
= -

I 
22 81 18 0.9 ~ 0.1 

23 85 14 1.0 '" O. 1 

21 0.1 rJ 0.25 24 78 

86 12 
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by Garth, the average modal percentage of pyroxene is found to be 

80±Z. 8% and plagioclase, ~ 
Modal per centages of spinel group minerals, chromite and 

64 

magnetite, may be associated with large errors due, to small grain size 

and irregular distribution of these minerals. 

From observation of 25 thin sections covering the entire 

core length at approximately 1" intervals the following essential petro-

graphic characteristics were noted. 

1) In all sections the essential minerals are pyroxene and plagioclase. 

The average modal percentages are 80% and 13% respectively (i. e. 

both comprise about 93% of the r:oc;:k). These estimates agree closely 

with the averages of 83 and 14% pyroxene and plagioclase reported by 

van Zy1 (1970) for the same section at Rustenburg. Hence a ro ck name 

such as pyroxenite or fe1dspathic pyroxenite des cribes the core. 

2) The mos~ common accessory silicates are clinopyroxene and 

biotite. Much of clinopyroxene is characterized· by very prominent 

parting parallel to uDal and may be referred to as diallage, a variety 

offerroan diopside (Keer, 1959, p. 308). Biotite is irregularly 

scattered throughout and its distribution seems to be unrelated to that 

of the oxides. It forms irregular grains which are always interstitial 

to pyroxene. Where biotite and orthopyroxene are in contact, or~o-

pyroxene is rounded and locally embayed. 

. .'~-

, 
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Chromite, magnetite and sulphides are also common 

accessory constituents. Olivine is not observed in these thin sections, 

but is occasionally noted in the X-ray powder diffraction of whole rock 

.' 
samples. Small amounts of a fibrous mineral occur as reaction rims 

around pyroxene grains. The optical properties are compatible with 

amphibole which is occasionally identified in the X-ray patterns. 

Amphibole appears to have been formed by magmatic reaction of the 

pyroxene with residual magma or deuteric fluids. Sulphides are 

described under the microscopic observation of polished sections. 

Trace amounts of quartz-like mineral are often observed and this seems 

to be cordierite as noted in the X .. ra y data I although its identifica tion 

by optical methods is very difficult for Bushveld rocks as .reported by 

Willemse (1970). 

3) The main petrographic variant obs.erved is the 10 cal 

presence of significant quantities of secondary silicate minerals as 

alteration of pyroxene. Samples 10 and 11 contain 10 to 20% secondary 

minerals and sample 15 about 8%. Some of the alteration is talc (O~ti-l 
cal and X-ray diffraction identificaqon) but much of it occurs as fibrous 

aggregates of acicular individuals following pyroxene cleayage_ It is 

.. 
invariably accompanied by sulphide occurring both as an envelope 

around the silicate and as blades or lamellar aggregates intimately 

mixed with silicate and foHowing primary pyroxene cleavages. On 

. , 

I 
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a basis of whole rock X-ray diffraction analyses, this tnineral is 

thought to be pyrophyllite. 

4) Orthopyroxene is a cumulus phase. Following the 

tertninology of Wager and Brown (1967, p_ 61) the rock is described 

as dominantly an orthopyroxene orthocurnulate (i. e. ~here is little 

evidenc«;! of adcurnulus growth of orthopyroxene and this is the only 

definite cumulus phase). Commonly the orthopyroxene has exsolved 

fine lamella of augite parallel to (100') and stnal! blebs of exsolved 

augite. , ,~ 

I All plagio clase is either inter s titial to the pyroxene ;,., . ' 
~ 

J or encloses it poikilitically. It has crystallized from the inter CUITlulus 

I liquid and whether the textural effect is inter s titial or poikili tic depends 

on the pyroxene to plagioclase ratio with the latter texture developing 

mainly in rocks with 20% plagioclase or more., Clinopyroxene occurs 

rarely as tnega-poikilitic plates enclosing orthopyroxene, as sITlall 

grains with the intercurnulu$ plagioclase or as patches on the tnargins 

of orthopyroxene. It has crystallized almost exclusively from the 

intercumulus liquid. Biotite is also intercurnulus and looks mainly 

pritnary. 

Magnetite grains, black with a ITletallic luster in reflected 

light, exhibited triangular. square, or rhom.bic sections of octahedra. 
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They are interstitial to and enclosed by other minerals, such as pyroxene 

and plagioclase. 

Almost all scattered crystals of chromite are at or close 

to the peripheries of the orthopyroxene grains. Other chromite also 

occurs both within orthopyroxene as small euhedral grains sometimes 

surrounded by a thin rim of plagioclase and as euhedral grains in the 

intercumulus plagio,clase. Some chromite may be cmnulus phase but .... . 

this is controversial (see van Zyl, 1970, Wager and Brown, 1967, p. 397). 

I 4.2. Microscopic Observation of Polished Sections 

As to the previous textural studies of sulphide minerals in 

the Merensky Reef, Schneiderh6'hn and L. Liebenberg's publications 

must be reviewed before representing the results of this work. Accord-

ing to Schneiderh6'hn (1929, pp. 208-214) sulphides in the Merensky Reef 

Suite 0 ccur as follows: irregular patches and grains occupying the 

intersticies between silicates, smaller grains along the margins of 

individual silicate .grains, intimate intergrowths wi~p hornblende and 

biotite, inclusions in several prim.ary silicates, and finally, with 

serpentine formed by hydrothermal alteration of olivine and bronzite. 

He concluded that nickeliferous pyrite is the earliest 

of the sulphide minerals, being corroded and replaced by all the other 

sulphides. The nickeliferous pyrite is commonly fOWld enclosed in 

I 
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pentlandite and forms ring-shaped bodies encasing smaller rounded 

grains of.pyrrhotite. Pyrrhotite occurs in big granular masses and 
/ 

is free of inclusions of other sulphides apart f~om secondary pentlandite. 

Pentlandite occurs in two forms; as a discrete primary mineral younger 

than nickeliierous pyrite and pyrrhotite, but older than chalcopyrite; 

and as younger, secondary, or i ented lamellae in pyrrhotite. Chalco-

~ 

pyrite is usually found rimming the other sulphides and often seen to 

penetrate into the cleavages of the biotite, pyroxene and hornblende. 

This mineral is the youngest of the primary sulphides. Included in it 

are oriented lamellae of cubanite. 

L. Liebenberg (1970) also indicates that all the sulphides 

are interstitial to the silicates and that contacts are noticeably irregudr. 

In general, pyrrhotite is the principal sulphide in the disseminated ore 

of the Merensky Reef Suite of rocks. The textures and paragenesis of 

the sulphide minerals reported by Liebenberg are similar to those of 

Schneiderhljhn's. A semi-eute.ctic inter growth of chalcopyrite and pyrite 

is also reported in are from the Merensky Reef. Cubanite is rare and 

generally subordinate to' chalcopyrite. 

Microscopic observation of the Lomho polished sections was 

carried out to identify sulphide mineral phases, examine textures and 

select grains for chemical analysis. A diamond indentation hardness 

tester (Leitz Wetzlar) was u~ed to aid in mineral identification. 
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Sulphide grains were so irregular and variable in grain 

I 

; 

I 
size that point-counting could not be used to estimate modal mineral 

i 
I 
J 

proportions. Thus, a photo graph of ea ch sulphide grain was taken 
J 
~ 
:t 

I with a Vickers Projection Microscope and the areal proportion of 

I 

1 
J 

pyrrhotite, pentlandite and chalcopyrite, etc. was measured on the 

photo?raph USin~ the Coradi Compensation Planimeter. 

m.ent is guaranteed in accuracy to within a maximum deviation of O. Z%. 

This instru-

-I 

J 
A 

The operational error m.ay be added to this value. To estimate the 

~ 2 
operational error twenty measurements of an area, 4 x 4 cm (16. OOcm ) 

on a standard section (grid) paper (JIS A4 180 x 250 mm) were performed. 

1 
~ The mean value, standard deviation. and coefficient of varia tion were .. 
1II 

~ 

--
2 -4 2 

found to be 15.95 cm. , 6.07 x 10 cm. and 0.38%, respectively. 
.3 

J 
:I 

Twenty nine sulphide grains were chosen from core samples 

7,11,12,15 -16,17,18-19,20 and 21 for determination of the areal pro-

I 
111 portions of different sulphide mineral in single grains. The size of 

I • each grain was also measured with the micrometer attached to the 

I 
I Leitz Wetzlar rnicrohardness tester. The avera ge size and proportion 

• 
• of each mineral is shown in Table 11. 

• • The main sulphide minerals present were pyrrhotite, 

pentlandite. chalcopyrite and pyrite. The particle size of sulphides 

was extremel y vari~ble (0. 3 - - 5 mm), even in the same se ction. 
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Sections with a high sulphide fontent had the greatest range of particle 

sizes. The textural relations between sulphides and silicates were 

variable. Three different textural relationships. between sulphides 

and silicates were observed: 

1) Type I: Roundish or oval sulphide blebs with both irregular 

and SInooth edges entirely enclos ed i,n lar ge opticall y continuous silicate 

grains, mainly plagioclase (Separate Grain No: 11-1, 11-2, 12-1, 21-1 

and 21-3). A typical example is shown in Plates 1 and 2. 

2) Type II: The most common texture observed was patches 

of sulphide interstitial to early pyroxene, the shape of the sulphide 

grain being controlled entirely by surrounding silicates (Separate Grain 

No . 7 - l, 7 - 2, 11-3, 15 -1, 15 -16 -1, 17 -1, 1.8 -19 - L 2 0 -1, 2 0 - 2, 2 0 - 3 , 

21-2,21-4 and 21-5). Plates' 3 and 4 show this texture. 

3) Type Ill: Localization of sulphides along cleavages, 

particularly in pyroxene and where alteration to pyrophyUite or talc 

has been extensively dev7lofed. Examples are shown in PIa tes 5 and 6. 

Such sulphide is ~ften of acicular or bladed habit. The outlines of 

original sulphide grain have been alInost cOlTIpletely destroyed (Separate 

.. 
Grain No. 7-1) 7-2, li:"3, 15-1. 17-2, 18-19-1, 20-1, 21-2, 21-4 and 

" 

21-5 ). 
I, 

I 
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Plate 1. Sulphide Type 1: Separate Gram. No. 11-1 

A: Plagioclase; B: Pyroxene; C: Chromite 
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. . 
Plate 2. Sulphide Type 1: Separate Gra~n No. 11-2 

A: P!agio clase; . B :Prroxene; C: Chromite 

'" 
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Plate 3. Sulphide Type II: Separ~te Grain "No. 15-16-1 

A: Plagioclase; B: Pyroxene 

( 
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Plate 4. Sulphide Type II: :x: 53 

Sulphide Interstitial to Silicates 

*, 

= 

Plate 5. Sulphide Type III: x: 53 

Sulphide with Secondary Silicates 



Plate 6. Sulphide Type III: X 53 

Sulphide affected by hydrous alteration 

. 
Plate 7. Sulphide 'Type I: X 106 

Exsolution of pe~tla'ndite (light,yellow) with pyrrhotite 

('creatn-coloured) and chalcopyrite (bright yellow) . . 

75 
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The sulphide blebs of Type I appear to have precipitated 

contemporaneously with the surrounding silicate grain and to be in 

chemical equilibriwn wi~h it, as indicated by the absence of secondary 

alteratJon along the boundaries between silicate and sulphide. Pyrrho-

tite makes up the bulk of these sulphide blebs with pentiandite and 

-
chalcopyrite developed as rims around the pyrr hotite core, forming a 

zonal arrangement. The silicate mineral surrounding these sulphides 

is dominantly plagioclase. The cwnulus mineral is orthopyroxene with 

1-the plagioclase bearing an interprecipitate relationship to it. Thus, 
w: 

this, and all other sulphides, appe"7r to have crystallized from the inter-

precipitate liquid. No sili,cate veinlets inside sulphides were ob'seryed. 

In general, pyrr hatite was the principal sulphide. It was 

seldom found alone but always in associati'on with pentlandite, chalco-

pyrite and pyrite. In this type of sulphid~, pyrrhotite was coar,se, anhedral . , 

and never contained silicate gangue. 

Pentlapdite occurred as blocky rims surrounding pyrrho~te 

or as flames .within ,pyrrhotite. The coarse pe~t1andite was mostly 

restricted to the rims of the sulphide blebs occurring with or without 

chalcopyrite at the outermost rim. It sometimes contained small islands 

of silicate gangue (No. 11-2). Coarse pentiandite showed a C-haracteristic 

octahedral parting. They were~occasionally enclosed by pxrrhotite (No. 
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11-:1 and 21-3), where coarse perttlandite formed veins of blocky --crystals cutting across the basal cleavage of pyrrhotite. These veins 

followed former cracks in pyrrhotite or its grain boundaries. Fine--

grained pentlandite was generally found as feathery or brush-like 

lamellae parallel to or subparallel to (0001) of pyrrhotite (No. 11-1, 

11-2 and 12-1). These occurred as single minute flames or aggregates 

of flames. This pentlandite usually flared out fronl boundaries of pyrrho-

tite crystals (No~ 11-2 and Plate 7) from the contact of pyrrhotite with 

chalcopyrite (No. 11-1), or from cracks (No. 21-3). In the Type I sul-

phides'the amount of exsolved penUandites was less than in other sulphide 

types. 

The relative percent of chalcopyrite present in sulphide 
\1 

graIns was highest in Type I sulfide as compared with the other types ~f 

. 
sulphide occurrences: It was restricted to the riIn of a sulphide bleb 

and penetrated into the cleavages of surrounding s;licate (Separate 

Grain No. 11-1, 11-2, 12-1, 21-1 and 21-3). In almost all the samples 

very fine chalcopyrite grains were observed in surrounding silicate 

. 
close to sulphide blebs. The grain bOWldaries between chalcopyrite 

and pentIandite were :relatively smooth. 
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Pyrite was only found in Type I sulphide blebs where it 

occurred as round grains or as cubic and octahedral crystals. less 

than 0.01 nun. in diameter. It was present usually in contact with 

pyrrhotite and penUandite where rounded or corroded grains with embay-

ments of pyrrhotite were cornrn.on (No. 11-1. 11-2 and Plate 8). This 

mineral appeared to be metastable and to be corroded by pyrrhotite. 

In the Type IT sulphides. which were interstitial to pyroxene 

and plagioclase, the shape of the sulphide grains was controlled by the 

surrounding silicate minerals. Abundant veinlets of silicates cut across 

the sulphides. A gradual transition from Type IT to Type III involved 

an increasing degree of embayment by secondary silica te minerals J 

"l-
i. e. the orily textural distinction between types II and III was the nature 

of boundaries between sulphides and embaying silic;:ates. 

The formation of sulphides of the second type appears to be , 

later than that of allpr irnary silicates. The sulphides in type III were 

affected by late hydrous alteration. The texturp..l relationships between 
.. J, 

chalcopyrite. pentlandite and pyrrhotite in sulp~ide grains of Type II 

were very similar to those of Type Ill. The following des criptions are 
II, 

,equally valid for both types. 

. ~ 

t' • 

i 
I 

l 
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Plate 8. Corroded grain of pyrite (light yellowish white) in 

pyrrh?tite (crea1?-coloured) and pentlandite (~ight 

yellow) X 132 

l 
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Most of the pyrrhotite in these two types did not form the 

core of sulphide grains as in Type I but ra ther. occurred as massive 

aggregates adja cent to bodies of pentlandite of about th~ same volume. 

Near the grain boundaries between pyrrhotite and chalcopyrite (No. 

18-19-0 and to a much lesser degree between pyrrhotite and pentlandite. 

round or angular inclusions of pyrrhotite were found. which had the 

same optic orientation as the surrounding pyrrhotite. This points to 

some replacernent of pyrrhotite .by the Ininerals mentioned. 

Fine grained pentiandite within pyrrhotite appeared to be 

a product of exso1ution. However. the ex solved grains in pentlandites 

of these types (lltand Ill) were more globular and irregular than those 

of Type 1. These globular bodies graded into bigger, irregular grains 

which were localized in the central parts of pyrrhotite crystals (No. 

15-16-1. 21-1, 21-2 and 21-4). They sometimes forIned an inter growth 

with pyrrhotite (No. 17-2 apd 20-1) and extend along the cracks in 

pyrrhotite (Separate Grain No. 11-3. 17-1, 18-19-1 and 21-5). Feathery 

. 
or brus.h-li~e lamellae of pentlandite were not cOInmon in the present 

types. 

Tiny grains of chalcopyri~e were found in pyrrhotite and 

pentlandite. The amount of exsolv~d chalcopyrite in pyrrhotite was 

less than one percent. It is difficult to determine whether grajns of 

• 
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chalcopyrite in pentiandite were due to exsolution or replacement. 

Chalcopyrites observed in pentlandites usually occurred along cracks 

, 
as fine veins or lamellae _ less than O. 05 nun thick (No. 18 -19 -1 and 

20-3). Grains of chalcopyrite were always associated with inclusions 

or veinlets of silicate gangue in sulphides (No. 18-19-1_ 20-3 and 21-4) 
\ 

or tended to segregate as mono-sulphide patches interstitial to the 
\ 
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silicates. Relatively lar ge grains of chalcopyrite _ O. 5 mm in diameter_ 

were cut by silicate veinlets. 

Al though cubanite is repo.rted to be present in minor 

amounts _ it was not observed in the present work. No minerals of 

the PGM were observed in the present samples. 

4.3. X-Ray Powder Di.£fraction of Whole Rock Samples 

A sununary of the interpretation of X-ray powder diffrac-

Han patterns of each core sample is given in Table 3. The presence . 
of major silica te min~tals _ hypersthene*, and plagio clase, agrees 

with the thin section observations. The other silicate minerals, such 

as diopside, high cordierite_ biotite, pyrophyllite apd talc, were present 
\ 

in almost .all samples as minor components. Of these, diopside, biotite. 
• 

pyrophyllite and talc were observed in thin section. Olivine was detected 
. " ' 

* Orthopyroxene in the Merensky horizon is referred to as bronzite by 
Wager ana.:8rown (1967). The ASTM x-ray~~ta indicat~ orthopyroxene 
whose composition is hypersthene, as defin d in Deer et &. (1966). 
The mineral is hereafter referred to as hyp s thene. '. , 

-
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Table 3. Minerals Identified in Whole Rock Samples by X-ray Powder Diffraction 
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er.s.: Hypersthene; Diop. ; -Diopside; Plag. ; Plagioclase. (Labradorite, Bytownite); Olivo : Olivine; 
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.mph. : Amphibole (Hornblende) Grunerite); H-Cord: : High Cordierite; Biot. : Biotite; Pyroph.: Pyrophyllite; 

rh.: Pyrrhotite; Pend. : Pentlandite; Mag. : Magnetite 

Abundant; + - Minor; Blank - not detected. 
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only in seven samples (Sample No.2. 11. 14. 15. 18. 22 and 25) and 

amphibole was observed exclusively in the samples covering mostly 

the core above the lowest chromitite seam (Sam 1 N 2 3 4 6 7 P e o. • , • , , 

, 
8, 9, 10 and 11). 

The presence of cordierite IS only reported in the 

Critical Zone from Maandagshock in the Lydenburg district and at the 

contacts of sedirentar~ rocks and ultramafic rocks in the Eastern 

Transvaal (Will~964 and 1970). In the present study, however, 

the d -spa cings, 8.49 and 4. 07 R, fit bes t wit h high cordierite and 

these peaks tentatively are assigned to cordierite. According to 

Deer .£.!~. (1966, p. 88) cordierite is found in some norites which are 

, 
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commonly considered to be derived from gabbroic magma cOI}taminated . 
by argillaceous material. In many such norites cordierite is not xeno-

crystal in origin but crystallizes directly from the contami!1a ted magma. 
~ ~ 

Vallance (1967) studied mafic rock alteration and isochemical 

development of some cordierite -anthophyllite ro cks and noted that 

cordierite'appears in the rocks which are marked by pover~y in Ca 

and alkalis (espec~lly K) and relative richness in Ai and the mafic 

component,s. - Based on a detailed study of orthopyroxene mineralogy, 

Hess (l9,?O) defined the Bushveld type as orthopyroxene with a low Ca 

content (ca. 30/0 ). Atkins (1969) also stated that a Ca-poor pyroxene 
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persists as a cumulus phase throughout most of the Layered Sequence 

and gave the same ·Ca co~tent in Ca-poor pyroxene at the Me~~nsky Reef. 

In fact. Oen et al. (1973) reported that an unusual paragenesis of 

chrornite. nickeline. cordierite ~nd red-brown mica 0 ccurs in veiI?-s, 
( 

pods and schlieren in serpentinized ultramafic rocks at La Gallega 

and Los Jarales, Spain. and concluded that the chromite-nickeline-

co:rdier\ite -mica paragenesis is derived from a magma of peculiar. 
" -, 

............ 

highly differ~iated compqsition. :vith relatively high concentrations of 
.-----/ .., , . 

water and such elements as Cr, Ni, Co. Zn. As and V. 

The intercum.ulus minerals, s~ch as co-rdierite. are to be 

. 
expected as products of relatively late .stage fractionation. Accordin"g to . . 

Duchesne (1972) if. after the orthomagmatic stage an interstitial fluid rich. 

, 
in volatiles such as HZ 0 C!fd H2 rema~ns trapped in the interstices between 

the minerals, equilibrium. between oxides and the fluid may be maintained 

during slow cooling. He caned this deuteric readjustment. The presence 

of cordierite in the prese.nt core samples m.ay be caused by 'the process 

mentfoned above .. 

Concerning the sulphide mineral's '. all those observed in 
~ , 

polished sec.tion except chalcopyrite were detecte.d in the X-ray 

diffraction patterns. The presence of pyr~te was observed only in sample 

No. 11, which agrees with the microscopic 0i::?servation of polished samples, 

No. 11-1 and 11-2. 
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Chromite and magnetite were ubiquitous as minor components. 

Graphite was noticed only in two samples, i. e. No. 11 and 22. 

Regarding runs on separated grains of oxides, the samples • 

(Separate Grain No.: 1-1, 1-2, 1-3, 4-la,b, 4-2a,b,c, 4-3, 1~-2, 

and 13-3a, b in Table 12) whic~ contain~d more than 80% spinel glroup 
11 

grains, showed peaks of magnetite and chromite only. The one sample, 

No. 13-1, indicated the pre-sence of magnetite only. The samples of 

composite grains (Separate Grain No.: 1-4,.4-4;, 7-1, 7-2a, b, 10-1, 

10-2 and 13-4) contained hypersthene, pyrophyUite, talc and cordierite 

besides magnetite and chromite . 

4.4. Contents of To~l 5, Cr, Ni and Cu in Whole Rock Samples 

The results of chemioal analyses of total S, Cr, Ni and Cu 

are shown in Table 4 and Ffg. 8. The general tr~nd of total S in 'whole 

rock samples agrees approximately with the results of microscopic 

observations. Contents of Ni and Cu varied closely with changes in the 

amounts of S in the samples. Contents of Cr, however, did not follow 

¢e trend of ~. contents. The" amounts of Cr present were found to "rough! y 

correlate with modal spinel from thin section counts. 
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Tabl'e 4. Contents of Total S. Cr. Ni and Cu in Whole, Rock Samples 

Sample Total S Cr Literature Ni Literature Cu Literature 
No. % ppm value , ppm value 'ppm value' 

... 1 0.03 12,931 .796 48 . 
'4,403 2 0.01 596 92 

3 0.002 3,834 674 1.63 
4 0.05 1 7 ;-i>~3 799*" 73 

I • 5 0.02 7,567 627 186 

I '6 0.03 5,281 691 173 
ea..... !f 7 O. 17 ~0,4!52 1,213 353 
I 8 0.43 6,843 1,349 1,711 .:I 

0.32 5,288 1, 154 1, 682 ~ 

i 9 
'f 

-1 10 0.65 6,788 1.381 3,406 '(.\~ 
, . 

J ~'-.~,,-.1 11 1.40 5,115 4.796 1 •. 918 I '\.';:. 
I 12 0.67 10,241 2;729 942 ~~~!\~ 
~ 2,218 682 "I"~"'':-13 0.39 9,311 ~J~ 

4,59'3' 1,491 794 
iJ:,~ 

14 0.21' .~ 

15 1. 04 3,930 4,638 1.025 
~ 16 0.10 4,596 9Y4 568 

17 0.25 5,273 1,366 647 
18 0.15' . 5,228 1,085 444 
19 0.86 5,024 3,381 1,456 
20 0.77 . 3,611 2,739 1, Q46 

21 0.62 2,382 2,455 1.069 
22 0.14 2,355 911 267 
23 0.06· 2,724 641 114 
24 0.03 2,748 940 217 
25 0.06 2,431 1,021 729 

.70 122) 
110 

W-l 147) 114 73) 78 112 
W-l 115) 120 ,92) 

90 
115) 121.5 I 

2,250 
12 >, 

7.0 
DTS-l " 2,235) 7.9 

'3,624 ) 4.000 2,309 ) 
2,330 7. 1) DTS-l 2,500 8.5 

15.0 

" ' 
J\ 
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The proportion of the sulphides, pyrrhotite, pentlandite 

and chalcopyrite, was calculated for whole rock samples from the 

chemical analyses on the following assumtions: 

1) The content of Ni in silicates, such as olivine and ortho-, 

pyroxene, is 400 ppm, which seems to be" reasonable for the ortho-

pyroxene in the Merensky horizon' (440 ppm for urunineralized Merensky 

Reef according to L. Liebenberg, 1970). 
"~ 

2) Ni in exc:ess of 400 ppm is contributed by penUandite. 

3) Cu is contributed entirely by chalcopyrite, neglecting small 

amounts of cubanite. 

4) The ideal formula of pentlandite is (Fe, Ni}9S.g with moles 

Fe =: moles Ni; chalcopyrite, CuFeS
2

; and pyrrhotite, Fe O: 8S . 

. 
5) Total S is contributed by sulphides only. 

The calculation of ll1ineraf weight p'erc.ent was carried but as 

follows. Firstly, the weight percent qf pentlandite for each sample was 

calculated from the value of (Total Ni content - 400 ppm). Secondly, the 

weight percent of chalcopyrite was calculated from the total Cu co~tent" 

Then the amount of S left, L e. total S minus S contributea by penUandite 

and cha~copy.rite. was used to calculate weight % of pyrrhotite. These 

calculations and results are presented in Tab~es 5-8. 

\ 
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Table 5. Calcuiation of Weight Percent of Pentlandite (Fe, Ni)9S , in Whole Rock Samples 
. 8 

,from the Atomic Absorption Analyses F. Wt. =771. 955 

(4. 5Ni/ F. Wt. )= O. 34224 

Weight of Content of A B 
C D 

E~ F Sample p p 
, No. Sample Ni in Sam-

p p micro- micro- p p 

gm pIe, ppm ppm microgm mole mole microgm ppm 

7 1. 13374 1,213 813 921.73 15.686 27.886 . 2,693.2 2,375.5 
8 1. 03751 l,~ 949 984.60 16.756 29.788 2,876.9 2,7,72.9 
9 1. 04007 1,154 754 784.21 13.346 23.726 . 2,291.4 2,203.1 

10 1. 04961 1,381 981 1, 029. 7 17.524 31. 154 3,008.7 2,866.5 

11 1. 01655 4,796 4,396 4,468.7' 76. 050 135.20 13,057. 12,845. 
12 '1. 03507 2.,729 2,329 2,410.7 41. 026 72.935 7, 0~3. 9 6,805 . .() 
13 . 1. 02568 2,218 1, 818 1,864.7 31. 734 ' 56.416 5,448.5 5,312.·0 
14 1. 03954 L491 1,091 1, 134. 1 19.300 34,31.1 3,313.8 3,188.0, 
15 1. 02418 4,638 4,238 4,340.5. '73.868 1'31. 32 12,683. 12,383. 

. 16 1. 01183 914 514 520.08 8.8509 15.735 1.519.6 1,501.9 
17 1.04296 1 , 3.66 966 1,007.5 17.146 .3 0.482 2,943.8 2,822.& 
18 1. 01380 1 t 085 685 694.45 11. 818 21. 010 2,029.1 2,001.5 
19 1.06485 3,381 2.981 3,174.3 54: 021 ' 96·938 9,275.1.8,710.2 
20 1. Q0390 2,739· 2,339 2,348.1 39.961 71. 042 6,861.0 

21 1.02866 2,455 2,055 2,113.9 35.975 63.956 6,176.7 
22 1.12517 911 51.1 574.96 9.7849 17.395 1, 680.0 

A ::: Content of Ni - 400 (ppm); 400 ppm is estimated Ni contribution from silicates. 
BP = Content of Ni in Sam.ple, (gm) 
cP = Ni in Samples (moles), (B /58.76) 
nP = S in Pentlandite (moles), p (16/9 )Cp 
E P = Microgram Pentlandite, B / O. 34224 

~ = Ep/Wt. ,of Sample, {ppI'l'li P 

, . 
... ". ~J.I , .' " , . ~ 

,;}?~ 
~~""..f:, ,,"" .... , 

6,834.3 

6,004.6 
1,493.1 

Weight 0/0 
of Pent-
1andite 

0/0 

0.24 
0.28 
0.22 
0.29 

1. 28 
0.68 
0.53 
0.32 
1. 24 

0.15 
0.28 
0.20 
0.87 
0.68 

0.60 
O. 15 

()) 

'" 
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Table 6. Calcula.tion of Weight Percent of Chalcopyrite. CuFeS ) in Whole Rock SaInples ., 2 

iroIn the Atomic Absorption Analyses f'. wt. = 183.515 Cu/F. W't. =0. 34624 

• C D 
Sample We~ht of Content of Cu B c c E F Weight 0/0 

No. S~mp1e in SaInple c micro- micro- c c of Cha1co-
grn .. ppm microgm mole mole microgm ppm pyrite 

% 
p 

7 1. 13374 353 400.21 6.30 12.60 1,155.9 1,019 O. 10 
8 1. 0375i 1,711 1,7?5~2 27.94 55.88 5.127.0 4,942 0.49 
9 1. 04007 1.682 1,749.-4 27.53 55.06 5.052.6 4,858 0.49 

10 1. 0496} 3,406 3',575. 0 56.26 112.52 10,3..,25. 9,837 0.98 . 
11 1.01655 1, 913 1, 949.7 30.69 61. 38 5,631.2 5,540 0.55 
12 1. 03507 942 975.04 15.35 30.70 2,816.1 2,721 0.27 
13 1. 02568 ,682 699.51 11. 01 22.02 2.020.3 1, 970 @.20 
14 1.03954 794 825.39 '12.99 25.98 2,383.9 2,293 0.23 
1'5 1.02418 I, 025 , 1,049.8 16.52 33.04 3, 031. 9 2.960 0.30 

16 1. 011'8,3 568, 574.61 9.04 18'.08 1, 659.6 1,640 O. 16 
17 1.0429'6 647 674.80 10.62 21.24 1,948:9 1,869 O. 19 
18 1. 01380 444' 450. 13 7.08 14.16 1,300.1 1,282 0.13 
19 1. 06485 .. 1, 456 1,550~4 24.40 48.80 4.477.9 4,205 0.42 
20 1.,003901 1,046 1, 05 O. 1 16.53 33.06 3,032.8 3,021 0.30 

21 1.02866 . 1,069 . 1, 099.6 17.31 34.62 3,175.9 3:087 - 0.31 
22 1.12517 267 300.42 4.73 9.46 867.66 771 0.08 

B = Content of Cu in Sample. (gm) 
C C = Cu in Sample (moles), (B /63.54) 

c ~ c 
D = 5 in Gha:1copyrite' (moles.~, 2C 

c , c 
E = Microgram Chalcopyrite, lB /0.34624 

c c -.0 

F ': E tilt. -of Sample, (ppm) 0 
c c ,I " 

"'<i ,;\;i"r, .. -.., ...... "" 
• .......".:;!;?;r 

... 1r'>':r!~"~ 

.. 4!}~~-~" 
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Tabl. 7. CaLculation oC Weight Percent oC Pyrrhotite. Fc
O

• as. in Woolo Rock Samplu trom the Atomic Ab8oJ'pUon Ana1yu. 
, 

_ F. Wt. "' 76.7416 5/ F. Wt. = O.4118Z 

Sample Total S Weight B ·c 0 0 0 Sulph\lr. in E F 
No. in of • • c: p • PyrrhptHo • • 

Sample, Sample ~Z. 060 
.. 

a 
~. JZm microgm micromole micromole mlcromc.le micromolc mi~rogm mlcrogm ppm 

7 0.167 1. ll374 189l ... S,). O~ 12..60 27.89 18.57 595.35 11 24 .9 1251 

" 8 0.42.6 l.QHSI 4,U9.8 137.86 . 55.88 29.79 52.19 1&73. Z 4004.,.6 3R60 
'J 0.3ZS 1. 04007 3)80.2 105.43 S~. 06 23.73 Z6.6·, 854.1 2044.1 19(,5 

lO 0.651 1. 04961 Elan. 0 2.13.13 11Z.52 31. 15 69.46 2226.9 .5329.8 5078 .. \ 

11 1.402 1.016SS 142S!. 444.54 .61. 38 135.20 241.96 7949.6 1902(,. 18no 
12 0.669 1.03501 6?Z4.0 2.15.99 lO.70 12.94 11 Z. 35 3601. 9 ' 8tl20.8 ' 8329 
13 O.3S? 1.02568 3')89.0 124.45 ZZ.02 56.42 46.01 1475.1 3530.4 3HZ 
14 0.211 1. 0~'i~4 Z193.4 68.42 Z5.98 34.31 8.13 260.65 623.83 600 
15 1. 039 1 • 0~418 10·,41 . 331.92 33.~ 131. 3'2 .167.56 5312.0 I·ZR51. 12.554, 

16 0.100 1. (11183 1011. 8 31.56 18.08 15.74 
17 0 .. 253 1.04296 2638.7 82.30 Z I. Z4 30.48 30.58 980.4 2346.4 ZZH.8 
16 0.149 1. 01380 1510. & 47.12 14. 16 21.01 11. 95 383.'1 916.95 9(H.5 
19 0.861 l. 06485 9168.4 las.98 ~ 48. SO 96.0J 141. 14 452S.0 1 08~0. 10170. 
ZO 0.714 1.00390 7770. Z 2.42..16 33.0!» 71. (H 138. 2.6 4432.6 10609. lO5~8. 

21 0.616 1. 02.866 6336.6 197.65 )4.62 63.96 99.01 "- 3176.2. 7601.8 7390. 
ZZ 0.137 1.12517 1541.5 "g. os 9.46 17.40 2.1.2.2 680.3 16l8.2 1447. 

B 2 Total S in 5~mple (gm) • 
D :: S in Pyrrhotite ·(moles). C - (0 + 0 ) 

• • c p 
C "S in Sam!'le (m"lelL B 132. ~ .t: " Microgram Pyrrhotite. 5 in Pyrrl'll,Ute (gm)/O.4178Z . , " o :a S in Chalcopyrite (mole.). (0 in Table 6) F, '. E /Wt. of S:J.mple (ppm) c . c S II 

o = S in Pentlandite (moles). (0 in T.ble 5) 
P . P 

.. 
4>1 

'~-
, . ~ ~-~~~ 

" .. , ~~ 
:~.~ .... 

"":-:..:{ ~ 

....... :,~0· 

".0. 
~ 

~ 

Wc1lht" 
oC Pyrrho-
'\:. tite 

~ 
'J ., , ,. 

O. 13 
0.39 
o. ZO 
0.51 

1. 87 
0.83 
0.34 
0.06 
1. 26 

0.22. 
0.09 
1. 02. 
1.06 

0.74 
0.14 

". 

... 

'I 

~ 
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Table 8. Proportion of Sulphide Minerals in Whole Rock Samples 

Sample Pent- Chalco- Pyrrho- Pent- Chalco - PyTrho-

No. landite pyrite tite landite pyrite tite 

Wt.% W t. 0/0 Wt. 0/.0 
Table 5 Table 6 :' Table 7 0/0 0/0 0/0 

7 0.238. . 0.102 O. 126 51 22 27 

8 0.277 0.494 0.3S6 24 43 33 

9 0.220 0.486 0.197 24 54 22 

10 0.287 0.984 0.508 16 55 29 

11 1. 28 0.554 1. 87 35 . 15 50 

12 0.680 0.272 . O. 833 38 15 47 

13 0.531 0.197 0.344 50 18 32 

14 0.319 0.229 O. 060 52 38 10 ......... ~ 

15 1. 24 0.296 1. 26 44 11 45 
\-

16 0.150 O. 164 .' 
.,':. . . " 

17 0.282 0.< 1.87 0.225 41 27 32 
...... 

• l'I''''f~ 

~"t r~«-

• 18 0.200 O. 128 0.09 48 31 21 . '~~; 
19 0.871 0.421 1: 02 38 18 44 

20 0.683 0.302 1. 06 33 15 52 

21 0.600 0.309 0.739 36 19 45 

22 0.149 0.077 O. 1~5 40 21 39 

Ave,rage 38 27 35 

I 
• 
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Table 9. Dc!termtnaUon o{ Chromite Content ot Whole Rock Sample, calculated Irom the Atomic Ab,orpUon Analy .. , 

.(C~ICI'Z004 -0. )0951.5) Averalo Cr l 0" Wt • .,. in ChromUe-38. 8S 

. 
Sample WlligM 0: Content ot ACr BCr Eer E' FCr, Weight .,. Spinel 
No.· Sample Cr in umple 

Cr 
of Chromito Vol. • 

IZm aln ppm microgm mlcrogm mlcrogm ppm " 
.,. 

1 1.03627 12.?31 11,931 Il.364 B.946 102..1l20 99.221 9.? 5. a 
2· 1. 09019 4,403 3.403 3.710 II. 98(, 30.853 28.300 2.8 2.0 
J 1. 07594 3.1\34 Z.834 3.019 9.852 Z5."3~8 23.568 2.4 Z.O 
4 1,0320t 17.683 16.683 17.218 55.627 143.185 138.740 l~. 4.0 
5 1. 01704 7.567 6.567 7.073 22.852 58.820 54.613 5.5 3.5 

6 1.01110 S.281 4.2f11 4.337 14. 01~ 36.068 35.601 3.5 1.5 
7 1. 13374 10.452 9.452 10.716 H:62Z. 8 J. 118 78.605 7.9 4.0 
8 1.03751 6.813 5.843 6.062 19.586' 50.414 48.5n 4·1 2.0 
.9 1. O~ 007 l 5.289 .1. 268 ·L460 14.409 37.089 35.660 3.5 2.0 

10 1. Ol961 
~ 

6.i88 5.7R8 6.07; 19.6211 50.5a 46.134 4.B 3.0 

11 1.01655 5.115 4. 115 4,183 13.515 34.78r H.ZZI 3.4 2.5 
12 1.03507 10.241 9.241 9.565 30,903 79.546 7~, 850 7.7 3.0 
13 1. 02!>o8 9.311 8.311 8.524 21.541 70,891 69,116 6.9 5.0 
14 1.0)954 4.593 3,593 3.735 12, 067 31. ().,Z 2?880 3 0 O. 75 
15 1,02418 3.930 2,930 3.001 9.695 24.95'> 24.367 '2.4 1.0 

16 r.01183 4.5·}6 3.5?6 3 •. 6 3~ 11. 756 30.25<J 29.905 3. a 1.0 
17 1.0H96 5,273 4,27J 4.457 14, J'}9 37.0',2 35.535 3.6 1.0 
18 1.013Bi 5.228 4.228 4,287 13.849 35.648 35. 161 3.5 0.75 
I? 1.06485 5.0l4 4.024 4.21l5 13,844 35.635 33.465 3. 3 1.0 
,0 " 1. 00390 3.611 2,611 2.621 8,469 21.798 21.714 2.Z 0.5 

21 1.01866 2.3g, 1.382 l,<1l2 4.593 11. 822 11.4?3 1.1 O. J 
22- 1.1 ZS 17 2.355 1. 355 1.5.l5 4.926 lZ.619 11.269 I. 1 O. 1 

. 

S" 2.3 1. onzo 2.7l4 1,724 1. 883 !I, 084 15.659 14.338 1.4 0.1 
24 1-. 03697 2.148 1.748 1 .. 813 5,85'> 15.0H 14.537 I.S 0.25 
lS 1. 9?85 a z. 4 31 I, 431 1,472 4,755 Il. 24 0 11,901 1.2 0.5 

A -=Co:ltent of Ct" - 1 001l (ppm); 1000 ppm ia cutimllted Ct" contribution Crom pyroxene. Bfif. =Content oC Cr in Samplo (8m ) -.J;J 

ECr:Cr 0 (mtcroam) B 10.309515' • E' =FeCr 0 (microgram), EC .3885 F C =FeCrZ04 (ppm). E'C IWt. oC Sample ~ 
Cr 2." • Cr Cr 2 4 r r· r 

010 Eatimated to the nearest 0.250;. by point-counting o! the thin sections by J. M. Garth 

, ...• 
.., ~.-, 

..... ~,,.; ;:~ .. ~ .Jl 

<~ 



Th~ weight percent of chromite was estima ted m a sImilar 

way, assuming the weight percent Cr 0 is 38.85% as indicated by a 
2 4 

complete chromite analysis given by Cousins (1969). The result of the 

calculation is shown in Table 9. The chemical estimate of chromitc 

and the microscopic estimate of spinel volwne do not agree well In 

absolute value (although the trend in relative values is simIlar). The 

reason is largely that chromium content in pyroxene is assumed to be 

94 

1, 000 ppm for the whole rock samples and the micros copie values rna y be 

of low accuracy because of irregular distributIOn and small gram SIze of 

spinels. The chemical values are used to es tima te the contribution of 

chromite to whole rock PGMs and therefore give a maximum value for 

this component. I 

4.5. Contents of Pt, Pd, Ir and Au by Neutron Activation Analysis 
9" 

4.5.1. Whole Ro ck Analyses 

The PGM values obtained from neutron activation analyses 

of whole rock samples are given in Table 10 and Fig. 9, which also 

show the results of S and modal spinels. The sample number I through 

25 refer to' the 25 slices cut perpendicular to the core axis, each sampl~ 

representing about I. 08 inches. Core footages giving distances of sample 

\ 
\ 
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Table 10. Neutron ActivatlOn PGM Values for Whole Rock Samples 

Sample Pt Pd Ir Au 
No. ppm ppm ppm ppm 

I 1 2.75 O. 511 0.0884(2) 0.0315 
2 1. 20 0.217 O. 033 O. oorn 
3 1.34(2) 0.177(2) 0.037H(3) 0.0798(2) 
4 4.2 O. 722 O. 100 O. 033 
5 3.9 2.2 0.0579(2) 0.0343 

6 2.1 0.683 O. 0236 0.087 
7 4.5 1.6 0.0853(2) o. 10, 
8 7.8 1.7 0.0306 0.366 
9 14.8(6) 1. 31(4) 0.0193(13) 0.g63(5) 

10 8. 1 13.8 0.0735(2) 3.4 " 11 15.0 7.7 0.0793(2) 0.286 
12 4.3 1.8 0.0501(2) 0.395 
13 1.2 1.1 0.0255(2) 0.549 
14 1.6 0.541 0.0116 0.333 
15 3. 1 2. 1 0.0435(2) 0.680 

16 0.375 O. 157 0.0071 0.0849 
17 3.8 0.444 0.0133(2) 0.918 
18 0.721 0.148 0.0071 0.134 
19 0.926 1.1 0.0294(2) O. 332 
20 4.5 1.4 0.0216 1.5 

, 
21 1.56(2) '" 1 . 08 (2) 0.083(2 ) O. 362(2) 
22 not det. 0.217 0.0678 0.344 
23 O. 38(2) 0.114(2) 0.0134(2) 0.0409(2) 
24 0.56(2) 0.055(2) 0.0183(2) O. 0661 (2) 
25 0.79(2) O. 096(2) 0.0144(2) 0.237(2) 

Average (3.73) (1. 64) (0.0414) (0.455) 

3.7 1.6 0.04 0.46 

The determina tions of Pt, Pd, Ir and Au without duplicate (or replica tc) 

number were carried out by J. M. Garth. 

) :: number of determina lions 

no t de t. = no t de te c te d . 
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above and below the chromitite seam are also shown. The core top is 

about 2 feet below the hanging wall of the Merensky feldspathic pyroxenite 

unit. 

4.5.2. Separated Mineral Samples 

The contents of Pt, Pd, Ir and Au in sulphide grains drilled 

from polished sections are shown in Table 11 and Figs. 10, 11 and 12. 

The contents of the four PGMs in oxides and composite grain samples 
~ 

are given in Table 12 and Figs. la, 11 and 12. which also show whole 

rock PGM val. ues for comparison. 

Percents of total whole rock metals contributed by 

sulphides and oxides (T in Table 13) were calculated from the following 

equation: 

T 
= (SxSsi) + (CxOsi) 100at 

Ri X/O 

where S:;:weight fraction of sulphides in the whole rock (Table 8) 

C=weight jraction of chromite in the whole rock (Table 9) 

Ri:;:metal concentration in the whole rock in ppm (Table 10) 

Ssi=average metal concentration in separated sulphide grains 

in ppm (Table 11) 

Osi=average metal concentration in separated oxides in ppm 

(Table 12) 

i ::: Pt, Pd, Ir and Au 

and the results of the calculation are shown in Tables 13 and 13a. 

" . 



TAbl~ 11. Neutron ActivAtion PGM Value. tor Sulph1d~ Graln. 

Sampl~ Separate Nwn';)er Weight Moul Cont~nt. of Sulphide. 
Model Percent Avera,e Type of 

No. Grain ot of ppn GrAin Sulphide 
No. Sulphide Sample Pt Pd Ir Av CuFeS

Z (F~. N1)9Sa FeO• as Sh:e, mm Grain. 
Gt'ains mg II. 11I 

7 7-1 6.429 0.41 28.5 1. 21 0.44 "'tra ce trace 99 2.6 11, III 
7-2 3 4.155 0.96 32.0 1.41 o l3 0.63 2.9 91).4 1.9 I I. III 

11 II -1 8.47 .. 0.30 36.8 1. 41 0.02 0.91 38. 1 60.9 3.0 
11-2 7.309 I. 33 20.6 0.81 O. 08 4.0 16.8 79.2 1.8 
11 -3 7.6S7 0.82 0.8 1.) 1 0.50 0.1 0.6 99.3 3.0 II. III 

12 12-1 3.385 S.44 22.0 3.91 0.77 4.6 25 7 69.7 1.6 
1 S 15-1 Z 0.832 4.·H 18.8 0.51 0.61 0.6 0.0 98.8 1.4 II. III 
1 S-16 1,5-16-1 11.809 24.6 19.01 0.85 o. II 1.4 zz..o 76 0 2. 1 II 
17 )7 -1 3.351> 0.00 S. 1 0.08 0.22 0 8.5 91.5 1.8 II 

17 -2 1 3.000 1 44 22.5 o 58 O. 07 0.3 17.0 82.7 1.6 III 
18-19 18-19-1 10 436 0.7:5 3. 12 0.98 o 62 O.S 17.0 81.9 2.7 II. III 

/ 
20· I Z 19. 71 ~ 2.22 38 ... I. 15 o 79 0 28.9 71. I 2.8 II. III 
20-2 2 b.410 n<>t d.!t. 24.7 0.97 9.32 0.2 o 3 99.5 2.9 11 
20.3 4 6.lS20 2.70 27.6 0.04 11.94 1.5 42.8 55. 7 1.4 11 

Zl 21 -I 5.710 ~ . 51 -13.5 3. 38 I. Z 0 0.6 31. 8 /)4 b 2.2 I 
21 -2 lO.OhO 3 96 42.3 1. 52 0.89 0 39. S 1,0.5 3 8 11. III 
21 - 3 21.810 12.8-1 38.9 1. 74 1. 3S ~. 10 2').3 68.6 3. 5 I 
21 -4 9.-128 2.31 47.0 1. 62 o 35 0 ~b 5 53 S 3 7 1I. 1Il 
21 - 5 15. Z-H 5. 01 115.0 I. 33 0.16 O. 1 42 6 57. 3 4.1 II. III 

not dat, • not detected Types ~(Sulphld" Crain .. I--Ill laee text) 

.. x poor .eCllon. lample uken (rom I'dge 
-D 
0> 

" 

z~}': #",/7 
~~ £:/ if 

---"~ .. ,.-
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Table 12. Neutron ActlvaUon P..,jM Values for Oxides il'vi Compo8lte Gratn Sample8 

Weight oC M ,!~neuc 
I Punty M,.tal Contents oC OXides 

Sample SHscep- '70 of Pt Pd Ir Au M.1ln M Inerall II Cter X -ray Powder DiUraction 

ang Ubillty OXides ppm ppm ppb ppb 

27 00 1 94 0.4<; o 13 lnot Z.& M"gnetlte. Chromlte 

41.00 II 94 0.14 o 15 )dcter- 4.8 Magnetite. Chromlte 

18.49 III ')4 63. 8.2 )mlncd 5.7 Magnetite. Chronute 

45.1 ? IV . 50 o 06 0.07 2. I 1.6 Hypnsthene. Pyrophylilte. Magnetite. Chromlte 

26.5& 95 3.7 0.67 7S 268 Magnetlte. Chromlte 

3H.09 95 1 I 2.1 31 13. 

40.56 II 95 0.47 0.13 4 4 11. 

29.60 II 95 o 78 0.10 7 3 3 4 

42.22 U 95 o 40 0 5.3 18 

26 87 1Il 95 o 95 o 79 7, 3.4 

56 00 tV "50 I 8 o 52 59 12 Hypersthene. Pyrophyilite. Magnetite. Chromlte 

53 85 ~50 3. I 2.3 50 59. Magnetite. Chromlte. Pyrophyllite 

54 31 II ,. 30 7.3 2 8 151. 249 Hypersthene. Pyrophylltte. Cordl(~nte 

flO.79 11 "50 7.0 2 3 84. 23. Talc. Hypersthene. Chromlte. Cordlerlte 

57 45 "50 32. 24 47. 8220. Hypersthene. PyropilyllHe. Magnetite 

80 85 !l "50 13. 291. 74 3930 Hypersthene, Cordi ente. Talc 

15 8~ 83 6 0 8 6 850. 327. Mal!netlte 

.. 7.115 1l 93 o 14 O. OS 4 0 2b. MaJ;nellte. Chronnte 

40 18 III 90 0.79 L.8 In. 28. Magnetite. Chromlte 

l6 81 III 90 0, 14 0.41 19 l7. Magnetite, ChrolT)ltc 

)3 7S IV "50 o 69 0.52 38 129 Hypersthene. Pyrophyll1te. Magnetite. ChromUc 

Oxlde& ha .. e \VIde rAnge oC m-\gnetic ~usceptlbility. generally two to [our {ractlons of progre881vely lower magnetic 6UBceptlblllue. 
separated on a Franz magnetIC separator. Each leparate was assigned sequenual No.1 through IV Letterl a. b. and c are used to o 

N 

mdlcilte the same sample. I. e. same m .. gneuc lIusceptlblhty . 

.,. 

, 
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T~le 13. Calculatton 01 Percent o{ Total PGM<4 Contributed by Sulphides and Oddu 

Ri . (SxSst) + (CxOel) T 
SJ,-npl, Metal Concentrations In Whole Rock Sum ot Metah In Sulphldtll and Ox!du Percent o{ Total Whole Rock MetAl 

No. Samples. ppm ppm Contr Ibuted by S.llphldu and OxldOl • .,. 
Pt .. Pd lr Au Pt Pd lr Au Pt Pd Ir Au 

2.75 0.51 O. 0884 0.0315 O. 0) O. 014 (0.0002) 0.0004 1.1 2 7 (0.23) 1.3 

" 4.2 0.12 0.100 O.OH O. 17 0.11 o 0~40 0.0014 4 0 15. 4.0 -4.2 
7 -4.5 1.6 0.OA53 0.109 0.245 o 32 0.010 O. 00!>3 ""'5.5 ZOo 12. 5.8 

10 II. 1 13.8 0.0735 3 ... 1. 07 1. 15 O. 0029 O. zq (13. 8.3 3. 9 8 5) 

II 15.0 7.7 0.0793 0.280 O. 030 0.7Z 0.044 0.007 "0 2 -9.3 55. Z.6 
12 4.3 1.8 O.OSOI 0.395 0.0'17 O. 39 O. 070 0.014 ·2 3 2Z. ..... \ 00 3 5 
l} 1.2 1.\ 0.0255 0.549 0.OZ5 0.052 0.0012 0.0019 Z. I 4.7 4.7 o 3 
15 -16 I. 74 1. 13 o 0253 0.382 0.35 O.ZM 0.012 0.087 "ZO. 24. ~8. Z3 

17 3.8 0.44 0.0133 0.918 0.007 0.0'?5 0.0043 o 0010 "0. 18 22 3Z. O. II 
IA -19 0.825 O. OZS 0.01B3 0.233 0.010 o 042 o 013 O. 0084 *1.2 6.8 73. 3.0 
20 4.5 1.4 0.0216 1.5 O. oSO 0.62 0.019 0.15 "I 1 ,14. 68. 10 
21 l. 56 1. OS 0.083 0.36Z O. II 0.85 o 032 0.013 ·7. I 78. 38. 3.0 ,. 

Average 5. 21. 38 5.5 

..... Sulphide and Oxide • • Sulphldo only No 8 ymbol • Oxide only 
( ) " Compo.ite Krain. only 

Table 13a. Calculation of Percent ot ~otal PGM., Contributed by Sulp'lide. and Oxide. 
rot Sample No. 7 

Pt Pd Ir Au 

Sulphide Contrlb.ltlon . .,. 0.07 8.9 7. 3 I.S 

ComposHe Grill" Contribution. % 5 ... II. 0 ~.o 4.3 

o ... 



CHAPTER V 

DISCUSSION 

Interpretation ~ the results obtained in this work and 
\ 

comments on previous stUd~S will be given under the following sub­
\ 

headings:' petrology of the core. mode of occurrence of PGMs and 

interpretation of the Lonrho Data. 

5.1. Petrology of the Core , 

The rock is a feldspathic pyroxenite in which orthopyroxene 

IS the main cwnulus phase. The next most abundant minerals, plagio-

clase and clinopyroxene, are mainly intercumulus phases. Modal 

analyses of total pyroxenes and plagioclase (Fig. 7) shows that the 

variation in pyroxenes is nearly the inverse of that of plagioclase. 

Th\s results from the fact that these minerals make up about 93% of the 

rock. Biotite is the mos t persis tent accessory silica te averaging 1%, 

although occasionally as high 3"5,.6.8% (No. 21). The ortho- and 

clinopyroxenes are hypersthene and diopside respectively, and the 

plagioclase is bytownite and/or labradorite on the basis of X -ray dif-

fraction analyses of whole rock samples. The occurrences of minor 

104 
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amounts of chromite, magnetite and talc are noted in alrrlOst all 

samples. However, 10 calized conli:entra tion of chromite (and olagnetlte) 

was noted at four points in the core, sample No.1, 4, 7 and 13 (FIg. 9). 

Further, oxides are essentially confined to the top half of the core. 

Extensive hydrous alteration was observed in a localized 

area O. 5 to 1 inch wide in the middle of the core (Sample No .. lOa nd ll) 
" 

and occasionally elsewhere (Sample No.: 15, 16, 20 and 21). The X-ray 

... 
powde;r diffra ctlon pa tterns indica te strong refle c tions for pyrophyllite 

and biohte in these samples. Olivine was not identified in the thin 

sections, but was detected in the X-ray diffraction in the samples 

approxirna tel y below the lowes t chromi tite seam. Its sporadic presence 

is reported in the Merens~y Reef in the We~tern Transvaal. The presence 

of high cordierite and pyrophyllite, not reported previously from the 

Western Merensky Reef, is indicated by the X-ray data (see p. 83 

for diSCUSSIon). 

" The occurrence of hydrous minerals, such as amphibole, 

biotite, pyrophyllite and talc, implies 10 calized hydrothermal or deu-

teric effects. Magmatic blebs of sulphide grains are s.till preserved 

in samples No. 11-1, 11-2, 12-1, 21-1 and 21-3 (Plates 1 and 2). This 

indica tes that the hydrothEH'mal effects was not pervasive but highl y 

localized. 

" 
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The textural relationshIp between silicates and sulphldes 

mdicates that part of the sulphide represents a nickeliferous ImmisCIble 

. 
sulphide liquid trapped in the intercumulus pores between the slhcate 

crystals. This sulphide crystallized contemporaneously with plagio-

clase postdating the crystallization of cumulus orthopyroxene. It 

appears to be at equilibnum with silIcates and occasionally IS charac-

terized by pentlandite -chalcopyrite rims of exsolution origm. Other 

sulphides showing do se spa tial tela tions hip with hydrous sllica tes 

including talc, pyrophyllite, biotite and amphibole are parhcularly 

prominent in the middle of the core where the highest PGM values occur. 

This sulphide, although texturally distinct from tha t noted above, 

probably resulted from reaction of primary sulphides with hydrous 

solutions responsible for the alteration of primary silicates. The 

origin of the hydrous fluids is probabl y deuteric. 

5.2. Mode of Occurrence of PGMs (Platinum Group Me~ls) 

The question of whether the platinum group metals 

occur mainly in soli'a'rlution in sulphides and oxide,S or as dis crete 

minerals is of considerable practical and academic interest. A brief 

survey of important arguments on this issue is presented below. 

o 



According to Wagner (1929, p. 18). part of the platlOum 

present in the sulphidic ores of the Merensky horizon is in the form 

of cooperite and sperry1i te. The remainder" and the 'bulk of the 

palladium, is in solid solution 111 earlier magmatic sulphides. Adam 

states that (in Wagner, 1929, p. 21) about one half of the platll1um 

and one-tenth of the palladiuni in these mlXed ores are "free". 

SchneiderhHhn (ibId, p. 242) stated that the platinum metals are 

present in the sulphides in solid solution and not in mechanical ad-

mlXture, and emphaslZed the pos5ibility of !Oulid solution of sperryllte 

and pyrite on a basis of crystal structure and ionic radiI (p. 243). 

Apparently he arnved at this conclusion because he did not find plati-

num mll1erals in sulphide concentrates (Ibid, p. 230). Wagnerls 

footnote, however, indicates that SchneiderhClhn's conclusions refer 

only to the primary ores of the Potgietersrus district which he examined. 

In the Rustenburg district cooperite has deitnitely been identified in the 

sulphide ore. 

The results of an analysis of eu-Fe sulphides and 

SchnelderhHhn IS semlquanhtative analyses of the sulphides led Llcbenberg 
\. 

(1970) to conclude that the PGMs had a three-fold mode of occurrence 

in the Merensky Reef: 
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1. as S, Sb and A s minerals, e. g. sperryli te, cooperite, s tIbIO-

paUadinite and braggite, 

z. as alloys of the PGM or in combination Wlth Fe and other metals, 

e. g. Au, Ni, Cu and Co, and 

3. as a solid solution of the PGM in the sulphides. 

Based on ITllcroscopic observatIOns, L. Liebenberg drew the foll()wing 

generalizations on the mode of occurrence of PGM mInerals I) they 

are mostly present along sulphIdes - suicates boundaries, 2) sperrylitc 

is the ITlost abundant platinoid In the Merensky Reel, and I~ lltlwr 

mterstitial to the silIcates or cross - cuts sulphIdes and silica tes, and 

3) braggite, the main pIa tinUITl bearer in the Rustenbur g PIa tinum Mine. 

IS usually situated along sulphide-silicate contacts. His mineral A, 

BiPd
3
?, is al::;o interstitial to the silicate. 

Cous ins (1969) thinks tha t the sulphide correlation with 

platinoids is no t due to chemical asso cia tion. or solid solution, as sug-

gested by Wagner, but rather, results from. gravity concentration. 

However, he m.odified this opinion la ter (1973), stating that the pia tmoids 

occur both as individual platinoid m.inerals and. in base-metal sulphides. -
the latter representing the m.ain proportion. Those in sulphides are 

either in solid solution or. to use Cousins I words, as "colloid solid 

solution ". 

"I 
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Cabri (974), while not referring speclfically to'the 

Merensky ores, points out that recent discoverles of nurnerous new 

PGM mInerals go agaInst the presence of slgnIflcant PGM in 5011(1 

solution In sulphIdes. Ra ther, their oc currence In sulphldeh a~ rninute 

Included mIne ra 1 s a s well as IT) a I ecular repla cements IT1US t be cons Idered. 

Stumpfl (962) noted that the bulk of the Pt-mdals in the 

Novisk deposIts, U. S. S. R. , IS flxed in mdcpcndl"nt Pt-min('rals, but 
, 

that the possibIlity that traces of Pt-metals enter the lattice of sulphides 

and, perhaps, even silicate should not be disregarded. 

Wagner (1929, p. 68) and L. Liebenberg (1970) stu(hed the 

relationship between chromitite and Pt values ill the Mt'rensl<.y SUite 

and concluded that chromitite could have acted as a sponge (Wagner's 

"" phrase) as far as the Pt is concerned. The results of spectrographic 

analyses by SchneiderhCihn (ibid, p. 235) indicate that Mcrensky chromite 

does not contain significant PGM concentrations. According to van Zyl 

(1970) no platinum minerals occur in chromite in the Rustenburg dIstrict. 

According to Gijbels ~ a1. (1974) high temperature cumulus 

chromitc from the Eastern Bushveld strongly concentrates Ir which is 

in part subsequent! y exsol ved at lower temperatures. Al though van Zyl 

regards the chromite from the Merensky Reef at Rustenburg as of late 

magmatic (low temperature) origin, the process suggested by Gijbels 
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et~. (l974) could potentiall y iesul t ill forma tion of lrr£'gula rl y 

dIstributed platlnold minerals along chromlte grain boundarie::l. 

The best IndIcatIon of PGM In chrornlte IS In the ('xperinlents 

of GrImaldi and Schncpfe (l9b9) on Stillwater chromite. whIch very 

strongly infcr a chemical association of Pt an~Rh. but not Pd. with 

c hron'li tc. Thelr experIments do not 10dica te whether Pt 0 ccur s as 

Inclusions wIUun the chromlte lattice or in true solid solutlOn. Palladium. 

however, apparcntly is neither in 5011d solution nor as Inclusions 10 

chromite. According to Page.£..!.~. (1972) major Pt and Pd values 

occur in the various chromitite scams which are much hlgher in PGMs 

than any other rock type in the Stillwater Complex. 

5.3. Interpretation of the Lonrho Data 

5.3. 1. Whole Rock Da ta 

The general pattern of metal distribution across the core 

as reflected in whole rock analyses (see Fig. 9) shows syrnpathctic 

overall variation of three metals. Pt. Pd, and Au. For these mctals 

maxirrla occur at approxim,ately the same position in the core, iIn-

mediately above the chromitite marker horizon. The variation in lr 

/ 

content is irregular and different from that of the other metals. ( 

Although there is a peak above the chromitite marker comparab1~' t~ . 



Pt, Pd and Au, there are five additional peaks on the Ir profile, 

four of which represent Ir contents as high as that at the chromitite 

marker. 

To aid in evaluation of the noble metal trends the contents 

of S, Cr, Ni and Cu were determined on the same samples (Fig. 8). 

III 

The Ni and eu values vary sympathetically with S as might be expected 

from the presence of Ni and Cu sulphides in the samples. Some regions 

of the noble metal profiles also correlate positively with the S profile. 

The maxima in the middle of the core (Sample No. 10 and 11) is matched 

by a maxirnwn in sulphur content (Sample No. ll). Two lesser highs 

on the S profile in the region of samples 15 and 20 correspond to above­

background values in the same sample region!5 for all four noble metals, 

although the effect is not very pronounced for Au. All the sulphur highs 

are corroborated by observed sulphide in corresponding polished sections. 

It is, therefore, concluded tha t in general, the presence of sulphide is 

correlated with increased noble metal content. 

The correlation of noble metal content with Cr differs in 

several aspects from the noble metal-sulphur relationships. The main 

variation in er content generally correlated with observable chrornite 

occurs above the chromitite marker horizon w~th bighs recorded in 
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samples L 4, 7, 12 and 13, bhe latter two representing the marker horizon 

itself. Firstly, it is to be noted that the Cr content in the Vlcinity of the 

chromitite marker horizon, where the noble metal maxima 0 ccur, is 

exceeded by samples above it. Thus, although there is a Cr high coincident 

with the highest noble metal contents, it does not represent the highest 

Cr content of the core. This contrasts with S where highest noble metal 

values are coincident with highest S value in the core. Secondly, there 

are no obvious correlations of Pt, Pd or Au with Cr above the marker 

chromitite. In contras t, 1r exhibits rnaxiIna in samples 1, 4 and 7, 

precisely the same samples characterized by Cr (and chromite) maxima. 

Indeed, the highest Cr and 1r values in the entire cOre are found in the 

same sample, No.4. It is suggested then that'the Ir profile reflects 

local chromite accumulation apove the marker band whereas most of the 

profile variance below the marker (where chromite is low and relatively 

constant) reflects sulphide variation. To explore these generalizations 

further, oxides and sulphides were separated a.nd analysed. As noted 

below (oxides and composite grain samples) this interpretation presents 

some problerns when the Ir content of separated oxides and composite 

grains is considered. 



5.3.2. Mineral Data: Sulphides 

Pd and lr are consistently enriched in sulphides. Except 

for one sample out of nineteen, and in this case for Pd only, these two 

metals were always significantly e~riched in sulphides relative to the 

113 

whole rock. Enrichments of Pd and Ir in sulphides are 18 and 34 times 

that of the whole rock values respectively, based on the average concen­

tration of each element. High concentrations of Pd in sulphide grains 

(Separated Grain No. 11-1, 20-1, 21-1, 21-2, 21-3, 21-4 and 21-5) are 

observed in the samples with relatively high modal percentages of pent­

landite (38,29,35,40,25,47, and 43'70 respectively). The influence of 

sulphide mineralogical composition can be seen in Fig. 13 in which samp-

les are plotted on a tIp-ee component compositional diagram using 

mineral composition in percent as determined with the planimeter from 

enlar gements of polis hed se etion mineral photographs. Metal concen­

trations of each grain are indicated. The concentration contours show a 

significant displacement of high Pd samples toward the pentlandite apex. 

A similar plot ,for Ir showed little evidence of a significant correlation of 

lr with penUandite. Yushko-Zakharova!:1 al. (1970) reported 1 ± 0.08 ppm 

Pd and O. 02 ± O. 01 ppm Pt for pentlandite specimens from Cu-Ni ores 

(8 analyses) which were free from microscopically detectable platinum 

metals. Chyi (1972) also found that, in pyrrhotite-pentlandite-chalcopyrite­

magnetite assemblages from Strathcona Mine, Sudbury, Pd was consistently 

\ 
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enriched in pentiandite relative to the other three phases. Thus, ~Pd 

appears to be closely related to Ni and/or to pentlandite-rich sulphide 

samples. 

Strong enrichment of Pt in sulphldes is shown by two core 

samples, No. 15-16 and 21 only. it is depleted in core samples Nos. 7, 

> It. 17 and 20 relative to t:hle whole rock values. It appears that sulphides 

are not as consistently enriched in platinum as either Pd or Ir although 

the Pt enrichments in the vicinity of samples 15 and 21 do correspond to' 

instances where Pt in sulphides is S0ntly higher than in the WhOI~ 
rock. 

In the case of gold (Fig. 12), enrichment in sulphide is not 

consistent. Core samples Nos. 15-16 a:1d 20 do show marked (X 10) 

enrichment of Au in sulphides. possibly accounting for the whole rock 

trends. However, nearly half the individual sulphide grains analysed 

were lower in gold than their corresponding whole rock values. 

The dispersion of noble metal sulphide values is also 

worthy of conunent. Table 14 presents some simple statistics on the 

sulphide data which bear on the degree of dispersion of the noble m.etal 

values. From Table 14 the average coefficient of variation calculated 

for individual core sections with replicate analyses indicates the vari-

ability of noble metals in sulphides increases in the order Ir<.Pd~ Pt<Au. 

r 
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Thus, Pd variabllity in individual sulphide grains separated from the 

same ...,1" core section is considerably greater than that of lr (compare 

v1sually Figs. 10 and 11).' Both these considerations strongly suggest 

that the distribution of Pd in sulphides is far more heterogeneous than 

tha t of .I.r. It 1S sugges ted that the cause of this heterogeneity is the 

presence of much Pd in discrete ~atinoid minerals within sulphides. 
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In contrast, the uniformity of lr content. both with respect to the dis­

persion about the a verage value for the entire suite of sulphides and the 

dispersion Wlthin a single ca. 1" core sample, is best explained by a 

highly homogeneous Ir distribution such as would result from solid 

solution. 

5.3.3. Mineral Data: Oxides and Composite Grain Samples 

The nature of the genetic relationships. if any, between 

chromite (and magnetite) and the noble metals are not inunediately ob­

vious in the case of the Lonrho samples. Oxide and composite grain 

samples are generally lower in noble metals than their host whole rock 

samples. The percentages of oxide analyses giving lower values than 

the corresponding whole rock values are 700/0, SOo/to 67% and 70% for Pt. 

Pd. Ir and Au respectively. Nearly all the oxide and composite grain 

samples oontain both lnagnetite and chroInite according to the X-ray 

diffraction data although chrolnite predominates. hnportant exceptions 

\ 
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Table 14. Mean and Coefficient of Varia tion for Replicate Sulphide 
Analyses 

Metal Sample No. with Mean with Standard Coefficient 
Replica te Sulphide Deviation of a Single of Variation 

Analyses Measurement, ppm (6!x)XIOO 

% 

Pt 7 (2 ) O. 69±0. 39 57 

11 (3 ) 0.82±0.52 63 

17 (2 ) 1. 02±0. 59 58 

20 (2 ) 2.46±0.34 14 

21 (5) 6. 73±4. 34 64 

Average 51 

Pd 7 (2 ) 30.25± 2.47 8 

11 (3 ) 19.40±18.03 93 

17 (2 ) 13.80±12.30 '. 89 

20 (3) 30.23± 7.22 
.f 24 

21 (5) 51. 34±19. 04 37 

50 
J 

Average 

Ir 7 (2) 1.31±0.14 11 

11 ' (3) 1.18±0.32 27 

17 (2 ) 0.63±0.07 11 

20 (3 ) 0.92±0.'26 28 
... 

1. 92±0. 83 43 21 (5 ) /--.~ 
, 

I Average 24 / 
/ 

/ 

Au 7 (2 ) 0.34±9· 15 44 

11 (3 ) 0.20±0.26 130 

17 (2 ) O. 15±0. 11 73 

20 (3 ) 7.35±5.83 79 

21 (5) 0.79±0.52 66 

Avera.ge 78 

( ) gives number of individual analyses 

~ 
\ 
" \ 

.. 
. '.- ~ 
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are samples 10-1 and 10-2, separa,tes from whole rock core sections 

having the highest noble contents. In these samples ~he oxide phase is 

magnetite alone and the composite grair. samples have very high Pt and 

Pd values relative to the whole rock. Thus, the high noble metal 

values do not appear to be associated with chromite in these samples. 

Further, it is noted that the oxide separate with the highest noble metal 

values. sample 13 -1, is also magnetite with no chromite detectable 

by X-ray diffraction. 

The Ix data present a special problem because the whole 

rock Ir values show good correlation with chromite (S~mple Nos. : 1, 4 

and 7) whereas the oxide ITlineral separates from the same whole rock 

samples are generally lower than the whole rock values. A tentative 

explanation is that the distribution of I r in these oxides is sufficiently 

" irregular that the sample weights of mineral separates taken were too 

small to generally include discrete Ir-containing minerals. The widely 

divergent Pt values on oxide separ.ates in sarnple No.1 is certainly 

suggestive of very heterogeneous metal distribution in chromite: 

Thus, it does not appear frorn the present data tha t concentration of 

noble metals in oxides is a :najor factor responsible for high PGM 

values in this part of the Merensky Reef. 
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It must be realized that the extension of this conclusion 

to other PGM deposits or even to other parts of the Mt'rensky Rt>ef is 

likely not justified. For example, the thicker and more promIncnt 

chromite band at the base of the Merensky pyroxenite in the Lonrho 

area is known to carry platinum values locally (H. H. Bird, written 

communication). 

5. 3.4. Relative Contribution of Sulphides and Oxides to 

Total Whole Rf)ck PGMs 

The percent of total whole rock noble metals contributcd by 

sulphides and oxides (Table 13 and 13a) appears to be rather variable. 

For both Pt and Au only 5% of their total whole rock PGM content can, 
/ 

on the average. be accounted for by that a ttclbutable to sulphides and 

oxides. A more important contribution from sulphides and oxides is found 

for Pd and lr where averages of 21 and 38% are calculated. 

Although the main generalizations noted above are considered 

realistic, the calculation is subject to a number of uncertainties and is 

regarded as an estimate. The main sources of error include the 

following: 

1. Both Cr and Ni are partly present in pyroxene as well 

as chromite and pentlandite. Chemical estimates of mineral proportions 

require a correction for Ni and Cr in pyroxene (HNkli, 1963). Point 

, 



counting estimates are also subject to uncertainty (see p. 61). 

AlthougH mineral estim.ates are difficult, the chromite-rclated PGM 

contribution to the whole rock total is small, and so a fairly large 

error iI\ the estimated mineral proportion of chromite would not 
~ 

significantl yaffe ct this cone! usion. 

2. Mineral volume estimates are further compbc~tcd by 

the variable composition of chromite and pentlandite with respect to 

Cr and Ni. However, literature estimates of Cr 0 in Merensky 
2 3 

chromites are fairly consistent (Cousins, 1969; van Zyl, 1970). 

3. Finally, sulphides which could be sampled are mainly 

textural Types I and II. Type III s\llphides, fine grained replacements 
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along silicate cleavages and disseminations throughout silicates, could 

not be sampled individually, Type III is an impor tant component of 

total sulphi~e in'sample Nos. 10 and 11 where high noble metal values 

OCC\ll'. Thus, the influence of sulphides could be underestimated, 

particularly in No. 10. 

Neither Pt nor Au appear to be accounted for by the contents 

found in sulphides and oxl'des. In the case of Pt rather high solubility 

in silicates' would be required if they (orthopyroxene and plagio clase) 

are to be significant carriers of Pt~ The extremely heterogeneous Pt 

distribution found in the high Pt region of the core argues strongly for 

the presence of dis crete pta tinoid minerals ~ at least in the area. The 

r't 



general observation that Pt correlates somewhat wIth sulphur sugge5ts 

that although sulphides were better hosts for Pt than sllicate5, the Pt 

content of the Merensky magma exceeded that which could be aCCOITl­

modated by sulphides alone and the remainder crystal hzed as dlscr('te 

pIa tinold minerals. A ccording to CousIns (1969) the sulphIde bragpte, 

(Pt, Pd, Ni)S, occurs in Merensky Reef orcs and would be a potential 

ITllneralogical constItuent of the high sulphur region of the Lore (Nos. 

10, 11 and 12) where very hIgh Pt values are fOW1d. 

Like Pt, only a small fraction of the gold is accounted for 

by sulphides and oxides. The average gold content of the core is 455 

ppb (332 ppb excluding No. 10) which is approximately 100 times the 

I to 5 ppb commonly found in basic 19neous rocks (Crocket, 1971). 

There IS little geochemical evidence that silicate structures accept 

gold in the hundreds of ppb range. It is suggested that metallic gold 

is a significant contributor to total whole rock gold. 
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Both Pd and Ir, on the other hand, appear to be much more 

strongly associated with sulphides (much less with oxides). In the case 

of Pd the a sso cia tion appears to be specific to pentlandite. Even so 

only about one-quarter, 01 the Pd can be accounted for by sulphides (and 

oxides). Much the same arguments can be made for the presence of 

much of the Pd as dis crete minerals as were noted for Pt. Al though 
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extreme Pd heterogeneity in peak value region was not tested ve . ,ry 

high dispersion of Pd in different samples from the same one Inch core 

specimen was noted (p. 117). It is inferred from thIS observatIOn that 

even In the case of obvious associatlOn of Pd wIth sulphldes, the Pd IS 

probably not In lattice type sond solutlOn. Rather, it IS llkely that the 

Pd was Incorporated into the sulphIde at, d very hIgh tenlpt'rdturt.' Illagnl.l-

tic stage when the sulphIde was an unnllsClblc llqUld. On cuolwg with 

subsolldus exsolutlOn of pentlandlte fronl a pyrrhotIte hObt, Pd IS 

expelled from the pyrrhotite host along wlth Nl resulting lI1 the Pd 

pentlandIte assoCIatIOn. ThIS may well increase the Pd concentration 

(by redistnbuting It 10 a smaller volume) and leading to its crystal-

hza lion as dIS crete rninerals. A t any rate the sulphIde (pcnUandite) -

Pd associatIon should not be taken as definIte evidence that the Pd is in 

lattice solid solution in sulphide. 

Finally, Ir exhibIts the strongest sulphide-oxide associa-

tion in the sense that nearly 40% of the metal. IS accounted for by these 

accessory constituents. In the half of the core below the chromitite 

seam the sulphide -related Ir accounts for 46% of total Ir. Further-

more, the dispersion of Ir (see Table 14) in these sulphides is consider-

ably less than for the other PGMs. Also the absolute Ir concentration 

is the lowest of the four metals involved. These factors suggest that 



much of the Ir may be present in true lattice solid solutIOn or p('rhaps 

as an extremely unIform dlsper510n of very fine partlcll'~ In d ~ulphlde 

host. 

5.4. ConcluslOns 

To summarIze, the followIng conciuslOns hdve been drawn 

from this study: 

12.3 

1. Pt, Pd and Au arc all hIghly enriched above background In the 

central portion of the core In assoClation wlth strong dev('loprnent of 

hydrous secondary sll1cate and secondary sulphide. From thls aSSoCla­

bon it 1S Inferred that hydrous solutlOns, probably of deuteric magmatle 

origin, have played an Important role In producing the highest coneentra­

hans of PGMs observed. 

2.. Pd and Ir are enriched ill sulphides throughout the core and 

closely related to pentlandite, although more than 75% of the Pd and 

50% of the lr are not accounted for by a sulphide {and oxide} assoeiatlOn. 

In the case of Pd there are good arguments for the occurrence of much 

Pd in pia tinoid minerals. 



3. In general, Pt and Au do not show clear enrichm.ent in 

\ 

separated sulphides and oXides. The heterogeneous chstnbution of Pt 

ln the hlgh concentration area strongly suggests the presence of dis-

crete Pt minerals as a source of much of this metal. Metallic gold 
4. 

is probably a sigmficant contributor to lotal whole rock gold. 
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APPENDIX I 

Anal ytical Procedures fo r the D('termina tlOn of S. Cr. Nl and Cu Con ten ts 
in Whole Rock Samples 

Residue 

Was h 1 i th ho t 
20% v / v HCI 

Filtla te 

250,ml 

Determina tion 
of Cr, Ni and 
Cu by AtomIC 
Absorption 

Mixture of 1 grn of 
sample and 4 gIn of 
Na CO In Pt (.ruClolc 

2 3 I 
Roasting at 500

0
C for 1 hr. 

Sprinkle 0.1 gm ~a 2 O
2 

and I gm Na 2 C0
3 

ovt>r 
the above nlLxture 

FUSIOn at 950°C for 0.5-1 hr. 

Cool to R. T. Transfer quantitatlvdy 
to a 250 ml O('aKer 

Add approx. 50 Tnl H O­
S ml ethyl alcohol an~ 
stirring bar to the 

Stir ovcrOl ght 
Digest at a temp. hot to 
hands. without boilIng melt 

Fllter through Whatrnan No. 40 paper 
into a 400 ml beaker. Wash wlth hot 

1% Na
2

CO} 

Fil tra te. 250 rnl sol ut10n 

~ 
100 Inl 100 ml 

Deternlina 110n 
of Cr by 
AtoInic Absorp­
tion 
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Determination of S 
(gravimetrIC) 

~.~~~----------------------------~---------------



~ 
~ ., 

I 
i 

I 
I 

Determina tion of S 

100 ml solution 

I 
Dil ute to 150 ml wIth HZ 0 

( 

Add a few drops of methyl or,lngc 
Stir and aCldtiy with HCl 
Add I ml m excess 

Boil a few minutes to expel CO 2 

At a boilIng temp. prcCIpitate S 
with 2.0 ml 5~o w / v Baet

2 
stirring 

vigorously 

~reciPitates in the 
supernatant bquid Leave on stearn bath 

overnight 

Add ashless analytical gradc fiI ter 

paper pulp 
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Filter through Wha tman No. 42 paper 

Precipita tes 

Wash with hot H
2

0 until no chlorine IS 
indicated by the addition of AgN03 

Precipitates in silica crucible 

Char and ignite at 900°C for 15 mins. 

Weigh 

-~----------.......----~----------------------~ 


