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ABSTRACT 

In the layered sequence of the Bushveld Complex a number of distinct, but 
possibly genetically related groups of transgressive, postcumulus, ultramafic 
and mafic rock are recognised. The main part of this thesis investigates a 
suite of postcumulus rocks for which the name iron-rich ultramafic pegmatite 
is proposed. The majority of iron-rich ultramafic pegmatite bodies examined 
are from the upper critical zone of the layered sequence at Rustenburg 
Platinum Mines Amandelbult Section, in the northern sector of the western 
Bushveld Complex. Field relationships imply that the iron-rich ultramafic 
pegmatites should be considered as an integral feature of the layered 
sequence, even though they transgress the cumulates. Consequently, this 
thesis also includes a study of the cumulate sequence at Amandelbult. A 
second group of postcumulus, ultramafic rocks which is investigated comprises 
platiniferous ultramafic pipes; the Driekop pipe has been selected as a case­
study. 

This thesis is presented in four sections, namely, an introduction and 
overview, and studies on the Driekop pipe, the cumulate sequence at 
Amandelbult and the iron-rich ultramafic pegmatite suite. A new 
classification scheme of discordant bodies of postcumulus, ultramafic rock in 
the Bushveld Complex is proposed (see also Viljoen & Scoon, in press). In 
the scheme presented here, two main varieties of postcumulus, ultramafic rock 
are recognised, namely, non-platiniferous magnesian dunites and iron-rich 
ultramafic pegmatites. 

The platiniferous ultramafic (or hortonolite dunite) pipes, which include the 
famous mines of Driekop, Mooihoek and Onverwacht, appear to be restricted to 
a small area in the eastern Bushveld Complex. The Driekop pipe is primarily 
composed of a large, annular, sheath-like body of magnesian dunite which 
envelops an irregular and poorly-defined core of rather iron-rich dunite and 
wehrlite. The magnesian dunite is itself enclosed by a thin envelope of 
iron-rich olivine clinopyroxenite. Platinum-group elements were essentially 
restricted to the core, now mined out. Small, satellite bodies of magnesian 
dunite and iron-rich clinopyroxenite pegmatite occur within the cumulate 
wallrocks adjacent to the main pipe. The main pipe is aligned approximately 
at right angles to the undisturbed cumulate layering, although the cumulates 
adjacent to the pipe are downwarped and form a major fold structure. New 
structural evidence and geochemical data presented in this study suggest that 
the Driekop pipe should be considered as a composite feature, in which each 
mineralogical assemblage is treated as a separate entity. Formation of the 
main body of magnesian dunite is ascribed to remobilisation of early-formed 
dunite cumulates. It is difficult to sustain an unequivocally intrusive 
model with the new data; rather, they argue against a metasomatic model. The 
marginal envelope of iron-rich olivine clinopyroxenite is compared with iron­
rich ultramafic pegmatite, which is not associated with magnesian dunite. It 
may have formed either by replacement of the cumulate hosts or by 
crystallization from an iron-rich, fractionated silicate liquid, derived from 
within the cumulate pile. Replacement of pre-existing magnesian dunite, by a 
similar liquid, resulted in formation of the platiniferous core assemblage. 
The platiniferous ultramafic pipes may thus be considered as unique 
combinations of two types of postcumulus, ultramafic rock, that is, non­
platiniferous magnesian dunite and iron-rich ultramafic pegmatite. 
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The cumulate sequence in part of the upper critical zone at Amandelbult, 
between the UG-l chromitite layer and the Bastard Reef, is described and 
defined within a new scheme of sub-division based on cyclic units (see also 
Scoon & de Klerk, in press). In this sequence cumulus olivine is unusually 
abundant, and the rocks include a series of olivine cumulates known as the 
pseudoreefs and the olivine-rich Merensky Reef. Many of these olivine 
cumulates , which occur at the base of cyclic units, host economic 
concentrations of base-metal sulphides and platinum-group elements. The 
distribution of Ni between olivine and silicate liquid is modelled in 
relationship to the formation of cyclic units. Compositional differences 
between olivine from different cyclic units indicate that new influxes of 
magma, each with its own chemical Signature, entered the chamber at the base 
of the UG-2, Lower and Upper Pseudo, and Merensky cyclic units . Modelling of 
the distribution of Ni and Fe between olivine and molten sulphide has been 
completed. Co-existence of Ni-rich olivine and Ni-rich sulphide in the 
Merensky Reef suggests that segregation of an immiscible sulphide phase 
occurred concomitantly with the crystallization of olivine . The formation 
of these cyclic units is related to influxes of new magma. The new magma, 
which is postulated to be denser than the residual magma, enters the chamber 
as a flow along the crystal-liquid interface and initially forms a discrete 
layer at the base of the liquid column. Cyclic units consisting solely of 
ultramafic cumulates are related to fractional crystallization of this new 
magma as a separate entity. Cyclic units consisting of ultramafic cumulates 
which are sharply, and sometimes unconformably, overlain by felsic cumulates 
are attributed to mixing of new and residual magmas. 

Iron-rich ultramafic pegmatite, which is abundantly distributed throughout 
much of the layered sequence, includes silicate-rich and Fe-Ti-(Cr) oxide­
rich varieties. In the upper critical zone the silicate-rich, or typical, 
variety is composed essentially of iron-rich olivine (hortonolite) and 
clinopyroxene (augite) , with subordinate Fe-Ti-(Cr) oxides (ilmenite and an 
unusual Fe-Ti-Cr spinel) and base-metal sulphides (essentially pyrrhotite) 
with accessory amphibole and mica. Other accessory phases include 
plagioclase and orthopyroxene; these, however, are interpreted as relict 
cumulus minerals and are not an integral feature of the pegmatites. 
Moreover, plagioclase is only rarely present in amounts of more than 5 modal 
percent, consequently these rocks are ultramafic in character. They are iron­
rich rocks (with a low Mg/Fe ratio), are normally non-platiniferous, and 
typically exhibit the textural variability, especially in grain size, 
characteristic of pegmatites. Iron-rich ultramafic pegmatite occurs in 
veins, small, irregular, often pod-like or sheet-like bodies or large, pipe­
like features with diameters in excess of 1 km. Field relationships do not 
favour an intrusive origin; however, whether they can be wholly attributed to 
replacement is equivocal. Locally, pegmatite bodies exhibit striking 
evidence of selective "replacement", and they clearly favour felsic cumulates 
at the expense of ultramafic cumulates. 

Iron-rich ultramafic pegmatite is characterised by a unique mineral 
paragenesis and chemistry which is controlled by its height in the layered 
sequence. For example, in the upper critical zone at Amandelbult the 
composition of olivine in pegmatite varies between F049 and F041. In 
comparison, the composition of cumulus olivine in the layered sequer)ce at 
this position varies between F0 82 and F0 76' In pegmatite at Amandelbult, Fe­
Ti-(Cr) oxides rarely represenc more than 20 modal percent, ilmenite may be 
of equal abundance to spinel, and the spinel typically contains over 5 wt. 
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percent CrZ03 The sulphide assemblage is characterised by exceptionally 
high Fe/Ni and Fe/Cu ratios, the presence of troilite and cubanite, and a 
high Co content of the pentlandite. With increasing height in the layered 
sequence iron-rich ultramafic pegmatite becomes even more fractionated, as 
evidenced by a decrease in the Mg/Fe ratio of silicates (ferrohortonolite and 
ferroaugite occur), an increase in the modal percentage of Fe-Ti oxides, a 
decrease in the Cr content of the spinel, and the introduction of apatite as 
an accessory phase. Relict cumulus plagioclase is more calcic than primary, 
cumulus compositions and is usually partially saussuritised. Clearly, the 
pegmatitic liquids were undersaturated in, and in disequilibrium with, 
plagioclase. 

Iron-rich ultramafic pegmatite exhibits, on a regional scale, a close spatial 
relationship with thick layers of cumulus anorthosites. Moreover, iron­
rich ultramafic pegmatite bodies rarely occur above the highest Ti-magnetite 
layer in the upper zone. It is concluded that the putative pegmatitic liquid 
will only commence to form in the cumulate pile after mcttled anorthosites 
occur, and they will cease to form after the residual liquid line of descent 
reaches an absolute enrichement in total iron. If a relatively sodic 
plagioclase were an integral component of the iron-rich ultramafic pegmatite 
suite, these rocks would, mineralogical ly and compositionally, be comparable 
with cumulates in the upper zone of the layered sequence (pegmatite from the 
upper critical zone would be comparable with cumulates in UZb). If this were 
the case then the formation of iron - rich ultramafic pegmatite could be 
attributed to intercumulus liquids, as described by Irvine's model of 
infiltration metasomatism (Irvine, 1980). HO\vever, the data in this study 
necessitate a hypothesis in which the putative pegmatitic liquids are 
plagioclase-undersaturated. 

For this reason, a hypothesis is discussed in which the pegmatitic liquids 
are related to iron-rich, plagioclase-undersaturated, intercumulus and/or 
residual liquids derived during crystallization of thick layers of mottled 
anorthosite. Removal of these liquids, essentially by filter-pressing and 
annealing, and subsequent migration through the unconsolidated cumulate pile, 
results in the formation, essentially pene-contemporaneously with their host 
cumulates, of discordant pegmatite bodies. It has not been unequivocally 
established whether the pegmatites form by a process of magmatic replacement 
or by crystallization from a silicate liquid. However, these data do 
support an origin for the pegmatites from a silicate liquid which is at 
magmatic temperatures, and it is concluded that they are not the result of 
metasomatism related to aqueous fluid or vapour. Finally, formation of iron­
rich ultramafic pegmatite may be considered as an ongoing, dynamic series of 
events that are an integral part of the crystallization of a cumulate pile. 
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SECTION A : INTROOUCTION AND OVERVIEW 

CHAPTER 1 I NTRODUCTI ON 

The Bushveld Complex underlies an area of approximately 65 000 km2 and 
has been described by Willemse (1969a) as the "largest repository of magmatic 
ore deposits in the world". The ultramafic-mafic rocks in the layered 
sequence (or Rustenburg Layered Suite) of the complex host the world's 
predominant reserves of platinum, chromium and vanadium. Copper and nickel 
sulphides, together with the minor platinum-group elements (palladium, 
iridium, osmium, rhodium and ruthenium) and gold are produced as by-products 
from the platinum ores. The persistence and regularity of the layering is 
such that the layered sequence may be described using stratigraphic 
principles. The terminology of layered intrusions was originally formulated 
on the concept that the layering resulted from gravitational accumulation of 
minerals (Wager, Brown & Wadsworth, 1960). In modern usage this "cumulate" 
terminology is used without genetic implications (Irvine, 1982). 

A distinctive feature of some large layered complexes is the presence of 
discordant bodies of ultramafic-mafic rock which transgress the layered 
cumulates. These rocks, which post-date the formation of the layering, are 
usually considered to have formed from postcumulus processes operating within 
the magma chamber. They may be described as postcumulus rocks. 

In the layered sequence of the Bushveld Complex a number of distinct, 
but possibly genetically related groups of transgressive, postcumulus 
ultramafic and mafic rock are recognized (see Chapter 2). The main part of 
this thesis investigates a suite of postcumulus rocks for which the name 
iron-rich ultramafic pegmatite is proposed. These rocks, which are 
abundantly distributed through much of the layered sequence, include 
silicate-rich and Fe-Ti oxide-rich varieties. The former have been described 
as magnetite-bearing pegmatites (Cameron & Desborough, 1964) or ultramafic 
pegmatoids (Willemse, 1969a), and the latter are usually referred to as 
magnetite plugs (inter alia Willemse, 1969a,b). The silicate-rich varieties 
are composed essentially of iron-rich olivine (usually hortonolite) and 
clinopyroxene 
sulphide. They 
Mg/Fe ratio), 

with subordinate ilmenite, Ti-magnetite and base-metal 
are iron-rich rocks (with high bulk FeO + FeZ03 and a low 

are normally non-platiniferous, and typically exhibit the 
textural variabilty, especially in grain size, characteristic of pegmatites. 
They occur in veins, small, irregular, often pod-like or sheet-like bodies 
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and large pipe-like features with diameters of over a kilometre. 
The majority of iron-rich ultramafic pegmatite bodies examined in this 

study are from the upper critical zone of the layered sequence at Rustenberg 
Platinum Mines Amandelbult Section, in the northern sector of the western 
Bushveld Complex (fig. 1.1). Field relationships imply that the iron-rich 
ultramafic pegmatite suite should be considered as an integral feature of the 
layered sequence, 
this thesi s also 
Amandelbult. 

even though they transgress the cumulates. 
includes a brief study of the cumulate 

Consequently, 
sequence at 

A second group of postcumulus, ultramafic rocks; which is investigated in 
this study is described as platiniferous ultramafic pipes. These bodies, 
which were first described by Wagner (1929) as hortonolite dunite pipes, 
include the famous orebodies of Driekop, Mooihoek and Onverwacht. The 
Driekop pipe has been selected as a case-study (fig. 1.1). 

1.1 THE BUSHVELD COMPLEX - AN OVERVIEW 

A detailed review of all the literature available on the Bushveld 
Complex would present a daunting task . The most comprehensive account of the 
complex is still that by Hall (1932). Detailed articles and reviews by Wager 
and Brown (1968), Willemse (1969), Hunter and Hamilton (1978), Von 
Gruenewaldt (1979) and Tankard et al.(1982) are recommended to the reader. 
Comprehensive bibliographies have been published by the Bushveld Research 
Institute, University of Pretoria. 

The Bushveld Complex is dated at approximately 2000 Ma. An upper age 
limit for the earliest (Cc\\s in the Bushveld LDivlplel\) the Rooiberg Group 
felsites, is 2263 ± 85 Ma. The younger Bushveld granites are dated at 1920 ± 

40 Ma (Nebo) and 1670 ± 70 Ma (Makhutso; Tankard et al., 1982). The layered 
sequence has been dated by strontium isotope techniques at 2095 ± 24 Ma 
(Hamilton, 1977). The layered sequence is intruded into sediments of the 
Transvaal Supergroup. The overall shape and extent of the layered sequence 

still not fully known, although the consensus of opinion is that it forms 
a number of separate intrusive bodies. Tankard et al. (1982) subdivide the 
complex into four lobes: western, eastern , southeastern and northern. In 
this study the western lobe is conveniently divided into the southern (or 
Rustenberg), northern (comprising R.P.M. Amandelbult and Union Sections) and 
far-western (area west of the Pilanesberg) sectors. The eastern lobe has 
been subdivided after the work of Cameron (see Cameron, 1982). The northern 
and southeastern lobes have not been investigated in this study. The layered 
sequence within the western and eastern lobes of the complex, although they 
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have many features ·in common, should be treated as quite separate intrusive 
bodies until evidence to the contrary is adduced. A generalised geologic map 
of the complex is presented in Figure 1.1. 

The layered sequence of the Bushveld Complex is generally divided into 
five main units or zones: marginal, lower, critical, main and upper. This 
informal terminology, developed by Hall (1932) and subsequently modified by 
numerous workers is widely accepted and is preferred to the approach 
recommended by the South African Council for Stratigraphy, or SACS (1980). 
There is no common agreement as to the exact divisions between these zones, 
and these will only be discussed where relevant. A schematic stratigraphical 
column of the layered complex is presented in Figure 1.2. 

The critical zone may be subdivided into a lower and upper unit and it 
is useful to refer to these as the lower critical and upper critical zones. 
The lower critical zone may be grouped with the lower zone as comprising a 
sequence of ultramafic (olivine-orthopyroxene-chromite) cumulates, which 
contain only intercumulus plagioclase. The base of the upper critical zone 
marks the introduction of plagioclase as a major cumulus phase in the layered 
complex, an important event ·in the evolution of the Bushveld magma chamber. 
The upper critical zone comprises a sequence of orthopyroxene-plagioclase 
cumulates and has many features in common with the main zone. Towards the 
top of the upper critical zone a minor reversal occurs and olivine and 
chromite are major cumulus phases in the sequence from the UG-1 chromitite 
layer to the Bastard Reef in the northern sector of the western Bushveld 
Complex. This limited stratigraphic interval comprises the major 
platiniferous cumulate orebodies, the UG-2 and Merensky Reefs, and, 
consequently, is well exposed in underground workings. 

1.2 POSTCUMULUS PROCESSES AND SOME DEFINITIONS 

A cumulate may be described as an igneous rock characterised by a 
cumulus framework of touching minerals that were evidently formed and 
concentrated primarily through fractional crystallization (Irvine, 1982) . 
The fractionated crystals (which may result from crystal settl ing, bottom 
crystallization or other processes) are referred to as cumulus or primocryst 
grains. They are generally cemented together by a texturally later 
generation of postcumulus material that appears to have crystallized from 
intercumulus liquid in the interstices or pores of the cumulus framework 
(Irvine, 1982). The formation of the cumulus crystals is referred to as the 
primary or cumulus crystallization stage. Irvine refers to the processes 
involved in solidification of the intercumulus liquid as postcumulus 
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processes. Jackson (1967) observes that postcumulus material in a cumulate 
may occur in three principal habits, as intercumulus-space filling, as 
overgrowths on cumulus minerals, and as reaction replacement of cumulus 
minerals. These features are related to intercumulus liquid which has been 
trapped within the cumulus framework, or has possibly migrated over short 
distances. A major problem in petrogenetic studies of cumulates is that 
their chemistry does not reflect the composition of the primary magma. The 
recognition of almost pure adcumulates and orthocumulates (which may comprise 
over 50 percent of trapped postcumulus material) is evidence that the 
movement of intercumulus liquid within a consolidating cunulate pile is an 
irregular process. 

In this study it is useful to be able to reserve the term postcumulus 
for processes that operated after formation of a cumulate (i.e. after 
crystallization of both the cumulus and trapped intercumulus material). Thus 
non-cumulus material trapped within the cumulus framework is referred to as 
intercumulus material. Postcumulus processes then refer to events which 
result in the formation of minerals or rocks after the layered cumulates 
have developed. These may cover a considerable time span as obviously the 

·formation of a large layered complex involves a dynamic series of on-going 
events. One of these is the large-scale movement of intercumulus liquid. 
This may result in the formation of postcumulus rocks by replacement of pre­
existing cumulates. Alternatively, it is feasible to suggest that minerals 
may crystallize directly from this intercumulus, or postcumulus liquid. It 
may be surmised that postcumulus processes play an important role in a 
crystallizing cumulate pile. 

1.3 MOTIVATION OF THIS STUDY 

This study is the result of a joint research programme between Rhodes 
University and Johannesburg Consolidated Investment Company Limited (J.C.I.). 
Funding has been jointly supplied by J.C.I. and the South African C.S.I.R. 
In addition, full logistic support (transport, board and lodging, access to 
mines etc.) was supplied by Rustenburg Platinum Mines Limited (R.P.M . ) during 
various field sessions, which totalled some 9 months. A preliminary 
programme was scheduled by Dr. M.J. Viljeon, Consulting Geologist (Platinum), 
J.C.I., in June 1981. This was directed primarily at investigating the 
transgressive bodies of iron-rich ultramafic pegmatite at R.P.M. Amandelbult 
Section. Because these bodies are unusually abundant at Amandelbult they have 
some detrimental effects on mining of the .Merensky Reef, and large, pipe-like 
bodies may result in considerable loss of ore reserves. 
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Field work included mapping (mostly of mine workings), sample collection 
and logging and sampling borehole core. The results of a detailed ground­
based geomagnetic survey over the Amandelbult area , completed by J.C.I. in 
1978, were made available to the author. This was the main guide to these 
bodies on surface, as outcrop in the western Bushveld Complex is poor. This 
was then followed by petrological and geochemical studies at Rhodes 
University (1982-84). 

1.4 THESIS LAYOUT 

During the course of these studies the preliminary programme described 
above was broadened, consequently this thesis has been subdivided into four 
sections, as follows :-

SECTION A : OVERVIEW AND INTRODUCTION An overview and new classification of 
transgressive bodies of ultramafic-mafic rock in the layered sequence of the 
Bushve I d Camp I ex (Chapters 1, 2). 

SECTION B : THE DRIEKOP PIPE The results of a comprehensive study of the 
Driekop platiniferous ultramafic pipe (Chapters 3,4). 

SECTION C : THE CUMULATE SEQUENCE IN THE UPPER CRITICAL ZONE, AMANDELBULT 
Description of the cumulate sequence and cyclic units in the interval between 
the UG-1 chromitite layer and the Bastard Reef at Amandelbult, together with 
new mineralogical and whole-rock chemical data (Chapters 5,6). 

SECTION D : IRON-RICH ULTRAMAFIC PEGMATITE This is the main part of this 
study, comprising sections on field relationships, petrography, mineralogy 
(of silicate, oxide and sulphide phases) , whole-rock chemistry, formation, 
and summary/conclusions (Chapters 7 - 14). 
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CHAPTER 2 

THE DISTRIBUTION AND MAIN GEOLOGICAL FEATURES OF DISCORDANT BODIES 

OF MAGNESIAN DUNITE AND IRON-RICH ULTRAMAFIC PEGMATITE 

Discordant bodies of postcumulus, ultramafic rock in the layered' seq­
uence of the Bushveld Complex are categorised into a number of groups. Three 
of these , namely non-platiniferous magnesian dunites, the platiniferous 
ultramafic pipes, and the main suite of iron-rich ultramafic pegmatite, are 
then discussed in detail. This includes a comprehensive literature review. 
The distribution of some of these bodies is documented and the major 
occurrences are depicted on a series of 
based on a jOint publication with Dr. 
press) . 

regional maps. This chapter is partly 
M.J. Vilj oen (Viljoen & Seaon, in 

2.1 INTRODUCTION 

Discordant bodies of postcumulus rock that transgress the layered 
cumulates are a characteristic feature of many large layered intrusions (see 
also Chapter 13) . Within the Bushveld Complex a number of distinct, but 
possibly genetically related groups of transgressive, postcumulus ultramafic 
rock are recognized. Discordant bodies of ultramafic rock were first 
described from the Bushveld Complex by Wagner (1925, 1929). 

Wagner recognized that "hortonolite dunite" may occur in two distinct 
associations. In the first of these it forms a core, which is invari ably 
platiniferous, enclosed within a large, pipe-like body composed essentially 
of magnesian dunite. Similar composite pipes occur in which the 
p latin i ferous core is characteri sed by 01 i v ine more magnes i an than 
hortonolite. For this reason, and because of their compos ite character, 
these discordant bodies of ultramafic rock are described as platiniferous 
ultramafic pipes. Although restricted to only four occurrences they include 
the famous mines of Driekop, Mooihoek and Onverwacht, which were once the 
major source of platinum in the Transvaa l . 

In the second association recognized by Wagner, hortonolite dunite is 
intimately associated with pegmatitic wehrlites and clinopyroxenites, in 
which Ti-magnetite and ilmenite are major constitutents. In this 
association, in which magnesian dunite does not occur, the hortonolite dunite 
is normally non-platiniferous. Wagner recognized over sixty separate 
occurrences of hortonolite dunite in the Bushveld Complex, of which the 
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majority were non-platiniferous. These are categorised in this study with 
the main suite of iron-rich ultramafic pegmatite. 

It is suggested that these two classes of transgressive, ultramafic 
rock, namely platiniferous ultramafic pipes and iron-rich ultramafic 
pegmatite, should be considered as entirely separate phenomena until 
convincing evidence is presented to argue otherwise. It is important to 
emphasize that the dominant lithology in the platiniferous ultramafic pipes 
is magnesian dunite, which is usually more primitive than its host cumulates. 
In contrast, iron-rich ultramafic pegmatite is always more fractionated than 
its cumulate host. 

Another important group of transgressive ultramafic rock is also 
described in this chapter. These rocks, for which the name non­
platiniferous magnesian dunite is selected, are poorly understood and need to 
be studied further. Although by no means as abundant as iron-rich 
ultramafic pegmatite they appear to be widely distributed in the lower and 
lower critical zones of the Bushveld Complex. 

With the recent expansion of mining activity, coupled with the results 
of detailed ground and helicopter-borne magnetic surveys, it has become 
evident that discordant bodies of iron-rich ultramafic pegmatite are widely 
distributed through parts of the Bushveld Complex . They are particularly 
abundant in the upper critical and main zones. In this chapter some new 
information from field and underground mapping, together with detailed 
magnetic data is collated with an overview of the available literature. 
The majority of occurrences described here have been re-examined by the 
author and categorised within the new nomenclature scheme. 

Not all of the occurrences documented within the literature can be 
categorised within the classifications proposed in this study and it is 
likely that new subdivisions will be required as these enigmatic rocks 
become better known. In addition to the platiniferous ultramafic pipes, 
other commercially significant discordant pipe-like bodies in the Bushveld 
Complex include the nickel-rich Vlakfontein bodies and vanadium-rich 
magnetite plugs such as the Kennedy's Vale occurrence. None of these pipe­
like orebodies is presently being mined and paradoxically many of the 
discordant bodies of ultramafic rock have a detrimental effect on modern 
mining activities. The iron-rich ultramafic pegmatite suite, except in 
specific situations, e.g., where they replace a cumulate orebody such as the 
Merensky Reef, is unlikely to contain exploitable res"erves of precious or 
base-metals. 
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2.2 NOMENCLATURE 

The name "iron-rich ultramafic pegmatite" has been selected to describe 
discordant bodies of postcumulus rock, composed essentially of iron-rich 
olivine (essentially hortonolite), clinopyroxene, ilmenite and Ti-magnetite, 
with accessory base-metal sulphide (predominantly pyrrhotite), which occur in 
the layered sequence of the Bushveld Complex. These rocks are always more 
fractionated than their host cumulates. Compositionally they are unusual 
and similar layered cumulates are not known in the Bushveld Complex. 
Further, as far as the author is aware, primary silicate liquids of a 
suitable composition have never been reported in the literature. 
Characteristic features include the iron-rich nature of the major silicates 
and the abundance of Fe-Ti oxides and iron-rich. sulphides. Chromite is not 
normally observed although hybrid Cr-Ti-magnetite spinel may occur. The 
nature of the pyroxene (orthopyroxene occurs only as an accessory 
constituent) and the paucity of felsic phases are further distinguishing 
features. Included in the iron-rich ultramafic pegmatite suite are the 
magnetite-bearing pegmatites described by Cameron and Desborough (1964) and 
the diallagite and magnetite pegmatoids of Willemse (1969a). The name 
"pegmatoid" was introduced by Willemse, but as Irvine (1982) points out, this 
is really superfluous. It is suggested that pegmatoid, because it is so 
entrenched in Bushveld literature, should be restricted to use as a textural 
prefix for suitable cumulate rocks. This enables texturally pegmatitic 
cumulates (e.g., the Merensky Reef at Amandelbult) to be distinguished from 
postcumulus, transgressive, iron-rich ultramafic pegmatite. 

The iron-rich ultramafic pegmatites are readily incorporated into Jahns 
(1955) definition of "pegmatite" as specifying "holocrystalline rocks that 
are at least in part very coarse-grained, whose major constitutents include 
minerals typically found in ordinary igneous rocks, and in which extreme 
textural variations especially in grain size are characteristic". Jahns' 
suggested that pegmatites could be further classified using accepted plutonic 
rock nomenclature without invoking any genetic constraints. Within the 
generic suite of iron-rich ultramafic pegmatite specific members such as 
dunite, wehrlite, Fe-Ti oxide-wehrlite etc., can be distinguished. It is 
important to realise that a distinction is made between a magnesian dunite, 
or dunite sensu stricto, and an iron-rich ultramafic pegmatite which itself 
may be dunitic. The iron-rich ultramafic pegmatite suite comprises a group 
of highly fractionated rocks which obey the genetic constraints implied by 
use of the name "pegmatite" . 
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2.3 CLASSIFICATION 

Various authors, incl uding Wagner (1929), S6hnge (1963), and Willemse 
(1969a ) have reviewed the different types of transgressive, postcumulus 
ultramafic rock that occur in the layered sequence of the Bushveld Complex. 
The following classification is proposed here 

GROUP 1 NON-PLATINIFEROUS MAGNESIAN DUNITE : this group is described here 
for completeness although they do not form a major part of this 
study. 

GROUP 2 PLATINIFEROUS ULTRAMAFIC PIPES : these are composite bodies which 
may be interpreted as a combination of groups 1 and 3. 

GROUP 3 IRON-RICH ULTRAMAFIC PEGMATITE : two subgroups are recognized-
3.1 silicate-rich (typical) variety in which Fe-Ti oxides are 

subordinate to olivine and clinopyroxene; and 
3.2 Fe-Ti oxide pegmatite. 

GROUP 4 Other bodies not described in this thes is include 
4.1 Vlakfontein nickel pipes 
4.2 Orthopyroxenite pegmatite 
4.3 Anorthositic pegmatite 
4.4 Vermiculite pegmatite; and 
4.5 Amphibolite or shonkinite bodies. 

The Vlakfontein nickel pipes, which are restricted to a small area of the 
western Bushveld Complex, are composed essentially of orthopyroxenite and 
massive sulphide (Wagner, 1929; Schwellnus, 1935; Sohnge, 1963; Liebenberg, 
1970; Vermaak, 1976a). Orthopyroxeni te pegmati te, wh ich may loca ll'y be fe ld­
spathic, occurs in the critical zone rocks exposed in some of the platinum 
mines of the western Bushveld Complex. A provisional examination suggests 
that these represent reconstituted cumulates and are unrelated to the iron­
rich ultramafic pegmatite suite (see also Bristow & Wilson, 1983). Anorthos­
itic bodies, composed almost essentially of calcium-rich plagioclase (which 
may suggest a relationship with the iron-rich ultramafic pegmatite suite) 
and pipe-like bodies of vermiculite occur in the upper zone of the eastern 
Bushveld Complex (Willemse, 1969a; Von Guenewaldt, 1973). In the eastern 
Bushveld Complex, on the farm Tweefontein, Ferguson and McCarthy (1970) 
describe an "ultramafic pegmatoid" which is composed of an assortment of 
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rounded inclusions, of which feldspathic amphibolite is the most abundant, 
in an ultramafic matrix. This body clearly displays an origin by violent 
emplacement and does not fall within the classification of iron-rich 
ultramafic pegmatite presented here. It may possibly be similar to pipe-like 
bodies of shonkinite, inferred to be of Pilanesberg age, described from the 
farm Grootkuil in the northern sector of the western Bushveld Complex 
(Janello, 1967). 

2.4 GROUP 1 : NON-PLATINIFEROUS MAGNESIAN DUNITE 

This group of discordant ultramafic rocks, although entirely separate 
from the main class of iron-rich ultramafic pegmatite, is described here for 
completeness. They are composed essentially of magnesian dunite which is 
texturally and mineralogically comparable with typical cumulate dunites from 
the Bushveld Complex. Distinguishing features are the composition of the 
olivine (a magnesian variety) and the presence of accessory chromite. 
Schwellnus et al. (1962) describe a number of these bodies from the farms 
Clapham and Klipfontein in the northern sector of the eastern Bushveld 
Complex (fig. 2.1) where they occur as discordant, pipe-like features which 
clearly cut cumulate bronzitite and chromitite of the lower and lower 
critical zones. Olivine may occur in the cumulates adjacent to · the 
transgressive dunite. Schwellnus et al. (1962) interpreted these bodies as 
intrusive, and concluded that they formed from a much earlier magmatic event 
than that which resulted in the iron-rich ultramafic pegmatites which are 
found in the same area, but much higher in the succession. Field 
relationships examined by the author support this hypothesis as the adjacent 
layered cumulates may be severely buckled and fractured. Similar dunitic 
bodies are described from the lower and lower critical zones of the western 
Bushveld Complex by Coertze (1962, 1974). They are particularly abundant in 
an area west of the Pilanesberg where they are apparently concentrated in an 
elongated belt adjacent to the Rustenburg Fault. 

These discordant bodies of magnesian dunite are apparently restricted 
to the lower and lower critical zones of the Bushveld Complex. From a brief 
examination it is tentatively suggested that they are intrusive, not 
metasomatic features, resulting from remobilization and tectonism of pre­
existing cumulate dunites. Similar transgressive bodies of magnesian dunite 
occur in the ultramafic series of the Stillwater Complex (see Chapter 13). 

To the north of the Steelpoort valley in the eastern Bushveld Complex, 
on the farm Maandagshoek, a number of large, pipe-like, bodies transgress 
the critical zone cumulates (figs. 2.1, 3.1). These bodies, which have been 
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described by Ga in ( 1980), may have a core composed of 0 I i vine and 
orthopyroxene with accessory chromite, and a peripheral zone of wehrlite. 
Only three large bodies crop out, but Gain recognized a number of other 
occurrences from a detailed magnetic survey. He observed that these bodies 
are aligned along major NE-SW lineaments. Information from borehole cores 
showed that the cumulate sequence adjacent to some of these pipes is 
downwarped and attenuated, forming collapse structures simi lar to that · 
around the Driekop platiniferous pipe (see Chapter 3). Both the olivine and 
orthopyroxene in these bodies are magnesian varieties which, together with 
the presence of chromite, suggests that they may be categorised as non­
platiniferous magnesian dunite. They do not fall within my classification 
of iron-rich ultramafic pegmatite. The possibility that they may contain 
cores of platiniferous iron-rich dunite or wehrlite cannot be discarded. 

2.5 GROUP 2 THE PLATINIFEROUS ULTRAMAFIC PIPES 

2.5.1 INTRODUCTION 

The platiniferous ultramafic pipes comprise only four main occurrences. 
These include the once famous mines on the farms Driekop, Mooihoek and 
Onverwacht and 
appear to be 
Complex (figs. 
a I igned rough ly 

a subeconomic body which occurs on the farm Twyfelaar. They 
unique to a 20 km linear belt within the eastern Bushveld 
2.1, 3.1). They are composite, pipe-like bodies which are 
at right angles to the cumulate layering. The pipes consist 

of large, downward tapering, annular bodies of magnesian dunite which 
enclose a core zone composed of coarse-grained or pegmatitic iron-rich 
dunite and wehrlite. An outer shell of pegmatitic iron-rich wehrlite or 
clinopyroxenite may occur (fig. 2.2). Platinum-group elements (PGE) and 
base-metal sulphides are essentially restricted to the core zone which 
represents only a small proportion of the overall pipe. Olivine from the 
platiniferous cores and pegmatitic outer shells is more iron-rich than that 
in the main body of magnesian dunite. The platiniferous ultramafic pipes cut 
both the lower and upper critical zone cumulates. A distinctive feature of 
the Driekop pipe is that the layered cumulates around the pipe are 
downwarped and form a major collapse structure (Mossom, 1977). 

2.5.2 LITERATURE REVIEW 

The most detailed description of these bodies is that by Wagner 
1929) with subsequent contributions by Bateman (1951), Lombaard 

( 1925 , 
(1956) , 



Heck roodt (1 959 ) , Siihnge (1963), 
(1971), Tarkian and Stumpf! 
Schiffries (1982) and Stumpfl and 

PETROLOGY 

Cameron and Desborough (1964), 
(1975 ) , Cab ri (1981), Peyerl 
Rucklidge (1982). 
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McTaggart 
( 1982) , 

Wagner (1929) classified dunitic platinum deposits in general into two 
groups (1) Iron-rich dunites (Bushveld type) in which platinum-group 
elements (PGE) are associated with either hortonolite or hyalosiderite 
dunites or wehrlites; and (2) Iron-poor dunites (Ural ian type) in which PGE 
are associated with chrysolite or forsterite dunite. In the Bushveld Complex 
economic concentrations of PGE are not kn own from cumulate dunites, and are 
apparently restricted to the discordant pipe-like bodies described here. In 
the pipes PGE are essentially restricted to the iron-rich rocks (dunites, 
wehrlites, or pegmatites) which occur as cores within a main body of 
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magnesian dunite . 
The platiniferous ultramafic pipes are 
composed of up to three , concentric, 
petro log ica Ily distinct uni ts, as 
described above (see fig. 2.2) . The 
mai n assemblage in each pipe is a 
magnesian dunite; this is essentia lly 
similar to cumulus magnes ian dunites 
from the layered sequence. The core 
zone in each pipe is, however, 
different. The 
pipe consists 

core of the Mooihoek 
of platiniferous 

hortonolite dunite and wehrlite, with 
segregations of massive Ti-magnetite 
and ilmenite. Hornblende and 
phlogopite are also present in this 
core. At Driekop, hornblende, 
phlogopite and magnetite are found 
only as accessory constituents in the 
hyalosiderite dunite and wehrlite. 

fiGURE 2.2 Schematic sec t i on through the Mooihoek pipe The core of the Onverwacht pipe is 
(after Wagner. 1929 ) . 

wehrlite (Wagner, 1929; Lombaard, 
composed of hyalosiderite dunite and 

1956; Cameron & Desborough, 1964). 
The core of the Mooihoek pipe was apparently sharply defined (Wagner, 

1929) . In contrast the Driekop orebody (now mostly mined out) occurred as a 
poorly defined core in which platiniferous hyalosiderite dunite and wehrlite 
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were found as small, irregular bodies and lenses within the main body of 
magnesian dunite. A plan of the 150-foot level at the Driekop mine, (fig. 
2.31) shows fourteen discrete are shoots within the core area, whereas a 
composite grade plan of the Mooihoek orebody, (fig. 2 .3~) illustrates that 
this was a single unit, confined roughly within the contact between the 
iron-rich core and the magnesian dunite. 

At both the Driekop and Mooihoek pipes, which are emplaced within 
plagioclase-rich cumulates of the upper critical lone, an outer shell of 
pegmatitic wehrlite and diallagite encloses the magnesian dunite. It is 
absent at the Onverwacht pipe which, unlike the other pipes, transgresses 
pyroxenites and chromitites of the lower critical lone. 

A 
-~-

JU~~"C~ __ 

1O"ltVu.. _ . _ _ _ ,., . -. uo' . B -. UII' • 

/ 

• 

FIGURE 1.3 

Pay zones In the Mooihoek and Oriekop pipes (after Wagner, 1929). Composite plan of pay contours from 
surface to the 300 foot leve 1 ill us trate tha t the orebody in the Moo I hoek pipe (a) formed a cont inuous , 

cylindrical core, whereas a plan of the 160 foot level indicates that the orebody at Oriekop (b) 

comprised a number of separate ore shoots within a central core-area, 
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Pegmatitic veins cut the magnesian dunite in all three pipes, usually 
adjacent to and parallel with the cores. At the Mooihoek pipe a conjugate 
set, which Wagner (1929) interpreted as occupying shrinkage cracks within 
the magnesian dunite, is composed of pegmatitic hortonolite, diallage, 
hornblende, phlogopite, magnetite and ilmenite. Only those veins that 
carried hortonolite were platiniferous. At the Dreikop mine platiniferous 
veins of hyalosiderite-diallage pegmatite were found in both the magnesian 
dunite and the adjacent cumulate wallrocks. A range of pyroxenitic 
pegmatite bodies occurs in the cumulate wallrocks adjacent to the Driekop 
pipe (Schiffries, 1982). 

STRUCTURE 
The platiniferous ultramafic pipes form strongly discordant features 

which clearly cut the layered cumulates. The Driekop and Mooihoek pipes are 
presently exposed in the upper critical zone, whereas the Onverwacht pipe is 
exposed in the lower critical zone. They form pipe-like bodies which are 
orientated roughly at right angles to the layering in the cumulate sequence. 
It may be inferred that they were emplaced when the layering was 
subhorizontal. The vertical extent of the pipes is not known. The orebodies 
at the Mooihoek and Onverwacht mines were reported as pinching out in depth. 
Wagner describes the core of the Onverwacht pipe as dividing into three 
small "roots" below the 350-foot level, of which two are represented by 
irregular, discontinuous bodies below the 450-foot level. The Driekop 
orebody, which was stoped down to a depth of approximately 180 m, showed no 
signs of pinching. 

Wagner (1929) reported the presence of large, disorientated slabs of 
chromitite within the Onverwacht pipe, which he interpreted as xenoliths. 
He suggested that they occur at approximately the same elevation as would 
be expected if the adjacent LG-6 chromitite layer was undisturbed (fig. 
2.4A). By contrast, Cameron and Desborough (1964) interpreted them as 
partially replaced relicts (fig. 2.4B). 

Mossom (1977) and Schiffries (1982) report that the cumulate wallrocks 
adjacent to the Driekop pipe form a major downwarped structure. 

PLATINUM-GROUP ELEMENT MINERALOGY 
The PGE mineralogy of the pipes differs greatly from that of cumulate 

orebodies, such as the Merensky and UG-2 Reefs. For example, in the pipes 
there are no PGE-Bi-tellurides and PGE-sulphides are rare (Cabri, 1981). A 
definitive study of the platinum-group minerals (PGM) in the Driekop orebody 
by Tarkian and Stumpfl (1975) indicates that over 50 percent of these are Pt-
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Fe alloys, with sperrylite (PtAs2) and geversite (PtSb2) accounting for 30 
percent and ho II i ngworth i te (RhAsS) and ira rs i te (I rAsS) compr is i ng 15 
percent. They al so describe several new PGM. Other ore minerals associated 
with these PGM are chalcopyrite, pyrrhotite, pentlandite, valleriite, native 
copper and gold. Cabri and Hall (1972) described two new minerals, 
mooihoekite (Cu 9Fe9S16 ) and haycockite (Cu4Fe5S8) from Mooihoek. According 
to Peyerl (1982) the Driekop pipe has had a marked effect on the composition 
of the platinum-group phases in the adjacent UG-2 chromitite layer. Peyerl 
evaluated 1327 discrete precious-metal grains, which showed a progressive 
change from Pt-Fe alloys and PGE arsenides and antimonides adjacent to the 
pipe to a mineralogical assemblage similar to a "typical" Merensky/UG-2 Reef­
type further away. 

GENESIS 
Wagner (1929) interpreted these pipes as intrusive features. He 

concluded that the platiniferous, iron-rich dunite, wehrlite and pegmatite 
in the cores of these pipes resulted from crystallization of a silicate melt 
that was introduced after intrusion and cooling of the magnesian dunite. He 
attributed the anomalous concentrations of PGE to a combination of primary 
magma content and to leaching from the layered cumulates that the pipes 
transgressed. By constrast, Cameron and Desborough (1964) suggest that the 
Onverwacht pipe resulted from in situ metasomatic replacement of the layered 
bronzitites. Field relat ion ships (compare figs. 2.4A & B) are equivocal. The 
Driekop pipe has been investigated by several workers most of whom support 
an origin by in situ replacement. Schiffries (1982) attributes the format­
ion of the dunite to reactions between low-temperature chloride solutions, 
that were channelled by a structural weakness in the axis of the pipe, and 
the noritic host rocks. The most important reactions were desilication of 
orthopyroxene to form olivine and dissolution of plagioclase. Cation 
exchange of Fe2+ for Mg2+ in the presence of chloride complexes resulted in 
the formation of an iron-rich olivine in the core of the pipe. Irvine 
(1982) describes the Onverwacht pipe as a "classic example of infiltration 
metasomatism" (see Chapter 13). 

Al though the rep I acement a rgument has been favoured by most rece"nt 
authors this is by no means universally accepted. The recognition of a major 
collapse structure in the layered rocks adjacent to the Driekop pipe during 
recent mining activities presents a major problem to metasomatic models. 
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2.6 GROUP 3.1 IRON-RICH ULTRAMAFIC PEGMATITE 

2.6.1 REGIONAL DISTRIBUTION 

Bodies of iron-rich ultramafic pegmatite are abundant in the upper 
critical and main zones, but are rare in the lower and lower critical 
zones. This stratigraphic control can be related to the presence of 
plagioc lase as a major cumulus phase and the subsequent widespread formation 
of anorthositic layers in the cumulate pile. The distribution of these 
bodies, particularly the large pipe-like occurrences, is also controlled by 
structural features and they characteristically occur in disturbed areas 
marked by extensive faulting and post-Bushveld dykes. There appears to be a 
distinct relationship between the mineralogy of these bodies and their 
stratigraphic position. Pegmatites in the critical zone are essentially the 
silicate-rich variety and Fe-Ti oxide pegmatite is rarely observed below 
the main zone. In the upper zone Fe-Ti oxide pegmatite is the dominant 
variety. In the main zone and the lower parts of the upper zone composite 
silicate-rich and Fe-Ti oxide pegmatites are often observed. Both the 
silicate-rich and Fe-Ti oxide pegmatites exhibit cryptic mineralogical 
trends and it is evident that the iron-rich ultramafic pegmatites become 
increasingly fractionated with stratigraphic height. The major occurrences 
of silicate-rich pegmatite are documented below; the Fe-Ti oxide pegmatite 
bodies are described separately. 

2.6.2 EASTERN BUSHVELD COMPLEX 

Iron-rich 
areas adjacent 

ultramafic pegmatite bodies are particularly 
to the Steelpoort valley, but are apparently 

abundant in 
rare in the 

extreme northern and southern sectors of the eastern Bushveld Complex. In 
the vicinity of the Dwarsriver and Steelpoort faults a number of bodies 
occur on the farms De Goede Verwachting, Grootboom, Annex Grootboom, and 
along the Dwarsriver fragment . Another cluster occurs further south on the 
farms Tweefontein and De Grootboom (figs. 2.1, 2. 5). North of the Steelpoort 
valley iron-rich ultramafic pegmatites are particularly abundant on the 
farms Klipfontein, Driekop and Goedverwacht (Schwellnus et al., 1962). Many 
of these bodies are well exposed and give rise to positive topographic 
features. 

Wagner 
pegmatite 
Grootboom. 

(1929) was the first to describe these iron-rich ultramafic 
bodies, and he discusses occurrences from Dwarsriver and 

Field relationships enabled him to establish that the pegmatite 
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occurs preferentially in anorthositic cumulates, at the expense of more mafic 
cumulates , such as bronzitite and chromitite. This results in the formation 
of large, stratabound, sheet-like bodies which are Vil\\wt~ constrained over 
large areas. Cameron and Desborough (1964) investigated sheet-like bodies of 
iron-rich ultramafic pegmatite on the farms Grootboom, Annex Grootboom, 
Tweefontein, and De Grootboom. The pegmatites here cap large hills, 
selectively replacing a series of critical zone leuconorites over individual 
areas of 3.5 km2 in the case of the largest body on Annex Grootboom. Here, 
two major chromitite layers (the X and Y layers - part of the MG series) can 
be traced around the hill and appear as relict cumulus layers within the 
pegmatite. Feldspathic pyroxenites adjacent to these chromitites are only 
partially replaced by pegmatite. These features are repeated at other 
exposures in this area and strongly suggest a replacement origin for these 
bodies (Wagner, 1929; Cameron & Desborough, 1964; see figs. 2.5, 2.6) . 
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2.6.3 SOUTHERN SECTOR OF THE WESTERN BUSHVELD COMPLEX 

The map presented in Figure 2.7 has been compiled from the latest 
available mapping, Wagner's (1929) map and the results of an helicopter-borne 
magnetic survey over the 
and the farm Rooikoppies, 
of iron-rich ultramafic 

lower part of the main 
east of Rustenburg. 
pegmatite occurs in 

zone between the Pilanesberg 
A clustering of large bodies 
the vicinity of the UG-2 

chromitite layer and the Merensky and Bastard Reefs. These include a number 
of large pipes on the farm Boschkoppie and the major pipe-like bodies of 
Townlands and Brakspruit. A number of smaller bodies also occur at this 
stratigraphic level between the latter two occurrences. The iron-rich 
ultramafic pegmatite bodies correlate with distinct magnetic anomalies, which 
are clearly discordant to the layered cumulates ( the critical and main zone 
rocks are only very weakly magnetic). Typically they define ellipsoidal 
anomalies which are indicative of subvertical, fairly extensive pipe-like 
features. In this area of the Bushveld Complex the iron-rich ultramafic 
pegmatite bodies which occur at the boundary of the critical and main zones 
have negative, reversely polarised, magnetic anomalies. This is unusual as 
in the Amandelbult area in the northern sector of the western Bushveld 
Complex, at the same stratigraphic interval, they are normally polarised. 
This feature may indicate that the pegmatites in these two areas 
crystallized at different times. 

For a distance of some 30 km between the farms Wildebeestfontein and 
Rooikoppies, in an area of minor structural disturbance, the lower part of 
the main zone is virtually devoid of iron-rich ultramafic pegmatite bodies. 
In this area three striking linear magnetic anomalies have been recognized 
(Viljoen & Burvenich, 1983; see fig 2.7) . These give a much weaker anomaly 
than the iron-rich ultramafic pegmatites but are still very distinctive. 
Von Backstrom et al. (1960) related the presence of a number of "dunite" 
pipes that occur in the Rustenburg area to a linear magnetic anomaly situated 
just above the Merensky Reef. This is inferred to represent the linear 
anomaly between the Townlands and Brakspruit pipes which may be related to 
the giant mottled anorthosite layer at the top of the Bastard cyclic unit. 
Some 500 m above the Merensky Reef a second linear magnetic anomaly has been 
recognized on which is superimposed a number of discrete anomalies indicating 
the presence of abundant iron-rich ultramafic pegmatite. These bodies of 
pegmatite correlate with positive magnetic anomalies. This linear anomaly is 
related to an anorthositic assemblage (some 90 m thick) in the main zone. A 
third linear anomaly occurs 900 m above the Merensky Reef and is again 
related to an anorthosite layer. These well defined linear magnetic 
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anomalies break down in structurally disturbed areas, which are characterized 
by faulting and post-Bushveld dykes. To the east and northwest of the 
relatively undisturbed area noted above, abundant scattered magnetic 
anomalies indicate the position of iron-rich ultramafic pegmatite bodies. 
Most of these bodies have a positive magnetic signature and are normally 
polarised. 

A number of investigaters have referred to the occurrence of individual 
bodies of iron-rich ultramafic pegmatite in this area. Wagner (1929) 
described two such bodies from Doornspruit and Kookfontein in the Rustenburg 
area (fig. 2.7). These pegmatites occur within the Merensky cyclic unit and, 
although other, similar, pegmatites in the area were found to be non­
platiniferous, these bodies were enriched in PGE. The platiniferous nature 
of these pegmatites, which elsewhere are usually depleted in PGE, is 
attributed to leaching from the cumulates (Wagner, 1929; see Chapter 11). 
Coertze (1974) describes a composite, pipe-like body from the farm De Kroon 
near Brits (fig. 2.7). This body has a core composed of magnesian dunite and 
harzburgite and should possibly be placed within my classification as a non-
platiniferous 
Jones (1974, 

magnesian dunite. From the Bafokeng area west of Rustenburg, 
1976) describes large pipe-like bodies of iron-rich ultramafic 

which may have diameters in excess of 300 m, as well as many pegmatite, 
small, irregular, often mushroom-shaped masses. 

Underground development coupled with diamond drill holes allowed for a 
detailed examination of the Townlands pipe, situated 5 km to the north­
northwest of Rustenburg (Viljoen et al ., 1983). This is a large, composite, 
pipe-like body of iron-rich ultramafic pegmatite in a which a roughly defined 
core zone of hortonolite dunite pegmatite may be distinguished from wehrlite 
pegmat ite. It crops out over the extrapolated position of the Merensky Reef 
and although poorly exposed gives rise to a distinctive red soil. The 
diameter of the pipe is estimated at 450 m. From a combined magnetic (both 
ground and airborne) and gravity survey, computer modelling infers that the 
Townlands pipe has a vertical extent of probably not more than 500 m and does 
not penetrate the floor of the layered sequence. A soil geochemlCrtl survey 
yielded a copper and nickel anomaly which correlates with both the gravity 
and magnetic anomalies. The layered cumulates adjacent to the Townlands 
pipe are downwarped and form a gentle collapse structure, a feature which has 
not been recognized from other occurrences of iron-rich ultramafic pegmatite. 
It may be compared with the structural disturbance associated with the 
Driekop platiniferous ultramafic pipe, although it is less severe. A 
borehole drilled into the core of the pipe, after passing through several 
hundred metres of continuous pegmatite, intersected the UG-2 chromitite 
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layer. This chromitite, together with 
orthopyroxenites are, superficially, 
cumulate layers is typical pegmatite. 

a leader seam and adjacent cumulus 
unreplaced. Below these relict 
Their presence suggests that the 

iron-rich ultramafic pegmatite formed by a process of in situ replacement. 

2.6.4 NORTHERN SECTOR OF THE WESTERN BUSHVELD COMPLEX 

In this area, iron-rich ultramafic pegmatite bodies have been described 
from R.P.M. Union and Amandelbult Sections, and the so called "Northern Gap" 
area between these two mines. They are particularly abundant in the upper 
critical and main zones adjacent to the gap area, a zone of structural 
disturbance where the earlier cumulates are displaced, or transgressed by 
upper zone rocks. In the Northern Gap Coertze and Schumann (1962) and Coertze 
(1974) describe a number of composite silicate-rich and Fe-Ti oxide pegmatite 
bodies. At Union Section a large pegmatite body apparently transgresses and 
terminates the upper critical zone cumulates on the farm Zwartklip. Bodies 
of iron-rich ultramafic pegmatite are exceptionally abundant at R.P.M. 
Amandelbult Section, where again they preferentially occur in the upper 
critical zone and lower part of the main zone. One large pegmatite body 
occurs at Amandelbult, the so-called Middellaagte pipe (de Bruyn, 1944). 
These will be discussed further in Chapter 7. 

2.7 GROUP 3.2 Fe-Ti OXIDE PEGMATITE 

Disseminated Ti-magnetite and granular ilmenite occur as 
accessory constituents in typical silicate-rich ultramafic 

ubiquitous 
pegmatite. 

However, the proportion of Ti-magnetite and ilmenite may be such that these 
rocks are best described as Fe-Ti oxide pegmatite. Discordant bodies of Fe-
Ti oxide pegmatite occur as pseudo-stratified sheets, irregular veins, and 
large pipe-like features. They may occur in association with silicate-rich 
pegmatite, in composite zoned bodies, or they may form practically pure Fe-Ti 
oxide bodies. It is emphasized that Fe-Ti oxide pegmatite forms a subgroup 
within my classification of iron-rich ultramafic pegmatite and it is inferred 
that there is a direct genetic relationship between the silicate- and oxide-
rich varieties. Two types of Fe-Ti oxide pegmatite are recognized 

2.7.1 Cr-RICH Fe-Ti OXIDE PEGMATITE 

In the critical zone sheet-like, pseudo-stratified layers composed of a 
magnetic spinel may occur. These were first described from the Amandelbult 
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area by Wasserstein (1936). The spinel in this variety of Fe- Ti oxide 
pegmatite is a hybrid, intermediate in composition between chromiferous 

Hybrid Cr-rich Fe-Ti oxide pegmatites were first 
Cameron and Desborough (1964) from the eastern 

spinel and Ti-magnetite. 
investigated thoroughly by 
limb of the Bushveld Complex. The sheet-like nature of these occurrences 
is a result of the resilient nature of the cumulus chromitites which form 
relict layers within, 
pegmatite bodies (fig. 

and at 
2.6) . 

progressive replacement of Cr, 

the margins, of the silicate-rich ultramafic 
Chromite in these relict cumulates exhibits 

Mg, and AI by Fe2+, Fe3+, and Ti (Cameron & 
Glover, 1973). A complete compositional range from chromiferous spinel to 
Ti-magnetite may be observed . Similar features have been observed in 
chromitite layers adjacent to bodies of iron-rich ultramafic pegmatite in 
the critical zone at Amandelbult. For example, the Merensky upper 
chromitite layer has been examined by Viljoen et a!. (a, in press). The 
presence of a relict layer, or xenolith, of UG-2 chromitite in the Townlands 
pipe, near Rustenburg was referred to previously, as were the slab-like 
bodies of chromitite at Onverwacht. These exhibit similar compositional 
features to those identified by Cameron and Glover (Lombaard, 1956; 
Viljoen et a!., 1983). In summary, discordant bodies of Cr-rich Fe-Ti oxide 
pegmatite are restricted to the critical zone . They are related to the 
formation of postcumulus iron-rich ultramafic pegmatite in the vicinity of 
cumulus chromitite layers (see Chapter 10). 

2.7.2 NORMAL Fe-Ti OXIDE PEGMATITE 

Discordant, typically pipe-like bodies composed almost entirely of Cr­
poor Fe-Ti oxide pegmatite are abundant in the Bushveld Complex from the 
middle of the main zone up into the upper zone. Willemse (1969b) observed 
that pipe-like bodies of magnetite rarely occur above the highest cumulate 
Ti-magnetite layer. The Fe-Ti oxide in the discordant pegmatite bodies is 
comparable to 
compositional 
1965). Fe-Ti 

cumulus Fe-Ti oxide in the Bushveld Complex, 
differences may occur (Coertze, 1966, 1974; 

although minor 
Van 

oxide from pegmatite bodies in the main zone, 
Rensburg, 

below the 
cumulus Ti-magnetite layers, is relatively rich in vanadium. The Kennedy's 
Vale body, in the eastern Bushveld Complex (fig. 2.1) has been exploited as 
a source of vanadium-rich magnetite. Van Rensburg (1965) described the Fe­
Ti oxide pegmatite at Kennedy's Vale as forming a core within a much larger, 
pipe-like body of silicate-rich ultramafic pegmatite. However, Willemse 
(1969b) interpreted it as a fracture-filling rather than a pipe-like body. 
Immediately west of the junction between the Steelpoort and Dwarsriver 
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faults is a prominent ridge composed essentially of Fe-Ti oxide pegmatite. 
Pipe-like bodies of Fe-Ti oxide pegmatite are particularly abundant in the 
lower part of the upper zone in the vicinity of the cumulus Ti-magnetite 
layers. In an 850 km2 area of the eastern Bushveld Complex Von Gruenewaldt 
(1973) mapped over one hundred separate occurrences in the main and upper 
lones. Similar bodies were mapped in the northern sector of the eastern 
Bushveld Complex by Schwellnus et al. (1962) and Coertze (1966) and in the 
western limb of the complex by Coertze and Schumann (1962) and Coertze 
(1974) . 

In the eastern Bushveld Complex on the farms Goedverwacht and Oriekop 
Schwellnus et al. (1962) describe a number of composite iron-rich ultramafic 
pegmatite bodies in which Fe-Ti oxide pegmatite occurs as a massive core 
within typical silicate-rich pegmatite. Veins and irregular layers of Fe-Ti 
oxide pegmatite cut both the peripheral silicate-rich pegmatite and the 
adjacent cumulates (fig. 2.8). The Fe-Ti oxide pegmatite clearly post-dates 
the silicate-rich pegmatite. Similar composite pegmatite bodies occur in the 
western Bushveld Complex (Coertze & Schumann, 1962; Coertze, 1974). 

2.8 INTRODUCTION TO THE MINERALOGY AND GENESIS OF 
IRON-RICH ULTRAMAFIC PEGMATITE 

Iron-rich ultramafic pegmatites are characterised by a rather simple 
mineralogy in which olivine, clinopyroxene, ilmenite, and Ti-magnetite are 
the major constituents. Within the generiC group of iron-rich ultramafic 
pegmatite the dominant lithologies include hortonolite dunite, wehrlite and 
olivine clinopyroxenite with subordinate olivine websterite. If ilmenite and 
Ti-magnetite comprise over 10 normative or modal percent the prefix Fe-Ti 
oxide is applicable but if they predominate over silicate phases the 
description Fe-Ti oxide pegmatite is preferred (see Chapter 8). Locally 
plagioclase may be a significant component but it is usually restricted to 
the small, irregular bodies or the outer margins of large pipe- or sheet-like 
occurrences; the larger bodies are thus ultramafic in character. 

2.8.1 SILICATES 

The major silicate components are olivine, usually hortonolite, and 
clinopyroxene. Amphiboles and micas are common accessory constituents. 
Orthopyroxene and plagioclase are minor or accessory constituents; they are 
usually interpreted as relict cumulus minerals and are not directly related 
to the pegmatites. Cameron and Oesborough (1964) investigated the mineralogy 
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of iron-rich ultramafic pegmatite in the eastern Bushveld Complex, which they 
interpreted as resulting from replacement of pre-existing cumulates. They 
observed that at the contacts with anorthositic cumulates clinopyroxene 
replaces plagioclase first and then orthopyroxene, whereas at the contacts 
with norites olivine replaces orthopyroxene before clinopyroxene is observed. 
Second-generation clinopyroxene may replace hortonolite in the main body of 
pegmatite. Local replacement of cumulus minerals (over contact zones of a 
few centimetres) may occur but there is no direct mineralogical evidence to 
suggest that wide-scale metasomatism of pre-existing cumulates is responsible 
for the formation of these postcumulus rocks. Mineralogical investigations 
have also been completed by de Bruyn (1944) and Jones (1974). 

2.9.2 Fe-Ti OXIDES 

Two groups of Fe- Ti oxide may be recognized in iron-rich ultramafic 
pegmatite: those that have developed at the expense of disseminated, cumulus 
chromite grains, or cumulus chromitite layers (resulting in hybrid Fe-Ti-Cr 
spinels), and those that have crystallized in the absence of cumulus chromite 
directly from the pegmatitic liquids (resulting in Cr-rich Ti-magnetite or 
Ti-magneti t e and ilmenite). The majority belong to this latter category. 

2.9.3 BASE METAL SULPHIDES 

The principal sulphide is pyrrhotite (usually constituting over 95 modal 
percent of the bulk sulphide assemblage) with subordinate cubanite, 
pentlandite and chalcopyrite. Typically the sulphide mineralogy is rather 
simple and is characteristic of ultramafic-mafic magmatic ores. The bulk 
sulphide content is highly variable. De Bruyn (1944) investigated the 
sulphide mineralogy of the Middellaagte pipe. In the Townlands pipe 
Viljoen et al. (1983) have recognized an unusually diverse precious and 
base-metal mineralogy. The sulphide mineralogy of iron-rich ultramafic 
pegmatite has also been studied by Wagner (1929), Van Rensburg (1965) , 
Liebenberg (1970) and Von Gruenewaldt (1979; see Chapter 11). 

2.9.4 PLATINUM-GROUP ELEMENT MINERALOGY 

Iron-rich ultramafic pegmatite is normally non-platiniferous, although 
no data in the ppb range are available. Wagner (1929), however, recorded 
traces of platinum 
sheet-like body on 

in hortonolite dunite pegmatite which forms the core of a 
the farm Dwarsriver in the eastern Bushveld Complex. In 
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specific circumstances these rocks contain economic or sub-economic levels of 
PGE. This may be attributed to leaching from the cumulates. At 
Amande lbult, for example, iron-rich ultramafic pegmatite which replaces the 
Merensky Reef (the so-called "replaced" Reef) may still contain economic 
concentrations of PGE. The replaced Reef has a unique, hybrid, precious 

metal mineralogy (see Chapter 11). 

2.9.5 GENESIS 

Although Wagner (1929) was convinced of the intrusive origin of the 
platiniferous ultramafic pipes, he ascribed the formation of sheet-like, 
pseudo-stratified bodies of iron-rich ultramafic pegmatite to a 
situ magmatic replacement. A model involving metasomatism of 
cumulates is presented by Cameron and Desborough (1964). 

process of in 
pre-existing 

Jones (1974) 
concluded that the metasomatising pegmatitic liquids resulted from migrating 
intercumulus liquids derived from within the crystallizing cumulate pile. 
This model - is supported by most recent publications and the role of 
intercumulus liquids is consequently of direct importance (see Chapter 13). 
However, Willemse (1969a) observed that some of the discordant bodies of 
ultramafic rock in the layered sequence of the Bushveld Complex are clearly 
of an intrusive origin, such that in comparison with classic (granitic) 
pegmatites, both intrusive and replacement models may be applicable. 
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SECTION B : THE DRIEKOP PIPE 

CHAPTER 3 DRIEKOP: FIELD RELATIONSHIPS AND PETROLOGY 

The Driekop mine, which had not been operated since 1961, was recently 
reopened by J.C.I. as part of a feasibility study on the UG-2 chromitite 
layer. This included development of an exploration crosscut, driven from the 
old 3 level (97 m) shaft crosscut some 500 m into the cumulate wallrocks. 
Consequently, a complete radial section of the pipe is now exposed. Because 
surface exposure of the wallrocks is poor, geologists of J.C.I. were the 
first to recognize that the cumulates surrounding the Driekop pipe form a 
major collapse structure (Mossom, 1977). Much of the new structural and 
geochemical data presented in this thesis has been compiled from mapping and 
sampling of the section exposed in this new underground development. 
This section is divided into two chapters. The first of these, Chapter 3, 
discusses field relationships, structural setting and petrology and presents 
some new geochemical data. These results, together with some additional 
mineralogical data, are then collated and discussed in Chapter 4. Because 
the platiniferous ultramafic pipes are restricted to only four occurrences a 
realistic model should be applicable to all of these pipes. Consequently 
information relating to the Mooihoek and Onverwacht pipes is also discussed. 

3.1 REGIONAL GEOLOGY 

The platiniferous ultramafic pipes are restricted to a 20 km linear 
belt situated to the north of the Steelpoort Fault, in the eastern limb of 
the Bushveld Complex (fig. 3.1). Three of the pipes were mined for PGE 
earlier this century; these are situated on the farms Driekop (253KT), 
Mooihoek (255KT) and Onverwacht (292KT). A fourth pipe, on the farm 
Twyfelaar (119KT), was trial-mined but proved uneconomic. The Driekop pipe 
crops out over a low koppie (Willemskop) situated in the broad Moopetsi 
valley. The lower critical and main zone cumulates crop out in the mountains 
on the sides of the valley. The floor of this valley is covered by a layer 
of thick black "turf" which obscures the upper critical zone cumulates. The 
regional dip of the cumulates in this area is 10-120 west or south-west. 
The Driekop pipe is exposed at roughly the same stratigraphic position as 
the UG-2 chromitite layer, assuming that the cumulate sequence is 
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undisturbed. A number of discordant bodies of non-platiniferous magnesian 
dunite also occur in this area, including those on the farms Clapham and 
Winnarshoek. In addition a number of dunitic pipes occur on the farm 
Maandagshoek (see section 2.4 and fi g. 3.1). 

The Onverwacht and Twyfelaar pipes cut bronzitites and chromitites of 
the lower and lower critical lones, whereas the Mooihoek and Oriekop pipes 
cut essentially noritic cumulates of the upper critical zone . The Mooihoek 
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pipe is poorly exposed and has not been studied in detail since the work of 
Wagner in the 1920's (Wagner, 1929; see section 2.5). There does not appear 
to be any sympathetic relationship between the petrology of the pipes and 
their statigraphic position. 
is relatively well exposed 

b 
pulications . • 

The Onverwacht pipe, the smallest of the four, 
and has been the subject of a number of 

3.2 FIELD RELATIONSHIPS AT THE ONVERWACHT PIPE 

The surface features of this pipe have been described by Wagner (1929) 
and Cameron and Desborough (1964). Cross-sections presented by these 
authors differ considerably (fig. 2.4). Wagner interprets the Onverwacht 
pipe as an intrusive, clearly "pipe-like" feature that sharply cuts the 
layered cumulates, whereas Cameron and Desborough suggest that it forms a 
sheet-like feature on the down-dip side. The latter authors observation that 
an orthopyroxenite cumulate overlies a chromitite layer that is exposed 
down slope on the western side of the pipe is correct (note that the 
regional dip is 10-120 west). However, the impure chromitite which they 
located in the dunite itself may not be as distinctly layered as indicated 
on their section. Furthermore, underground exposures that would have been 
accessible to Wagner corroborate the pipe-like form at depth. 

The presence of large, slab-like blocks of chromitite in the 
Onverwacht pipe (they occur in both the magnesian dunite and the 
platiniferous core - see fig. 2.4) was first reported by Wagner (1929). He 
observed that they occur at roughly the same stratigraphic position as the 
adjacent Steelpoort (or LG-6) chromitite layer, which crops out to the east 
of the pipe (such that if the layered sequence is undisturbed it must 
intersect the pipe at a shallow depth). As far as the author is aware this 
chromitite layer has not been actually observed intersecting the contact of 
the pipe, and, as the mine workings are now inaccessible, subsequent authors 
have to rely on Wagner's observations. He interpreted these blocks as 
xenoliths, a hypothesis which Lombaard (1956) supported. 

Most recent authors, however, interpret them as partially replaced or 
relict rafts of the Steelpoort chromitite layer. They are usually cited as 
one of the strongest pieces of evidence in favour of a metasomatic origin 
(e.g., Cameron & Desborough, 1964). Chemical data have been used to support 
this interpretation but both these, and field relationships, are equivocal. 
The replacement hypothesis would seem to suggest that these chromitite slabs 
are structurally undisturbed, yet Wagner's section clearly shows them as 
irregular masses which dip in different directions. Furthermore, as outlined 
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above there is only circumstantial evidence to suggest that they are at the 
same position as the original layer. The layered sequence adjacent to the 
Onverwacht pipe appears t o be undeformed. in contrast to the situation at 
Driekop. but the possibility that a major collapse structure occurs here 
cannot be ruled out. It is interesting to note that Kupferburger and 
Lombaard (1937) " report that mining of the Steelpoort chromitite layer was 
stopped in the vicinity of the Onverwacht pipe because the seam was buckled 
and strongly disturbed. 

The Onverwacht pipe is exposed at a much lower stratigraphic position 
than the other pipes - possibly quite close to the base of the pipe. as 
Wagner (1929) reports that the orebody was pinching out at a depth of 137 m. 
It is feasible to expect that different structural features would occur in 
the root zone and it may well be that the wallrocks to the Onverwacht pipe 
in fact do not form a collapse structure. 

The contact 
petrologic unit 

between the magnesian dunite. 
in the Onverwacht pipe. and 

which forms the main 
the adjacent cumulate 

gradational (Cameron & is irregular and orthopyroxenite wallrocks. 
Desborough. 1964) . In th i s 
orthopyroxene and Cameron and 

contact zone olivinE may replace cumulus 
Desborough describe a net-textured assemblage 

consisting of olivine and chromite in which the former mineral pseudomorphs 
relict orthopyroxene grains. Similar net-textures are common in ultramafic 
cumulates in the layered sequence of the Bushveld Complex. 

3.3 FIELD RELATIONSHIPS AT DRIEKOP 

3.3.1 THE MAIN PIPE 

The Driekop pipe is primarily composed of a large. annular. 
lik"e body of magnesian dunite which envelopes an irregular and 

sheath­
poor Iy-

defined core of rather iron-rich dunite and wehrlite. The magnesian dunite 
is itself enclosed by a thin envelope of iron-rich olivine clinopyroxenite 
(this may be a wehrlite close to the contact with the magnesian dunite). 
The core. which occurs asymmetrically within the magnesian dunite and 
represents less than one volume percent of the entire pipe. constituted the 
platiniferous orebody. It has been stoped out to a depth of 165 m. Small. 
satellite bodies of pipe-related ultramafic and mafic rock are emplaced 
within the cumulate wallrocks adjacent to the pipe; these are of 
considerable genetic significance. The Driekop pipe is inclined at roughly 

78-800 north-east. and has a surface diameter of between 250 and 300 m. 
athough it tapers with depth (figs. 3.2. 3.3). The reader is also referred 
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to the detailed maps presented in the folder in 
include a composite surface and underground plan 
1 :1000 (this has been reduced to form fig. 3.2), 
crosscut at a scale of 1:200 (Map 2). 

the end cover. These 
(Map 1), at a scale of 
and a plan of the 3-level 
These maps, on which all 

results of the authors own relevant sample locations are plotted, are the 
mapping. 

The platiniferous core of the Driekop pipe occurs as an irregular, 
poorly defined unit. unlike the sharply defined cores of the Mooihoek and 
Onverwacht pipes (see Chapter 2). It is composed of a number of small, 
irregular bodies of platiniferou5, iron-rich dunite and wehrlite which are 
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FIGURE 3,3 Cross-section of part of tile Driekop pipe, For location of paints x·y see Figure 3.2. Labels "A" and 

uB" refer to detailed sections presented in Figure 3.4. Borehole data and details of cumulate sequence 

from Mossom (1977) . 
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concentrated to fonn a pipe-shaped "core-area" within the main pipe. 
Careful sampling was necessary to delineate the orebody (Wagner, 1929). For 
example, in a grade plan of the 160-foot level 14 discrete ore shoots are 
located within the core-area (fig. 2.3). The individual bodies of 
platiniferous, iron-rich dunite and wehrlite are between a few centimetres 
and a metre in diameter. . 

Although the platinum mineralization at Driekop did not form a sharply­
defined core, the contention of Stumpf I and Rucklidge (1982) that the 
mineralized zone is not delineated by a distinct rock type is incorrect. 
The platiniferous , iron-rich dunite and wehrlite ~(e dark-coloured, coarse­
grained roc~ readily distinguished from the non-platiniferous magnesian 
dunite (typically medh'm -grained and yellow-green in colour). Although 
much of the orebody has been stoped remnants can be observed both on surface 
and underground. It consists of irregular veins and wedge-shaped lenses 
which radiate out from the central core-area. The magnesian dunite adjacent 
to this core-area was also locally platiniferous, but the mineralization is 
clearly related to the iron-rich rocks (Wagner, 1929). Some of the larger 
veins outside the main-core area were also mined, and small veins and 
lensoid bodies of iron-rich dunite and wehrlite are found over almost the 
entire outcrop of the magnesian dunite. The contacubetween small bodies 
of iron-rich dunite or wehrlite and magnesian dunite are sharp, if 
irregular. 

The envelope of iron-rich olivine clinopyroxenite which encloses the 
magnesian dunite is exposed on surface, at the base of the koppie on the 
northern and western sides, and underground. The contact with the cumulate 
wallrocks is poorly exposed and the overall dimensions of the pipe on 
surface can only roughly be estimated; this contact is sharp, but extremely 
irregular (fig. 3.58). The contact between this assemblage and the 
magnesian dunite, which is exposed underground, also appears sharp in the 
field. Veins of iron-rich wehrlite and olivine clinopyroxenite cut the 
magnesian dunite (fig. 3.5A). 80ulders of wehrlite and leuconorite found 
at the top of the koppie, described as picrite by Heckroodt (1959), probably 
represent a large xenolith (Map 1). 

Field relationships indicate that the iron-rich assemblages, which form 
the platiniferous core and the outer envelope of olivine clinopyroxenite, 
postdate the fonnation of the magnesian dunite. It is thus necessary to 
consider the pipe as a composite feature which consists of three main 
petrologic assemblages or units. 



3.3.2 DEFORMATION OF THE WALLROCKS 

pipe is emplaced within, or replaces, 
zone, which at the present erosional 
leuconorites between the UG-2 chromitite 
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cumulates of the 
level consist 
layer and the 

The Driekop 
upper critical 
essentially of 
Merensky Reef. The stratigraphic column for the Driekop-Maandagshoek area, 

compiled after Mossom (1977) is presented in Figure 3.3. The which has been 
attitude of the wallrocks adjacent to the Driekop pipe has been severely 
disturbed resulting in the formation of a major collapse structure . The 
sequence exposed in the 3-level crosscut is on the regional down -dip side of 
the pipe (note that the regional dip is 10-12 0 west or southwest) but the 
dips in this section are reversed (figs. 3.2, 3.3 and Maps 1, 2). In the 
section exposed in the 3-level crosscut the layered sequence adjacent to the 
pipe is inclined subvertically and dips at roughly 850 to the north­
northeast. The dip becomes progressively less with distance from the pipe 
and eventually flattens out. Banding in a 25 m thick layer immediately 
adjacent to the pipe is subhorizontal, and may represent a large xenolith 
(fig. 3.4A). This downwarping of the layering is accompa ni ed by a swin~ 
in strike of roughly 90 o. A contour plan based on the UG-2 chromitite 
layer, a useful marker horizon, illustrates the extent of this disturbance 
(Schiffries, 1982). 

This structural disturbance can be described as a major downwarping of 
the layered sequence. It forms a structurally disturbed zone around the main 
pipe with a radial extent of some 500 m on the down-dip side. The 
continuity of the layering in this zone indicates that the deformation, 
which is presumably related to the Driekop pipe, occurred after the cumulate 
layering was well defined . 

The layered sequence exposed in the 3-level crosscut adjacent to the 
pipe consists of a thick unit of leuconorites with minor anorthosite layers. 
This sequence is essentially unaltered, but contains satellite bodies 
related to the pipe. On a small scale , cross bedding and slump structures 
occur. The latter is interpreted as resulting from plastic attenuation 
during the downwarping event. They are particularly common where thin 
bands of anorthosite intercalate with leuconorite. Faults and jOints are 
rare and the strike and dip changes are continuous, rather than abrupt, with 
no major breaks (fig. 3.4A). 

At a lateral distance of approximately 150 m from the pipe in the 3-
level crosscut these felsic cumulates are sharply underlain by a 40 m-thick 
unit of ultramafic cumulates. These consist essentially of 
but also include the UG-2 and UG-3 chromitite layers (fig. 

orthopyroxenites 
3.4B). At this 
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paint the dip has flattened out slightly, such that the UG-2 chromitite 
layer dips at 400 to the north-east. The cumulate sequence below this 
intersection of the UG-2 chromitite layer forms the core to the asymmetric 
anticline referred to above. On the limb of this anticline which is 
furthest from the pipe the UG-2 chromitite layer is again intersected, but 
here it dips at between 100 and 120 to the west. From here a surface winze 
intersects a normal cumulate sequence, which includes the UG-3 chromitite 
layer (fig. 3.2). 

A 

B 

Contact of Pipe 

side wall 

~ 
~ 

~ 
~ 

o 
o -

LEGEND 

CUMULATES 

Felsic pegmatite 

Mottled anorthosite 

Nor!te and leuconorite 

Feldspathic orthopyroxenite 

Pegmatoidal orthopyroxeni te 

Chromitite 

~ 
L.!....U 
,..........., 
l!....!....!J 

roof plan DR-J' 

'.' . '~' '.' . .~ ... . '., .. . 
..... 37A 

side wall 

Dunite sill 

PIPE-RELATED ROCKS 10m. 

Iron-rich olivine clinopyroxenite 

Iron-rich websterite I clinopyroxenite pegmatite 

Mafic pegmatite 

Lherzol ite pegmatite 

Magnesian dunite 

Magnesian dunite/lhezolite pegmatite and cumulus 
orthopyroxenite (undifferentiated) 

FIGURE 3.4 Detailed plans (roof level) and sections (sIde walls) of part of the 3-level crosscut, Driekop. See 

Figures 3.2 and 3.3 for location. Original mapping on 1:200 scale mine plans. 
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The sequence of ultramafic cumulates exposed in the 3-level crosscut 
closest to the pipe (which dip at 400 towards the pipe) differs from that 
observed in "normal" intersections (borehole core from other areas in the 
eastern limb of the Bushveld Complex, provided by J.C.I., were examined). In 
this section individual cumulates are mineralogically atypical, specific 
cumulate layers are not recognised (or are absent) and they are intimately 
associated with a range of pipe-related satellite bodies (fig. 3.4B). 
Furthermore, faults and fractures are common. The UG-3 chromitite layer 
consists of several very thin layers, less than 2 cm thick, that are 
discontinuous, faulted and cut by small, satellite bodies of magnesian 
dunite. The UG-3A chromitite and the distinctive mottled anorthosite, 
which elsewhere underlies the UG-3 chromitite layer, are absent. 
Anorthosite is, however, found as irregular wedges and lensoid bodies 
squeezed . into the orthopyroxenite above the UG-3 chromitite layer. In 
comparison, the UG-2 chromitite layer, which is approximately 1 m thick, is 
relatively undisturbed, although it also is faulted and cut by pegmatite 
veins. The footwall and hangingwall to the UG-2 are locally composed of 
magnesian dunite (which is evidently related to the pipe) with only minor 
relict orthopyroxenite (the normal cumulate footwall and hanging-wall). 

These features suggest that the orthopyroxenite and chromitite 
cumulates in this sequence have been subjected to extensional deformation 
and have suffered bri ttle fa i lure. It is suggested that the 
orthopyroxenite and chromitite cumulates behaved in a brittle manner in 
comparison with the felsic cumulates. 

3.4 PETROLOGIC UNITS IN THE DRIEKOP PIPE 

3.4.1 MAGNESIAN DUNITE 

PETROGRAPHY 
This is the principal unit in all of the platiniferous ultramafic 

pipes. It is a fine-to-medium grained rock, yellow-green in colour, with no 
apparent mineral foliation or layering. Olivine accounts for between 98 
and 99 modal percent; the remainder is essentially chromiferous spinel. 
Clinopyroxene and secondary serpentine minerals occur as rare accessory 
constituents. Fine-grained (~1 mm), interlocking, subhedral grains of 
olivine may exhibit a foam-like or polygonal texture, or the olivine may 
occur as large ( ? 5 mm), anhedral grains which embay each other (fig. 
3.6A, B). This texture, which may be described as hypautomorphic granular 
or polygonal granular (depending on which form of olivine predominates), 
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FIGURE 3.5 SOME FIELO RELATIONSHIPS AT ORIEKOP 

A. Dark-coloured veins of olivine clinopyroxenite cutting the magnesian dunite near the margin of the main 
pipe. The soil covering the dunite is a distinctive red colour and is much thinner than the black "turf" 

covering the typical upper critical zone cumulates. 

8. Sharp contact between the mariginal assemblage of olivine clinopyroxenite (dark) and the cumulate 
wallrocks (leuconorites). 

~ Tip of a small, satellite body of websterite pegmatite, adjacent to the main pipe,exposed on the sidewall 
of the 3-1evel crosscut. Note sharp lateral contacts and irregular. diffuse upper contact (evidence of local 
replacement). Wallrocks are leuconorites between the UG-3 chromitite layer and the Merensky Reef - note steep 
dip of layering. 

D. Satellite body of mafic pegmatite, adjacent to the main pipe exposed on the sidewall of the 3-level 
crosscut. Note radial orientation of coarse , tabular, clinopyroxene grains (dark) in a matrix of plagioclase 
(light). Wallrocks are leuconorites between the UG-3 chromitite layer and the Merensky Reef. 
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1 mm. 

fIGURE 3.6 PHOTOMICROGRAPHS OF SAMPLES fROM ORIEKOP 

~ Fine-grained olivine exhibiting a well developed foam-like texture. Magnesian dunite, main pipe (sample 
DR-I). ~ Disseminated chromiferous spinels interstitial to, and enclosed by. olivine. Magnesian dunite, 
main pipe (sample DR-1). c. Iron-rich clinopyroxene resorbing magnesian olivine. Wehrlite. contact 

assemblage between magnesian dunite and marginal envelope of olivine clinopyroxenite, main pipe (sample DR-
22). ~ Hypautomorphic granular texture in coarse-grained clinopyroxenite pegmatite. Satellite body (sample 
OR-38C) . e . Magnes i an a I i v ine resorb ing large. cwnu 1 us orthopyroxene gra in. lherzol i te pegmat i te, adj acent 

to altered UG-3 chromiti te layer (sample DR-46) . ~ Magnesian olivine resorbing cumulus orthopyroxene grain 

and enclosing cumulus chromite grains. Part ially replaced UG-3 chromitite layer (sample DR -4S ). 

("a" , "b" and "f" in plane polarised transmitted light; "c", "d" and lie" in transmitted light with crossed 

polarisers; 01 - olivine; op - orthopyroxene; cp - clinopyroxene) 
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probably results from incomplete (secondary?) enlargement and subsequent 
annealing (see also Chapter 8). The large anhedral grains usually display 
undulatory extinction, whereas the small, polygonal grains extinguish 
normally . Olivine from all of these pipes, irrespective of its composition 
or which petrologic unit it occurs in, often displays a fine-grained, 
dendritic intergrowth, described by many authors, including Wagner (1929), 
Hatch, Wells and Wells (1974, p. 427) and Schiffries (1982). Putnis (1973) 
describes similar dendrites or platelets in olivines from the Rhum Complex 
which are composed of clinopyroxene and magnetite. He interprets them as 
resulting from high-temperature oxidation of the host olivine. They have 
not been documented in cumulus olivine from the Bushveld Complex, but are 
also present in olivine from the iron-rich ultramafic pegmatite suite. 

Chromiferous spinel occurs in a range of habits in the magnesian 
dunite , but textural evidence generally suggests that it is an early-formed 
mineral. For example, large grains (typically with diameters'> 3 mm) are 
usually euhedral and appear to inhibit subsolidus grain boundary migration 
of olivine. Furthermore, small grains (often with diameters < 0.1 mm) may 
occur in intragranular sites within olivine (fig. 3.6A,B). Large grains 
which occur in intergranular sites may be extremely anhedral and may contain 
numerous silicate inclusions. In reflected light these are observed to be 
optically heterogeneous (Stumpfl & Rucklidge, 1982). These heterogeneous 
spinels are unusual and warrant a separate discussion (see Chapter 4). The 
modal proportion of chromite is typical of cumulus magnesian dunites in the 
layered sequence of the Bushveld Complex. 

Base-metal sulphide is rare in this assemblage and PGM are not 
normally observed. Pentlandite may occur, 
serpentinite veinlets, but pyrrhotite is 

however, as tiny grains in 
even less abundant. This 

assemblage contains only trace amounts of trapped interstitial material and 
in comparison with cumulus magnesian dunites from the Bushveld Complex 
exhibits a greater degree of annealing. 

The main body of magnesian dunite at Driekop was sampled at 5 m inter­
vals (spaced at 10 m intervals for analytical purposes; see Appendix 3) 
along an underground traverse (Map 2 in folder). 

MINERAL CHEMISTRY 
OLIVINE from this assemblage is the variety chrysolite. Stumpfl and 

Rucklidge (1982) quote an average value of Fo80 (no analyses given) and 
Schiffries (1982) suggests that the composition varies between F082 and F0

78 
(he presents two analyses, F0 79 .6 and Fo78 .9). 
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In this study, the results of electron microprobe analyses indicate 
that the average composition is FOS3 .6 (13 analyses on samples DR-1,4,10,12; 
standard deviation (d) = .2774; Table 4.1). As these dunites are essentially 
monomineralic, whole-rock analyses may also be used to calculate the 
composition of olivine. 
estimated (10 analyses, 

From these data an average composition of FOS3 is 
see Table 3.1 and Appendix 5). This results in a 

slightly more iron-rich composition, possibly because three of the samples 
are relatively strongly serpentinised (these have low Mg/Fe ratios and low 
Ni contents). The distribution of nickel in olivine is discussed in Chapter 
4. Other minor elements analysed for are Mn and Ca. There does not appear 
to be any horizontal zonatior in the olivine composition in the magnesian 
dunite unit, other than contact features (see section 3.4.5), but the 
possibility of vertical zonation has not been investigated. Furthermore, 
there is no correlation between composition and textural habit of the 
olivine, and significant compositional zonation within individual grains has 
not been observed. 

The composit ion of olivine from the magnesian dunite unit at Onverwacht 
has been investigated by Cameron and Desborough (1964). They found a 
compositional zonation with the most magnesian values towards the periphery 
of the pipe. Olivine from close to the core of the pipe is in the 
compositional range FoS4_S0 and that from the margin is Fo92 _SS . The 
composition of olivine from the magnesian dunite unit at Mooihoek has not 
been determined by the author but the data of Wagner (1929) suggest that it 
is comparable with that at the other pipes (Table 3.1). Olivine from the 
Twyfelaar pipe has a similar composition (sample TW-1, Table 4.1). 

OPAQUE MINERALS : The chemistry of spinels and base-metal sulphides from 
the magnesian dunite assemblage IS discussed in Chapters 4 and 11, 
respect i ve ly. 

WHOLE-ROCK CHEMISTRY 
Three, typical whole-rock analyses of magnesian dunite from the inner, 

central and outer parts of the main pipe at Driekop and an average analysis 
(of 10 samples) are presented in Table 3.1 (for complete analyses see 
Appendix 5). Analyses of magnesian dunite from Onverwacht and a cumulus 
dunite from the lower zone of the layered sequence (from the farm Jagdlust 
41SKS, in the eastern limb of the Complex) are also presented. Analyses 
of magnesian dunite from Driekop are comparable with the analyses presented 
by Wagner (1929), the only previous whole-rock data published on these 
rocks. From the results of this study it is concluded that the main body of 
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TABLE 3.1 WlOLE-RCX::< ANALYSES OF ~NESrAN DUNITES 

OR' CR 10 DR-1Q - A ON-12 CUN-I W>G-I W>G-2 
wt.' ~ 2 

Si0:2 37.97 3B.41 31.B5 38.61 .251 35.63 3B.19 36.55 38.4 
Ti0:2 .02 .03 .02 .02 .005 .05 • 03 .10 n.d . 
Al20) .19 .22 .OB .11 .013 .61 .14 1.10 ) 

Fe203 .OB .OB .OB .08 .004 .OB .06 1.80 )5.9 
FeO 15.39 15.01 15.28 16.03 .909 16.57 11.82 16.B5 16.5 
MrD .25 .24 .1B .23 .025 .29 .11 . 15 n.d . 

"JO 42.33 44.09 44.45 43.B' .996 31.82 43.13 31.95 3B.0 
cao .41 .20 .11 .28 .16B .50 . 39 1.00 n.d . 
Na20 .01 .01 • 01 . 01 . 007 n.d . n.d . Tr 
K20 n.d . n.d. n.d. n.d. n.d. n,d. Tr 

P2C5 n.d . n.d. n.d. n.d. .02 n.d. Tr 
Cr20) .43 .43 .44 .42 .134 1. 35 .91 .40 .5 
NiO .23 . 23 .24 .25 .021 .1B .24 Tr n.d. 
L.O.I. 2.95 1.59 1.2B 7 .65 4.B9 2.60 n.d. 
'!mAL 100.26 100 . 60 100.02 100.00 1.00 . Bl 101.23 99 . 95 99.3 

IE!! 
Co lBB 190 196 1.95 1l.4 lB3 1.54 
CU 11 12 9 11 13.2 1.4 12 
Zn 85 Bl 90 B7 6.3 95 68 
V 63 'a 54 52 11.1 162 3B 
Sc 1 5 5 6 1.1 9 1 
Y n.d . n.d . 6.B n . d. n.d. 
"3-'" .B3 .B4 .B3 .B3 .BO .B1 
Olivine B3.5 83.5 B3.6 81.1 
n.d.: not detected; Tr , trace; - not determined; Olivine c:c:xrposition errol. \ Fo) determined by 
microprobe . For analyses by author Fe203 / FeO = 0.005 

DR-4 , -lO & -20 : The inner,central and outer parts,respectively,of the main Oriekop pipe (97m level), 
A: Average of 10 samples from the main Driekop pipe (97m level; x: mean; d: standard deviation). 
ON-12 : Magnesian dunite from near the core of the main Onverwacht pipe (surface). 
DUN-l : CUmulate dunite, lower zone of the layered sequence, Jagdlust, Eastern Bushveld Complex. 
~-l : Magnesian dunite, 200- foot level Mooihoek (wagner 1929 , includes .4% S, .25% CO2, .4% H20-). 
WAG-2 : Magnesian dunite, 65-foot level Onverwacht, at contact with platiniferous core (Wagner 1929). 

magnesian dunite at Driekop does not exhibit any lateral zonation or 
fractionat ion trends. 

In this assemblage the minor and trace elements Ni, Co, Zn, and Mn may 
be attributed to olivine, and Cr, AI ZD3 and FeZ03 are attributed to 
chromite. The trace elements Sc and V are probably present in both olivine 
and chromite. Locally cli nopyroxene may account for some of the CaO. The 
extremely low Cu values are indicative of the paucity of sulphides. The 
trace elements Nb, Zr, Sr, Rb and Ba are not detectable by XRF spectrometry 
in "these samples. yttrium was detected in one sample (DR-ZO close to the 
"contact zone", see section 3.4.5). The minor and trace element chemistry 
is comparable with cumulus dunites from the layered sequence of the Bushveld 
Complex (e.g., sample DUN-l, Table 3.1; see also Cameron, 1978; Botha, in 
prep . ) and with magnesian dunites worldwide (see Wyllie, 1967). 

3.4.Z PLATINIFEROUS, IRON-RICH DUNITE AND WEHRLITE FROM THE CORE 

PETROGRAPHY 

-

The dark-coloured, platiniferous rock found in the core of the Driekop 
pipe varies from a dunite to a wehrlite. 
(iron-rich chrysolite) and greenish-grey 

It consists of dark-green olivine 
clinopyroxene, the latter often 
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occurring as large, euhedral grains with dimensions over 15 mm. The purely 
dunitic variety is coarse-grained, but texturally otherwise similar to the 
magnesian dunite. Chromiferous spinel is absent in this assemblage. 
Magnetite (a Ti-poor variety - probably secondary) is occasionally observed, 
athough Wagner (1929) reports that it may occur in large grains. Amphibole 
and mica have been observed by the author only 
with either altered olivine or clinopyroxene. 
Driekop pipe, although widely distributed, 
percent. 

as secondary phases associated 
Sulphides in the core of the 

represent less than 0.1 modal 

The platiniferous core of the Mooihoek pipe is quite different. It is 
composed of a dark-coloured olivine (hortono lite) with varying amounts of 
lustrous black clinopyroxene, hornblende, mica and coarse segregations of 
coarse-grained Fe-Ti oxides. Ti-magnetite, ilmenite, amphibole and mica are 
all primary constituents in this assemblage. It is clearly more highly 
fractionated than the platiniferous assemblage in the Driekop pipe and is 
also much coarser-grained. It may be described as a platiniferous, iron-rich 
ultramafic pegmatite and may provide a genetic link between these pipes and 
the essentially non-platiniferous, iron-rich ultramafic pegmatite suite. 

MINERAL CHEMISTRY 
OLIVINE: Electron microprobe analyses completed in this study indicate 

that the average composition of olivine in the platiniferous core of the 
Driekop pipe is F072 .7 (samples DR-Al/A2, Table 4.1). These data are 
corroborated by 3 whole-rock analyses (analysis "AA", Table 3.2) and by the 
data of Wagner (1929) and Schiffries (1982). The contention of Stumpfl and 
Rucklidge (1982) that the composition of olivine throughout the Driekop pipe 
is Fo80 is thus incorrect. The author's analyses of olivine from the cores of 
the Mooihoek and Onverwacht pipes are in agreement with published data. 
Olivine in the core of the Onverwacht pipe is hyalosiderite (Fo65 _64 ; sample 
ON-2) and in the core of the Mooihoek pipe it is hortonolite (Fo44 _43 ; 
sample MO-4; Table 4.1). 

PYROXENE the average XMg (Mg/(Mg+Fe2+)) of clinopyroxene and ortho-
pyroxene (exsolution lamellae) in platiniferous wehrlite from the Mooihoek 
pipe is .688 and .577, respectively (sample MO-3, Table 4.2). ·Olivine in 
this sample has a composition of F052 .6 (Table 4.1). Pyroxene from the cores 
of the Driekop and Onverwacht pipes has not been analysed. 

OPAQUE MINERALS: The chemistry of Fe-Ti oxides and base-metal sulphides 
in these assemblages ~ discussed in Chapters 4 and 11, respectively. 
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TABLE).2 v.H)LE-fU:K ANALYSES OF THE PrATTNIFER(XJS CORE ASS'EMBUGES 

00 AI AA ON-2 10-4 M)-3 """-3 """-4 """-5 "",,--6 
><t. , ~ ~ 

5i0:2 35.19 37.94 .179 36.27 33.22 45.87 37.92 38.60 34.25 36.72 
Ti<>2 .02 .02 .006 .03 .16 .47 .05 Tr' 

Alz03 n.d. n.d. n.d. n.d. 1.80 1.45 1.63 
Fez03 .11 .12 .006 .15 .22 1.97 2.90 n.d , 

F'" 22.18 23.23 .477 30.27 43.91 17.29 25.96 23.61 35 . 55 38.04 
Mr<l .28 .32 . 015 .48 .65 .35 .40 1.05 

"'JO 35.33 37 .76 .611 30.73 18.60 18 .19 34.47 32.51 22.00 22.18 
CaO .30 .31 .021 .59 .67 12.83 n.d. 3.44 2.35 .50 
NazO n.d. n.d. .02 .03 .17 . 20 .32 
KzO n.d. n.d. n.d. n.d. .02 n.d . n.d. 

P20s n.d. n.d. n.d. n.d. • 02 .05 Tr 
crzOJ .03 .05 .038 .02 .01 .29 • 10 n.d . 
Nia .23 .25 .030 .18 .06 .07 Tr Tr 
L.O.I. 5.41 .78 .87 1.52 .55 
TarA!. 99.08 100.00 99.52 98.52 100.64 98.35 98.16 99.85 100.49 

H!!! 
Cr 184 115 41 2004 
Ni 1816 1424 445 517 
Co 247 248 5.0 296 308 154 
Cu 44 54 47 23 51 54 
Zn 106 105 6.6 159 166 103 
V 47 46 6.0 57 52 574 
Sc 7 8 1.7 12 18 69 
Nb n.d. n.d. n.d. n.d. n.d. 
Zr n.d. n.d. n.d. 2.8 15. 8 
y 2.9 2.7 .4 3.5 2.9 16 . 6 
Sr n.d. n.d. n.d. n.d. 16 
Rb n.d. n.d. n.d . n.d. n.d . 

"J-'" . 74 • 74 .64 .43 . 65 
Olivine 73.1 72.7 64.1 43.1 52.6 
n.d.: not detected; Tr: trace; - : not detennined; olivine COlTpJsition (001.% Fa) detenmned by 
rrcicroprobe. For authors samples Fe203 / Feo = 0.005 except sample MO-3 in which Fe203 was estimated by 
using the technique of Irvine & Barragar (1971). 
DR-Al : Iron-rich (chrysolite) dunite, Driekop (adit). 
AA : Average of 3 samples of the iron-rich (chrysolite) dunite from odekop (surface,adit &3 level ). 
00-2 , Iron-rich (hyalosiderite) dunite, Onverwacht (surface). 
M)-4 , Iron-rich (hortanolite) dunite, ~ihoek (mine durrps). 
M)-4 , Iron-rich (hyalosiderite) wehrlite, Mooihoek (rrcine durrps). 
WAG-3 & 4 (Driek0e)l WAG-S (Onverwacht) and W}IC--6 (M:x:lihoek) fran ~ner (1929). 

WHOLE-ROCK CHEMISTRY 
Whole rock analyses of dunitic samples from the platiniferous cores of 

these pipes are presented in Table 3.2. Sample DR-A1 is from the adit level 
at Driekop, and analysis "AA" is an average of 3 samples 
Driekop pipe (samples DR-A1,A2,A3 - see Appendix 5). 

from the core of the 
Sample ON-2 is from 

outcrop at the Onverwacht pipe. Samples MO-3 and MO-4 are from the mine dumps 
at Mooihoek, but as they contain PGM it may be assumed that they are from the 
core of the pipe (they are not representative, however, due to the pegmatitic 
nature of this assemblage). Analyses WAG-3 to WAG-6 are from Wagner (1929) . 
Most of the samples of the platiniferous core assemblages are of essentially 
monomineralic dunites from the marginal parts of these core units, as 
representative traverses are not available. 

The extreme paucity of Cr203 and Al 203 in these iron-rich dunites may be 
attributed to the absence of chromite. Other chemical differences between 
these and the magnesian dunites may be related to the more fayalitic nature 
of the olivine, including an increase in Mn, Co, and Zn, and possibly Sc 
(see also Chapter 9). The distribution of Ni, however, is less readily 
explained (see Chapter 4). These iron-rich dunites are also characterised by 
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the presence of low levels of Y, although other incompatible elements (Nb, 
Zr, and Rb) were not detected. The V content remains constant, although this 
may partly be a function of the absence of chromite. Sample MO-3 is an iron­
rich wehrlite; the presence of clinopyroxene results in an increase in the 
trace elements Sc, V and Sr. It is also associated with an increase in the 
incompatible elements, a feature which may possibly be related to the 
presence of mica and amphibole. All of these samples are slightly richer in 
Cu than the magnesian dunites, a reflection of the presence of small 
quantities of base-metal sulphide. It may be concluded that, unlike 
magnesian dunites in the pipes (which may be compared with dunite sensu 
stricto), the iron-rich dunites are unusual rocks. 

3.4.3 MARGINAL ENVELOPE OF IRON-RICH OLIVINE CLINOPYROXENITE 

PETROGRAPHY 
The marginal envelope to the Driekop pipe is a coarse-grained olivine 

clinopyroxenite, a dark -coloured rock in which large, tabular crystals of 
clinopyroxene (up to 50 mm in length) are prominent. Close to the contact 
with the magnesian dunite the olivine clinopyroxenite is gradational into a 
hybrid assemblage that may be referred to as a wehrlite (section 3.4.5). 

Petrographically this assemblage exhibits a close resemblance to iron­
rich ultramafic pegmatite (see Chapter 8). Clinopyroxene may occur in a 
variety of habits including large, euhedral to subhedral grains and medium­
sized, subhedral to anhedral grains, which exhibit extensive mutual 
interference. These grains may contain exsolved lamellae of orthopyroxene and 
orientated intergrowths of an opaque phase (probably ilmenite). They usually 
demonstrate distinctive polysynthetic twinning and partial amphibo li sation. 
The exsolution and twinning result in microtextures that are not observed in 
cumulus clinopyroxenes from the critical or main zones of the Bushveld 
Complex (see Chapter 8 for further details). Olivine in this assemblage 
occurs as large, anhedral grains and small, polygonal grains. The latter 
form aggregates which exhibit a foam-like texture that may be attributed to 
annealing. Olivine is distinctly interstitial to the clinopyroxene and may be 
observed to have partially replaced clinopyroxene, often as small, lath-like 
grains orientated along cleavage traces but also as pervasive aggregates 
along the margins of grains (similar features are described in Chapter 8). 

Minor phases in this assemblage include plagioclase and orthopyroxene. 
Spinels and base-metal sulphides are not normally observed in this 
assemblage. Plagioclase occurs as either unusually large, anhedral grains or 
as small, sliver-like grains that are interstitial to both clinopyroxene and 
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olivine. These usually exhibit very coarse and poorly-formed albite 
twinning, the lamellae of which wedge-out in an irregular fashion, undulatory 
extinction and are often partially altered to saussurite. Furthermore, large 
aggregates often consist of small, polygonal grains, probably a result of 
secondary recrystallization. Both clinopyroxene and olivine exhibit 
disequilibrium textures with plagioclase and may locally replace it (see also 
Chapter 8 ). Orthopyroxene occurs as small, anhedral grains that are either 
interstitial to, or enclosed by clinopyroxene or olivine. These features 
suggest that both plagioclase and orthopyroxene may be relict minerals after 
partial replacement of the adjacent cumulates. The coarse grain size and 
microtextures exhibited by plagioclase suggest that it has recrystallized 
during this replacement process. Significantly, large aggregates of 
saussuriti sed plagioclase are particulary abundant immediately adjacent to 
the contact with the cumulate wallrocks. 

At Mooihoek, the magnesian dunite is encased within an outer shell 
composed of coarse-grained olivine clinopyroxenite, feldspathic pyroxenite 
and olivine gabbro. Hortonolite, hornblende and phlogopite, which also occur 
in the core of this particular pipe, are observed in these marginal rocks 
(Wagner , 1929). These latter minerals do not occur in the marginal assemblage 
at Driekop (other than possibly as secondary or very minor accessory 
constituents) and it may be inferred that the rocks in the cores and marginal 
assemblages of the pipes are related. This assemblage is absent at 
Onverwacht. 

MINERAL CHEMISTRY 
OLIVINE: Electron microprobe data indicate that the average composition 

of olivine in olivine clinopyroxenite at Driekop is F06S . 1 (samples DR-2S,27, 
Table 4.1). 

PYROXENE The XMg of clinopyroxene and orthopyroxene (exsolution 
lamellae) from this assemblage at Driekop is .776 and .700, respectively 
(samples DR-2S,27, Table 4.2). As far as the author is aware there are no 
published data on the chemistry of olivines and pyroxenes from this 
assemblage. 

PLAGIOCLASE Schiffries (1982) reports very calcic plagiolase from 
the margin of the Driekop pipe, with compositions varying from An 100 to An 7S ' 
Plagioclase has not been analysed in the current study. 

WHOLE-ROCK CHEMISTRY 
Two whole-rock analyses of olivine clinopyroxenites from Driekop are 

presented in Table 3.3 (samples DR-26,27). Because the olivine / pyroxene 
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00-.16 CR-17 (;fI:- H i)R-12 00-)8 00-)9 00-42 i)R-29 ill-30 

~ 
Si"2 47.77 49.55 51.06 51. 79 SO.05 47.30 43.25 51.13 50.B3 
Ti"2 .17 .20 .22 .25 .35 .75 .06 .09 .10 
Al~) 5.25 3.B5 3.22 3. 27 3.25 10.90 6.43 lB.70 19.52 

'''2'l3 1.67 1. 70 1.72 1. 75 l.B5 2.25 .06 .60 .60 
Feo 12 . 3B 10.85 10.65 9.83 B.63 6.31 12.53 5.99 5.99 
Mr() .21 .25 .J) .31 .29 .1B .20 .16 .20 
"JO 19.08 17.92 lB.62 17.7J 16.21 8.79 28.9B 10.30 9.99 
cao 12.5' H.71 12.02 13.76 17.65 D.94 7.43 10.67 11.05 

""2° .09 .27 .23 .25 .24 .57 n.d. l.5B 1. 53 
KZO .01 . 01 .07 . 01 n.d . l.05 n.d . .07 .07 
Pz05 n.d. .01 .01 n.d. .01 4.39 n.d. n.d. n.d. 
Cr203 .09 .ll .07 .07 .11 .06 .19 .OB .07 
NiO .07 .06 .05 .05 .04 .02 .03 .03 
L.O.I. .95 1.29 1.26 1. 48 .92 4.66 1.15 1.25 .91 
TOrJ\L 100.2B 100.78 99.54 100.54 99 . 60 101.17 100.2B 100.67 100.B9 

~ 
Cr 590 769 470 449 756 396 D16 525 471 
Ni 536 440 'D 49B 340 15B 195 202 
Co llO il2 103 95 92 45 149 51 52 
CU 25 30 18 164 16 21 8 19 19 
Zn 75 78 73 6B 49 32 72 43 49 
V l23 415 393 425 497 lB2 B9 116 li4 
Sc 57 6B 6B 70 91 34 lB 20 20 
Nb n.d. n.d . n.d. n.d. n.d. 16.3 n.d. n.d. n.d. 
Zr 4.9 6.0 6.' 9.4 9.2 26.1 n.d. 2.5 n.d·. 
y 6.7 8.B B.4 11.4 ll . l 27.5 n.d. 2.B 3.5 
Sr 7B 58 35 35 34 216 84 244 261 
Rb n.d. n.d. n.d. n.d. n.d. 52 n.d. n.d. n.d. 

"3-'" . 73 .75 .76 .76 .77 .71 .80 .75 .75 
Olivine 65.5 64.B 62.B 7B .9 
n.d. : not detected; - : not determined; Olivine composition (mol.% Fo) deteremined by 
microprol:::e. Fe20) determined using the techniql.!e of Irvine & Barr-agar (1971) except for sa.rtples 
DR-42,-29 & -30 where an Fe20) / FeD ratio of 0.005, 0.1 & 0 . 1, respectively, was used. 

All samples are fran the 97m level at Driekop. 

OR-26 : Iron-rich olivine clinopyroxeni te, marginal envelope of main pipe. 
DR-27 : Iron-rich olivine clinopyroxenite, marginal envelope of train pipe. 
DR-31/32 : Iron-rich ~bsterite pegmatites, satellite bodies. 
OR-3B , Iron-rich clinopyroxenite pegmatite, satellite body. 
DR-39 : Maiic pegmatite, satellite body. 
DR-42 : Lherzolite, satellite body, associated with the 0:;-3 chrcmitite layer. 
DR-29/30 : Leuconorite cumulates, O.Sm and 5m from edge of pipe . 

ratio of this assemblage is rather variable an average composition is not 
presented. These rocks may be distinguished from the magnesian dunite by a 
comparatively low Mg-number - it varies between 75 and 73, depending on the 
bulk mineralogy (as compared with values of 84 to 8Z for the magnesian 
dunite; note that the presence of clinopyroxene results in a Mg-number which 
is higher than the forsterite component of the olivine). Compared with the 
magnesian dunite these rocks are richer in bulk SiOZ' CaD, Al Z03 , TiOZ and 
NaZO and depleted in bulk FeD and MgO, features attri butab le to both modal 
and mineral compositional differences. The trace elements Ni, Co and Zn are 
present in olivine, and to a lesser extent in clinopyroxene, and Cr, V and 
Sc, together with TiOZ ' are present mostly in clinopyroxene. Sr is -present 
mostly in plagioclase with minor quantities in clinopyroxene. 

3.4.4 VEINS 

Two groups of veins cut the main body of magnesian dunite at Driekop, 
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those that are related to the platiniferous core and those that are related 
to the marginal envelope of iron-rich olivine clinopyroxenite. Veins which 
may be related to the platiniferous core at Driekop were referred to briefly 
in section 3.3.1. They occur as both parallel-walled veins and irregular 
bodies which radiate out from the central core-area . These veins may be be 
observed over almost the entire outcrop of the dunite, where they are 
emphasized by numerous small prospecting pits and the presence of secondary 
magnesite veins. Whether all of these veins, which occur for distances of 
over 200 m from the central core-area, radiate from the core has not been 
established. They are, however, concentrated preferentially adjacent to the 
main core-area where they occur primarily as a radial set. Some veins also 
occur here as a concentric group. Wagner (1929) reported that most of these 
veins at Driekop were platiniferous. Some of them formed important ore-shoots 
outside of the main core-area. They consist of varying proportions of iron­
rich olivine and clinopyroxene with accessory plagioclase, amphibole, mica 
and magnetite. 

Wagner (1929) also reported the presence of veins, which are related to 
the platiniferous cores, in the Mooihoek and Onverwacht pipes. Again, they 
occur in concentric and radial zones, concentrated close to the central 
cores. These two sets of veins, which cut each other approximately at right 
angles, are aligned parallel to the circumference and di p of the overall 
pipe. Consequently, Wagner (1929) interpreted them as occupying shrinkage 
cracks in the magnesian dunite. Veins in the Onverwacht pipe, which may be 
platiniferous, are more fractionated than the main core assemblage. They 
consist of coarse-grained iron-rich dunite and pegmatitic clinopyroxene -
hornblende - phlogopite - Ti-magnetite - ilmenite varieties (Wagner, 1929). 
Veins at Mooihoek are pegmatitic and may exhibit considerable mineralogical 
variation. Hortonolite occurs in the narrower veins but may be absent in the 
thicker veins. These latter consist of clinopyroxene, phlogopite, hornblende, 
Ti-magnetite and ilmenite and are very coarse-grained (with grain sizes of up 
to 15 cm). The hortonolite-bearing veins contain minor PGE, but the more 
fractionated veins are barren (Wagner, 1929). 

The second group of veins found at Driekop comprise very coarse-grained 
wehrlite, olivine clinopyroxenite and clinopyroxenite varieties. They appear 
to be restricted to the margin of the pipe. They can be observed in the adit 
(on which Wagner based his cross section) and at the base of the koppie on 
the western and southern sides. They occur as parallel-walled veins, usually 
0.5 to 1 m in thickness and as wedge-shaped bodies which may be traced into 
the marginal envelope of iron-rich olivine clinopyroxenite (fig. 3.5A). They 
do not normally contain base-metal sulphide, or PGM. 
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3.4.5 CONTACT ZONES 

MAGNESIAN DUNITE / PLATINIFEROUS, IRON-RICH DUNITE CORE 
In the field (see section 3.3.1) and in thin section this contact is 

sharp and no gradational compositiona l trends have been recorded. A 
distinctive feature is the abrupt disappearance of primary spinel . 

MAGNESIAN DUNITE / MARGINAL ENVELOPE OF IRON-RICH OLIVINE CLINOPYROXENITE 
This contact is sharp and regular in the field, although the magnesian 

dunite adjacent to it is serpentinised and veined by secondary magnesite. 
In thin s~tion, however, this contact is clearly gradational. For distances 
of 1 to 2 cm from the actual contact clusters of olivine and clinopyroxene 
grains, related to the iron- rich olivine clinopyroxenite assemblage, project 
into the magnesian dunite. This hybrid assemblage may be described as a 
wehrlite. Large, anhedral gra ins of clinopyroxene poikilitically enclose and 
partially resorb the magnesian olivine (fig. 3.6C; note that clinopyroxene 
is earlier than the iron-rich olivine in the olivine clinopyroxenite). Two 
generations of olivine may be observed in this assemblege. Small, relict 
grains (presumably related to the primary magnesian dunite) are enclosed by 
large, anhedral grains (derived from the olivine clinopyroxenite). This 
second generation olivine is later than the clinopyroxene. Spinel is 
usually absent in this assemblage, and for a lateral distance of several 
metres from the contact the magnesian dunite is depleted in spinel. 
Furthermore, spinel which does occur is invariably the polyphase variety 
(see Chapter 4). 

Olivine in this contact assemblage has an average composition of 
F0 73 .6 (sample DR-22, Table 4.1); the two generations of olivine do not 
exhibit any compositional differences. The measured composition is part-way 
between olivine from the magnesian dunite (F083 .6) and the iron-rich 
olivine clinopyroxenite (F065 . 1). The average XMg of clinopyroxene in this 
contact assemblage is .828 (sample DR-22, Table 4.1). These two minerals 
are probably in equilibrium (see Chapter 9). The paucity of chromite in this 
contact zone is supported by one whole-rock analysis (sample DR-22 , Appendix 
5). 

Field relationships indicate that the marginal envelope of iron-rich 
olivine clinopyroxenite formed after the main body of magnesian dunite. 
Petrographic studies and chemical data imply that these two assemblages are 
in disequilibruim. The hybrid contact assemblage described above may be 
attributed to replacement (or metasomatism) of pre-existing magnesian dunite 
in response to disequilibrium with an iron-rich liquid, that resulted in 
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formation of the olivine clinopyroxenite assemblage. Disequilibrium 
resulted in exchange of Mg by Fe2+ to produce a hybrid olivine that is 
compositionally midway between the original magnesian olivine and that in 
eqiulibrium with the iron-rich liquid. The Ni content of this "metasomatic" 
olivine may support this argument (see Chapter 4). The hybrid clinopyroxene 
probably resulted by resorption of magnesian olivine. Chromiferous spinel 
in the magnesian dunite was evidently unstable in the presence of this iron­
rich liquid and was resorbed. This is an unusual feature as chromite is 
normally a very stable mineral. 

3.5 SATELLITE BODIES OF ULTRAMAFIC-MAFIC ROCK ADJACENT TO THE DRIEKOP PIPE 

3.5.1 CLASSIFICATION AND DISTRIBUTION 

Satellite bodies which may be directly related to the Driekop pipe may 
be subdivided into three main types: (1) magnesian dunite with subordinate 
lherzolite; (2) iron-rich clinopyroxenite and websterite pegmatite; and 
(3) mafic pegmatite. In addition, pegmatite veins composed of plagioclase, 
orthopyroxene, amphibole and mica occur, and a pegmatitic texture may 
occasionally be observed in the cumulates. These latter two features are 
attributed either to exomorphic processes related to the pipe, or to normal 
deuteric postcumulus processes operating within the cumulate pile. The 
distribution of some of the satellite bodies of ultramafic and mafic rock 
located in the 3-level crosscut can be seen in Figure 3.4 (see also Map 2). 
Bodies of iron-rich clinopyroxenite pegmatite have been located on surface 
for distances of over 1.5 km from the pipe, but are clearly most abundant in 
proximity to the main pipe. Bodies of magnesian dunite and lh~zolite appear , 
to be restricted to the structurally disturbed envelope. 

3.5.2 SATELLITE BODIES OF MAGNESIAN DUNITE AND LHERZOLITE 

FIELD RELATIONSHIPS 
These satellite bodies, which have only been observed in the 3-level 

crosscut at Driekop, are essentially "~fl"" Wlt~I" pyroxenitic cumulates 
associated with the UG-chromitite layers (see section 3.3.2 and fig. 3.4B). 
Well-defined bodies of magnesian dunite may be mapped here, but often the 
distinction between ' a transgressive body of dunite and an orthopyroxenite 
cumulate is difficult to establish. A marginal zone may occur, in which 
cumulus orthopyroxene is replaced by magnesian olivine (fig. 3.6E,F). 
Olivine may also occur in partially replaced cumulates, and Schiffries 
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(1982) refers to the olivine-rich matrix to both the UG-2 and UG-3 
chromitite layers in this section. The larger satellite bodies of magnesian 
dunite transgress the cumulate layering which is structurally disrupted (see 
section 3.3 .2). They may themselves be cut and replaced by later bodies of 
iron-rich pyroxenite pegmatite. Veins composed of noritic or gabbroic 
material (probably remobilised cumulates) cut and displace (usually by high 
angle normal faults with throws of less than 1 m) the layered sequence here. 
They clearly postdate the formation of the pipe-related satellite bodies. 

A satellite body of magnesian dunite has also been observed at Driekop 
which is emplaced in felsic cumulates, approximately 40 m from the contact 
of the pipe (fig. 3.4A). This is a sill-like body, approximately 0.5 m 
thick, which is inclined at 630 . It occurs along the lower contact of a 
thick layer of mottled anorthosite. The upper contact is knife-sharp and is 
marked by a thin selvage of chromitite, a few grains thick. A 2 m thick 
layer of massive plagioclase occurs in the hangingwall of this body, above 
which is normal mottled anorthosite. Cumulus plagioclase in the hangingwall 
has recrystallized and is partially replaced by clinozoisite. The lower 
contact of this body is irregular, diffuse and gradational into unaltered 
leuconorite. Coarse-grained clinopyroxene crystals occur at the base of 
the sill, which terminates abruptly within the exposure observed. This body 
appears to exhibit an intrusive relationship to the cumulates. The thin 
chromitite layer on the upper contact is presumably derived from the dunite, 
as the cumulate wallrocks are essentially devoid of chromite. 

PETROGRAPHY AND MINERAL CHEMISTRY 
OLIVINE Olivine in the small, sill-like body of magnesian dunite 

has an average composition of F084 .7 (sample DR-111, Table 4.1), and is 
comparable to that from the main body of magnesian dunite (although it is 
more nickel rich - see Chapter 4). The average composition of olivine from 
satellite bodies of magnesian dunite and lherzolite that are intimately 
associated with pyroxenite-chromitite cumulates (including the UG-2 and UG-3 
chromitite layers) is F079 .0 (samples DR-42,46, Table 4.1). 

PYROXENE The average XMg of clinopyroxene and orthopyroxene from 
lherzolite pegmatite bodies at Driekop is .887 and .829, respectively 
(sample DR-46, Table 4.2). In comparison, the XM9 of cumulus clinopyroxene 
and orthopyroxene from unaltered orthopyroxenites (associated with the UG-2 
chromitite layer, 0.5 km from the pipe) is .861 and .811, respectively 
(sample DR-52, Table 4.2). The pegmatite-hosted pyroxenes are thus slightly 
more magnesian. 

CHROMITE Chromite grains from orthopyroxenite cumulates adjacent to 
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the UG-2 chromitite layer and from the magnesian dunite and lherzolite bodies 
have been analysed and are discussed in Chapter 4. 

WHOLE-ROCK CHEMISTRY 
One analysis of a lherzolite pegmatite is presented in Table 3.3 (sample 

DR-42). It is a hybrid rock, the chemistry of which reflects elements of both 
a cumulus orthopyroxenite and the 
of these satellite bodies are 
conclusions can be established. 

magnesian 
required 

dunite. Further investigations 
before any detailed genetic 

3.5.3 IRON-RICH CLINOPYROXENITE AND WEBSTERITE PEGMATITE 

FIELD RELATIONSHIPS 
Satellite bodies of iron-rich clinopyroxenite and websterite pegmatite 

are particularly abundant close to the main pipe, where dozens of individual 
occurrences have been mapped (fig. 3.4A, Map 2). They usually occur as 
irregular bodies that are discordant to the cumulate layering, and have 
maximum lateral dimensions of between 10 and 15 m, but may have dimensions 
of less than 1 m. The smaller occurrences occur as pod-shaped bodies, 
dykes and small, spheroidal masses, whereas the larger bodies tend to form 
sill- or sheet-like bodies which are locally concordant. The lateral 
contacts between these bodies and their cumulate hosts UKe usually sharp, 
but irregular. Typically the pegmatite body transgresses the layering with 
no structural disturbance being evident (fig. 3.5C). The upper, or lower 
contacts of these bodies may, however, be diffuse. This is indicative of a 
replacement front. These features suggest that these bodies formed after 
the layering was downwarped. Furthermore, the field relationships indicate 
that they probably formed by in situ, passive replacement (see also 
Schiffries, 1982). Similar field relationships are exhibited by iron-rich 
ultramafic pegmatite bodies (see Chapter 7). 

PETROGRAPHY 
Satellite bodies close to the pipe are composed of websterite or 

clinopyroxenite pegmatite, in which olivine and plagioclase are accessory 
phases. Mineralogically they are similar to the marginal envelope of iron­
rich olivine clinopyroxenite. With increasing distance from the pipe 
clinopyroxenite pegmatite becomes the dominant variety. This increase in 
modal clinopyroxene is sympathetically associated with an increase in grain 
size. Clinopyroxenite pegmatites exhibit a hypautomorphic granular texture 
in which individual, subhedral or anhedral grains, often with dimensions 
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over 100 mm, exhibit extensive mutual interference (fig. 3.6D) . 
Microtextures are similar to those documented in Chapter 8. Discrete grains 
of orthopyroxene occur in this variety of pegmatite, but olivine is fairly 
rare; it may, however, be observed as tiny, lath-like grains that replace 
clinopyroxene along cleavage traces. The websterite pegmatites are composed 
of clinopyroxene with up to 40 modal percent orthopyroxene . Again, olivine 
is a rare accessory pkase. Chromite is only rarely observed in these rocks; 
it is probably a relict cumulus mineral. Primary Ti-ma.gnetite, ilmenite and 
base-metal sulphides are not normally observed. 

A thin outer selvage of orthopyroxene, plagioclase and mica is present 
in some of these bodies. It is attributed to partial metasomatism of the 
cumulate host. Composite magnesian dunite-Iherzolite and iron-rich 
clinopyroxenite-websterite pegmatite bodies have also been observed. These 
exhibit a complex mineralogy and have not been studied in detail. Field 
relationships, however, suggest that the iron-rich assemblages formed after 
the magnesian dunite-Iherzolite, as may be expected by comparison with the 
main pipe. 

MINERAL CHEMISTRY 
OLIVINE The average composition of olivine in this assemblage is 

F062 .8 (2 analyses only; sample DR-32, Table 4.1). 
PYROXENE: The XMg of clinopyroxene and orthopyroxene from websterite 

pegmatite is .761 and .723, respectively (sample DR-32) and that from 
clinopyroxenite pegmatite is .755 and .671, respectively (sample DR-38, 
Table 4.2). Both olivine and pyroxene are thus compositionally comparable to 
samples from the marginal envelope of iron-rich olivine clinopyroxenite. 
These data al so i nd i cate that the pegmat i tes become slightly more 
frac tionated with distance from the pipe, as is also evidenced by the 
eventual predominance of clinopyroxene, ini tially over olivine and then over 
orthopyroxene. 

WHOLE-ROCK CHEMISTRY 
Selected whole-rock analyses of iron-rich websterite pegmatite (samples 

DR-31 ,32) and clinopyroxenite pegmatite (sample DR-38) are presented in 
Table 3.3 (for complete analyses see Appendix 5). These rocks are 
mineralogically and chemically similar to the iron-rich oliv ine 
clinopyroxenite assemblage from the main pipe (samples DR-25,27, Table 3.3), 
if allowance is made for modal variation. The slightly higher Mg-number of 
these samples (average =.77-.76) is a reflection of the higher modal 
proportion of clinopyroxene. The minor and trace element chemistry of these 
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rocks is comparable to that described for the iron-rich olivine 
clinopyroxenite. It is noticeable that clinopyroxenite pegmatite, which is 
less primitive (as evidenced by XMg of pyroxene grains) than websterite 
pegmatite, is richer in the incompatible elements. 

3.5.4 MAFIC PEGMATITE 

Mafic pegmatites in the structurally disturbed zone adjacent to the 
Oriekop pipe form small, exceptionally irregular, often spheroidal bodies in 
which the pegmatite and cumulate host merge into each another. They are 
considerably less abundant than the other satellite bodies, and are usually 
associated with larger bodies of clinopyroxenite or websterite pegmatite. 
Mafic pegmatites often exhibit a radial arrangement of large, euhedral 
clinopyroxene crystals set in a matrix of plagioclase. Locally this may 
define a pseudo-graphic texture (fig. 3.50). The plagioclase in between the 
clinopyroxene crystals is in optical continuity over large areas and is 
invariably saussuritised. It has probably been derived from the cumulates as 
a result of local recrystallization. Large crystals of amphibole and biotite 
are common in these pegmatites and apatite and quartz may also b.e observed. 

The mineral chemistry of this assemblage has not been investigated. One 
whole-rock analysis is presented in Table 3.3 (sample DR-39). Compared with 
iron-rich clinopyroxenite pegmatite it is richer in plagioclase, as 
indicated by the higher Al 203 and Sr contents, and is poorer in 
ferromagnesian silicates. The proportion of incompatible elements (Ti, K, 
P, Nb, Zr, Y and Rb) is much greater, partly due to the presence of apatite. 

3.6 PETROLOGY OF THE CUMULATE WALLROCKS 

Two whole-rock analyses of samples of leuconorite 
to the Oriekop pipe are presented in Table 3.3 (samples 
Appendix 5). Mineralogically and chemically they 

immediately adjacent 
DR-29,30; see also 
are unaltered and 

indistinguishable from typical cumulates from the upper critical zone of the 
layered sequence. Pipe-related olivine and clinopyroxene have not been 
located in these felsic cumulates. Microprobe analyses of cumulus 
orthopyroxene (X Mg =.768) and intercumulus clinopyroxene (XMg = .837) are 
presented in Table 4.2 (samples OR-28,29,30; note that the sequence of 
cumulates exposed in the 3-level crosscut at Driekop represents an inclined 
section of part of the layered sequence and because of fractionation 
effects, the composition of cumulus minerals varies.). These cumulus and 
intercumulus pyroxenes are more magnesian than pyroxenes from the marginal 
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envelope of iron-rich olivine clinopyroxenite at Oriekop. Field relationships 
suggest that some assimilation or replacement of the adjacent cumulates has 
occurred at the edge of the pipe, and resorption of cumulus plagioclase is 
particularly evident. The data of Schiffries (1982) indicate that 
plagioclase associated with the iron-rich olivine clinopyroxenite is 
unusually calcic; similar features are observed in plagioclase that has been 
partially resorbed by iron-rich ultramafic pegmatite at Amandelbult (see 
Chapter 8). 

The ultramafic cumulates (orthopyroxenites and chromitites), which were 
intersected in the 3 level crosscut, have been referred to in sections 3.3.2 
and 3.5.2. Here, replacement of cumulus orthopyroxene by pipe-related, 
magnesian olivine is evident, resulting in the formation of hybrid rocks. 
Similar features were documented by Cameron and Oesborough (1964) in the 
pyroxenite wallrocks to the Onverwacht pipe. The author concurs with the 
conclusions of Cameron and Desborough that metasomatic replacement of 
cumulus orthopyroxene by olivine occurs at the contact between 
orthopyroxenite cumulates and discordant bodies of magnesian dunite. 
However, there is no evidence to extrapolate this process to the main pipe 
at Oriekop; metasomatic replacement of the felsic cumulates (which host the 
Driekop pipe at the present exposure level), by magnesium-rich fluids has 
not been observed. 
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CHAPTER 4 DRIEKOP MINERALOGY AND GENESIS 

This chapter presents some additional mineralogical studies on olivine, 
pyroxenes, Fe-Ti-Cr oxides and the ore minerals . Data for the different 
petrologic assemblages, which were presented in the previous chapter, are 
modelled in relationship to the whole pipe. Finally, the genesis of the 
platin iferous ultramafic pipes is discussed. 

4.1 OLIVINE 

4.1.1 COMPOSITIONAL VARIATION 

The composition of olivine is fundamental to the recognition and 
interpretation of petrologic assemblages in the Driekop pipe. Averages of 
electron microprobe analyses of olivines from each assemblage are presented 
in Table 4.1 (some of these data have been corroborated by whole-rock 
analyses - see previous chapter). These data may be summarised as follows :-
(1) Magnesian dunite, main pipe , Driekop : F083 .6 
(2) Platiniferous core, main pipe, Driekop : F072 .7 
(3) Olivine clinopyroxenite, main pipe, Driekop : F065 .1 
(4) Contact zone, magnesian dunite - olivine clinopyroxenite, main pipe, 

Driekop : F073 .6 
(5) Magnesian dunite, sill-like satellite body, Driekop : F084 . 7 
(6) Websterite pegmatite, satellite body, Driekop : F062 .8 
(7) Hybrid, magnesian dunite - orthopyroxenite cumulates, satellite bodies, 

Driekop : composition variable; approximately F0 79 
In addition, the composition of olivine from the platiniferous cores of the 
Onverwacht and Mooihoek pipes has been determined as F065_64 and F044_43 , · 
respectively. Thus olivine from the platiniferous cores of these pipes 
defines a compositional range from F072 .7 (iron-rich chrysolite) to F044_43 
(hortonolite). It is also poss ible that olivine in the core of each pipe 
may exhibit some compositional variation, but as only restricted samples are 
now available this has not been investigated further. 

4.1.2 MODELLING OF NiO-MgO RELATIONSHIPS IN OLIVINE 

DISCUSSION 
Data from electron microprobe analyses of olivines completed in this 

study are plotted on a binary graph of wt. percent NiO versus wt. percent 
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MgO (fig. 4.1). These data f all into two groups. The first includes olivine 
(FOS3 .6) from the magnesian dunite in the main pipe at Driekop, and may also 
include olivine (FOS4 . 7) from the sill-like body of magnesian dunite . The 
NiO content, or NiO/MgO ratio of these magnesian olivines is comparable with 
cumulus olivines from the lower and critical zones of the Bushveld Complex 
(Cameron, 1980; Botha, in prep.; see also Chapter 9). Scatter in individual 
samples may be explained by analyt ica l error, particularly in the NiO 
content, or by minor fractionation (see below) . 

The second group incorporates all iron-rich olivines (i.e. more 
fayalitic than F0 7S ) from the platiniferous pi pes. This group includes 
olivine from the platiniferous cores of Driekop, Onverwacht and Mooihoek, as 
well as olivine from the iron-rich olivine clinopyroxenite, websterite and 
clinopyroxenite pegmatite assemblage at Driekop . In comparison with iron­
rich cumulus olivine from the upper zone of the Bushveld Complex (see Chapter 
9) and with published analyses of iron-rich olivines (Deer et a!. , 1982), it 
may be concluded that iron-rich olivine in the platiniferous ultramafic 
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pipes has an unusually high NiO/MgO ratio. In Figure 4.1 it can be seen that 
, 

the iron-rich olivines plot on a straight line for which a linear regression 
may be calculated (based on 35 analyses of 9 separate samples; see Appendix 
7 for complete analyses), thus 

wt.% NiO = (wt.% MgO * .0096) - 0.1 (correlation coefficient = .988) 

Olivine from the sill-like body of magnesian dunite at Driekop also 
plots on this line, if it is extrapolated to more primitive compositions. 
This olivine contains 44.84 wt. percent MgO and .34 wt. percent NiO (sample 
DR-111, Table 3.5); a theoretical NiO content of .33 wt. percent may be 
calculated with the above formulae. 

THEORETICAL FRACTIONATION MODEL 
If olivine from this sill-like body is taken as a starting composition 

(being the most primitive of the samples analysed in t~is study) theoretical 
fractionation curves can be generated to predict the NiO and MgO contents of 
more iron-rich olivines that would be derived by progressive crystallization 

of an initial liquid that is in equilibrium with this olivine. This 
technique uses the formulae of Hart and Davis (1978) to calculate the 
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FIGURE 4.1 Plot of lit. % NIO <s. lit. ~ MgO in olivine 
Data for each sample plotted as a cross in which 'the error bars are equal to 2 standard 

deviations (from electron microprobe data presented in Table 4.1). The iron-rich olivines plot on a straight 

line ("M"); this may be extrapolated to include magnesian 01 {vines fran the lherzolite pegmatite bodies and 

sample DR-t11. Olivine from the magnesian dunites may plot on a fractionation path. TIle composition of 

olivine calculated for two theoretical fractionation paths is plotted, Tt (assuming initial liquid contains 
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distribution of Ni between silicate liquid and olivine, and the formulae of 
Roeder (1974) to calculate the distribution of Mg and Fe2+ between s ilicate 
liquid and olivine (for explanation see Chapter 9). The theoretical 
fractionation curves plotted on Figure 4.1 indicate that the magnesian 
olivines plot on a possible fractionation path. However, the iron-r ich 
olivines do not lie on a fractionation path, an argument that is corroborated 
by actual measured fractionation paths for cumulus olivines in the Bushveld 
Complex (see Chapter 9). It is important to note that the starting 
composition and the initial MgO content of the li qu id do not significantly 
affect the trend of this fractionation path. The iron-rich olivines do not 
then appear to have resulted from in situ fractionation of a silicate liquid 
that is initially in equilibrium with magnesian olivines in these pipes. 
Furthermore, it is evident that the iron-rich olivines themselves do not lie 
on a separate fract ionation path. Compositional variation within the iron­
rich olivine group may be explained by a mixing model between two liquids or 
by a metasomatic model. The former model would requre an implausibly 
stringent sequence of events, and thus the latter model is preferred. 

METASOMATIC MODEL 
This is based on the recognition of metasomatism in the contact zone 

between the magnesian dunite and the marginal unit of iron-rich olivine 
clinopyroxenite (see section 3.4.5), and the NiO-MgO relationships of 
"metasomatic" olivines from the contact zones of pegmatite bodies at 
Amandelbult (see Chapter 9). In the contact zone at Driekop disequilibrium 
between olivine in the magnesian dunite (Fo83 .6, 0.28 wt. percent NiO) and an 
iron-rich liquid has resulted in formation of "metasomatic" olivine with a 
composition of F0 73 .6 and 0.27 wt. percent NiO. Olivine in the platiniferous 
core of the Driekop pipe has a similar composition, and it is thus 
plausible that it also has resulted from metasomatism of magnesian olivine. 
Metasomatic fayalitic olivines may thus have similar Ni contents to primary, 
more magnesian olivine. This feature is also exhibited by metasomatic 
olivines at Amandelbult. Furthermore, Irvine (1 980) describes "metasomatic" 
olivine from the Muskox Intrusion which is characterised by a high 
Ni/(Ni+Mg+Fe) ratio. 

It is concluded that at least some, if not all, of the iron-rich 
olivines in these pipes are of metasomatic origin. Iron-rich olivine in the 
cores of the pipes has probably resulted from metasomatism of pre­
existing magnesian olivine, in response to iron-rich liquids that have 
reacted with the magnesian dunite after it was crystalline. The marginal 
envelope of iron-rich olivine clinopyroxenite and satellite bodies of 
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websterite and clinopyroxenite pegmatite do not all 
and consequently olivine in this assemblage 

replace magnesian dunite, 
has not resulted from 

metasomatism of magnesian olivine. It may 
rich ultramafic pegmatite at Amandelbult, 

be compared 
and may be 

with olivine from iron­
directly representative 

of the composition of the iron-rich liquid from which it formed, either as a 
result of crystallization or by metasomatism of pre-existing cumulates. 

These data indicate that the iron-rich liquid responsible for the 
formation of the iron-rich assemblages in the pipes was not neccessarily 
unusually rich in Ni. It must also be realised that this modelling provides 
no insight into the origin of magnesian olivine in the pipes. 

4.2 PYROXENES 

4.2.1 COMPOSITIONAL VARIATION 

Selected electron microprobe analyses of orthopyroxene-clinopyroxene 
pairs are presented in Table 4.2 (see also Appendix 8). These data are 
plotted on a triangular diagram of Wo-En-Fs in Figure 4.2. XMg of cumulus 
orthopyroxene from the cumulates exposed in the 3-level crosscut adjacent to 
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FIGURE 4.2 Part of the pyro~ene triangular diagram of En~Wo-Fs. 
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The following sample groups are recognized (each symbol represents one electron microprobe analysis) 
o • GROUP A _ Upper critical zone cumulates adjacent to the Driekop pipe (between the UG-2 and the Merensky Reef) 
A'" GROUP 8 _ Iron-rich, pipe-related rocks at Driekop (main pipe and satellite bodies of pyroxenite pegmatite) 

C • GROUP C - Mooihoek pipe (probably fran the core) 
v - GROUP 0 _ Magnesian. pipe-related rocks at Orlekop (satellite bodies of lherzolite pegmatite) 

(Cllnopyroxenes represented by solid symbols. orthopyroxenes by open symbols. Shaded areas represent tie-lines for 
the two main population groups. A and B. and the arrows indicate fractionatIon in these two groups). 

* Orthopyroxene from pegmatite contact zone (2 cm . in width) 
~ End-member compositions (averages; cumulus. XMg = .80. pegmatite. XMg = .71) 
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TABLE 4.2 ELEC1'RCN MICROPROBE ANALYSES CF I'YROXENES FROM DRIEKOP AND IICOIHOEK 
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the Driekop pipe vari es from .811 to .768 (field "A", fig. 4.2). Thi s 
compositional range may be explained by fractionation trends within a number 
of cyclic units. Pyroxenes from the iron-rich olivine clinopyroxenite, 
websterite and clinopyroxenite pegmatite assemblage are more iron-rich than 
the~e cumulus samples (field "B", fig. 4.2). These samples become slightly 
less primitive with distance from the pipe (see section 3.5.3). Pyroxene 
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from the Mooihoek pipe (sample MO -3 - see sect ion 
iron- ri ch (field "C " , fig. 4.2). Pyroxenes 
lherzol i te at Driekop are more primitive than the 

3.4.2 ) is considerably more 
from satellite bodies of 
cumul us samples; they plot 

in field "0 " on Figure 4.2. 
These data corroborate the trend of 01 i v ines in these rocks. The 

magnesian 
cumulates 

dunite Iherzol i te 
which host the Driekop 

assemblage is more 
pipe (at the present 

primitive than the 
level of exposure), 

whereas the iron-rich assemblages (which include the platiniferous core, the 
marginal envelope of olivine clinopyroxenite and the satellite bodies of 
websterite and clinopyroxeni t e pegmatite) are more evolved than their 
cumulat e wallrocks. Pyroxene from the margins of satellite bodies of iron-
rich websterite or clinopyroxenite pegmatite may have a hybr id composition. 
The compositions of these samples pl ot between that of cumulus (magnes i an ) 
pyroxene and pegmatite (iron-rich) pyroxene (fig. 4.2). These hybrid 
pyroxenes probably formed due to metasomatism of cumulus pyroxene by iron­
rich liquids . 

4.2.2 MINOR ELEMENTS IN PYROXENES 

The levels 
widely studied 

in pyroxene of the minor elements AI, Cr and Ti ila-re. been 
(see also Chapter 9). In the Bushveld Complex the ratio of 

cations AI to 
fractionati on. 

30 
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cations Cr is a sensitive indicator which increases with 
Values of this ratio for cumulus orthopyroxenes (4-B) and 

intercumulus clinopyroxenes (4-5 ) 
from cumulates in the upper critical 
zone at Driekop fit the trends 
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cations Ti .. 
FIGURE 4.3 Pl ot of cations Aller vs. cations Ti in pyroxene 

The following sample groups are recognized (each 
symbol represents one electron microprobe analysis; all from 
Oriekop. unless otherwise stated) : 
o Cumulus orthopyroxene A Intercumulus clinopyroxene 
• Pipe-hosted orthopyroxene ... Pipe-hosted clinopyroxene 

* Orthopyroxene,contact zone _ Cl inopyroxene , Mooihoek 

Arrows indicate direction of fractionation . Bel ow the line 
a - b chrom ite is associdted with the host rock. 

obtained for pyroxenes in the lower 
critical (low ratios) and main zones 
(high ratios) obtained by Botha (in 
prep.) and Mitchell (in prep.) . 
Zonation in large pyroxene grains is 
a problem, consequently the analyses 
presented in Table 4.2 and Figure 
4.3 are all based on the cores of 
grains. 

Pyroxenes from the iron-rich, 
pegmatitic assemblages at Driekop 
have much higher AIICr ratios 
(greater than 17) than the cumulus 
samples. This is an indication of 
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their fractionated nature. The Al/Cr ratio of pyroxene from the satellite 
bodies of lherzolite is similar to that found in the cumulus samples. 

If the Al/Cr ratio is plotted against cations Ti, pyroxene from the 
lherzolites can be distinguished from the cumulus samples (fig. 4 .$). The 
iron-rich pyroxenes, which might be expected to be richer in Ti, contain 
similar Ti contents to the cumulus pyroxenes. It is, however, interesting to 
observe that clinopyroxene from the Mooihoek pipe, which is associated with 
granular ilmenite, is much richer in Ti. Chromite is not found in the 
samples plotted above the line a - b in Figure 4.3; pyroxene in these samples 
contains only very low levels of Cr. 

4.2.3 GEOTHERMOMETRY 

Using the Wells (1977) geothermometer, equilibration temperatures of 
9200C for pyroxene from the marginal envelope of iron-rich olivine 
clinopyroxenite unit and 97DDC for cumulus pyroxene from the adjacent 
wallrocks are indicated. Clinoyroxene in the iron-rich assemblages in these 
pipes usually contains exsolved orthopyroxene, a further indication that they 
formed at magmatic temperatures. 

4.3 Fe-Ti-Cr OXIOES 

Fe-Ti-Cr oxides in the platiniferous ultramafic pipes may be subdivided 
into three groups (1) disseminated chromiferous spinels that are an 
intimate component of the magnesian dunites; (2) disseminated grains and 
coarse segregations of Fe-Ti-Cr spinel and ilmenite in the platiniferous core 
of the Mooihoek pipe; and (3) slab-or raft-l ike masses of "chromitite" that 
have been extraneously introduced. This latter group is variously interpreted 
as xenoliths or metasomatic relicts (see p.27). They do not occur at Driekop 
and are not discussed further here. In addition, secondary magnetite 
(essentially pure Fe304), probably a result of serpentinisation, is found in 
many of the olivine-rich assemblages in these pipes, and orientated 
intergrowths of an opaque phase occur in many of the olivine grains (see 
p.34). 

4.3.1 DISSEMINATED CHROMIFEROUS SPINELS 

DISTRIBUTION 
From the petrologic descriptions presented in Chapter 3, the distribu­

tion of chromiferous spinels at Driekop may be summarised as follows 
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(1) they are an ubiquitous accessory constituent in magnesian dunite, both 
from the main pipe and satellite bodies; (2) they are absent from all of the 
iron-rich assemblages associated with the Driekop pipe, including the 
platiniferous core; (3) cumulus chromite is only a rare accessory constituent 
of the felsic cumulates that host the pipe at the present level of exposure; 
and (4) metasomatism in response to iron-rich fluids may result in resorption 
and eventual dissolution of primary chromite grains in magnesian dunite. 
This results in iron-rich assemblages that are chromite-free . 

MINERALOGY 
Stumpfl and Rucklidge (1982) recognized three types of disseminated 

spinel in the platiniferous ultramafic pipes (note that they do not describe 
the particular petrologic assemblage in which they occur). These are (1) 
monophase chromites; (2) polyphase spinels; and (3) magnetite. The latter 
may occur as part of the polyphase grains, but is much more widespread as 
secondary grains which are related to serpentinisation of olivine (these are 
not discused further). The distinction between monophase and polyphase 
chromites is based on optical (reflected light) and electron microprobe data. 

(1) MONOPHASE (HOMOGENEOUS) CHROMITES 

DESCRIPTION: Monophase, optically homogeneous chromites occur in magnesian 
dunites in intergranular and intragranular sites within olivine (figs.3.6,4.4A). 
Chromites in intragranular sites are invariably very small, euhedral or 
rounded grains, whereas those in intergranular sites vary from tiny grains 
with diameters of less than 0.1 mm to large, anhedral grains with maximum 
dimensions of over 5 mm. Texturally, these chromites are comparable with 
cumulus chromites in dunite or harzburgite cumulates from the Bushveld 
Complex. 
CHEMISTRY Electron microprobe analyses of monophase chromites from Driekop, 
Mooihoek and Onverwacht are presented in Table 4.3. These comprise samples 
from the magnesian dunite unit in the main pipe at Driekop (samples DR-
1,2,16,17,20), the sill-like satellite body of magnesian dunite at Driekop 
(sample DR-111), satellite bodies of lherzolite at Driekop (sample DR-
43B,46B) and the magnesian dunite unit in the Mooihoek and Onverwacht pipes 
(samples MO-14 and ON-12, respectively). They include analyses of 
intergranular and intragranular grains, the composition of which may differ 
due to subsolidus effects. 

All of the optically homogeneous grains analysed in this study were 
found to be essentially compositionally homogeneous, but some compositional 



FI GURE 4.4 CHROMIFEROUS SPINELS IN MAGNESIAN DUNITE FROM THE MAIN PIPE. DRIEKOP 

.!:.. Medium-sized chromiferous spinel grains (light grey) in intergranular sites between olivine grains (medium grey) 

"aa" is a monophase chromite grain (note euhedral form. paucity of inclusions), "ae" is a polyphase. chromiferous spinel 

grain (note anhedral fonn, abundance of silicate inclusions) , and grain "ab" is exhibiting signs of partial alteration. 

Sample DR-17 (for ana lyses of grain "aa" see Table 4.3) • 

.!?..:.. Part of a singIe . polyphase , ch r orniferous spinel grain exhibiting at lea st two optically resolvable phases (lIght 

grey and medium grey) and abundant s ili cate inclusions (very dark grey to black). Whole is enclosed by oli vine (black). 
Note extreme ly ragged margin. Sample DR-17, gra in "b". 

£=. Rims of pur e magnetite on monophase chranite grains, all" enclosed by olivine. Surface sample .. 

~ CompOSite grain of polyphase, chromiferous spinel and pure magnetite. Latter exhibits t ypical anhedral form and is 

interstitial to olivine , whereas former was probably orig ina lly euhedral . Sample DR- 1. 

(All in r eflec t ed light with partially c rossed or uncrossed polarisers; cr - chromiferous spinel; mag - magnetite; 

01 - olivine) 
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FIGURE 4.5 POLYPHASE. CHROMIFEROUS SPINELS IN MAGNESIAN DUNITE FROM THE MAIN PIPE, DRIEKOP 

For explanation of phases A. 8, E - see text; Al, P2., 81, £1 etc. (e.g .• in sample OR-17 grain "b") represent electron 

microprobe analyses presented in Tables 4.4. 4.5; chromitlll ilmenites are labelled lOlL" - for analyses see Table 4.5. 

(All in reflected light with partially crossed or uncrossed polarisers). 
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variation between grains is evident. Polyphase, 
found in the sill-like body of magnesian dunite at 

complex chromites are 
Criekop, consequently 

not 
the 

chemistry of monophase chromites (which contain between 39.9 and 40.7 wt. 
percent Cr203) may be indicative of primary compositions (sample DR-111 , 
Table 4.3). In fact , the composition of cumulus chromites from magnesian 
dunites is comparable with these samples (sample DUN-1, Table 4.6). 

GEOTHERMOMETRY In slowly cooled rocks subsolidus spinel-silicate re­
equilibration may modify primary liquidus compositions. Wilson (1982) 
suggests that spinel geothermometry can only be applied to thick seams, which 
have been unable to equilibrate with silicates. In this study only 
disseminated chromite was available, such that the results indicate minimum 
(blocking) temperatures at which subsolidus re-equilibration was terminated. 
The olivine-spinel geothermometer used is that of Roeder et al. (1979). The 
following temperatures have been obtained for chromites from magnesian 
dunites at Driekop: 7000C (intragranular chromite, satellite body), S800C 
(intragranular chromite, main body) and 5450C (intergranular chromite, main 
body) . 

(2) POLYPHASE, COMPLEX CHROMIFEROUS SPINELS 

DISTRIBUTION: In magnesian dunite in the main pipe at Driekop, optically and 
compositionally polyphase, complex chromiferous spinels are common. Similar 
spinels have not been reported from cumulates in the Bushveld Complex. They 
are also absent from the satellite bodies of magnesian dunite and lherzolite 
at Driekop . This is an important observation and it may be concluded that 
these complex spinels have formed in responsetc processes that only affected 
the main pipe. Data presented elsewhere in this study indicate that the 
magnesian dunite in the main pipe and satellite bodies is similar, 
consequently it is inferred that the complex spinels are the result of 
processes that occurred after the magnesian dunite was crystalline. 
Furthermore, the complex spinels are preferentially concentrated towards the 
margins (i.e. adjacent to the platiniferous core and the outer contact with 
the marginal envelope of iron-rich olivine clinopyroxenite) of the main pipe. 
For example, complex spinels are abundant in samples DR-1,2 and DR-20,22 and 
relatively rare in samples DR-6 to DR-14 (see Map 2). 

DESCR I PTI ON Complex spinels are characterised by a wholly anhedral form, 
the presence of abundant, 
the presence of more than 

and often quite large, silicate inclusions, 
one optically distinct phase (figs. 4.4B,4-.5). 

and 
They 
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often form quite large grains, commonly with maximum dimensions in excess of 
3 mm. They always occur in intergranular sites. 

Stumpfl and Rucklidge (1982) recognised up to four optically distinct 
phases in these complex spinels. In this study three optically distinct 
phases are normally observed, but up to six phases may be recognised in 
specific samples (this includes one phase which is a Cr-rich ilmenite - see 
below). These optically distinct phases are recognised by differences in 
reflectivity. The lowest reflectance phase is probably equivalent to 
optically homogeneous chromite and that with the highest reflectivity is an 
iron-rich phase (fig. 4.5). The optical difference between these two extremes 
is marked, and it is significant that the phase with the highest reflectivity 
occurs as a separate entity, whereas only very subtle differences occur in 
the lower reflectivity range, which may include up to four separate phases. 
These separate phases do not occur as concentrically disposed zones but as 
irregular and complicated intergrowths, in which the lower reflectivity 
phases are located towards the central parts of grains and the higher 
reflectivity phases occur towards the margins. This may result in the 
preservation of relict primary chromite islands in the central parts of 
grains (but still in a highly irregular manner) with iron-rich spinel found 
as irregular, and iso lated bodies at the margins of grains. Well developed 
rims do not occur. The exception to this is the presence of rims of 
essentially pure Fe304 on otherwise optically homogeneous chromites from 
surface samples (fig. 4.4C). This is probably related to serpentinisation. 

Spinels at Driekop may be only part ly polyphase, with half or more of 
the grain remaining as optically homogeneous chromite (fig. 4.5A, B). At the 
other extreme polyphase spinels, with complicated spinel intergrowths, may 
contain over 50 modal percent of silicate inclusions (fig. 4.4) . . These 
usually occur as anhedral, often shard-like features with maximum dimensions 
in excess of 0.1 mm. They are quite distinct from the small, often rounded 
silicate inclusions observed in cumulus chromites in the Bushveld Complex. 
For further details see Stumpf I and Rucklidge (1982). 

CHEMISTRY The results of electron mi croprobe analyses of polyphase, complex 
chromites are presented in Tables 4.4 and 4.5. All these samples are from the 
magnesian dunite unit in the main pipe at Driekop (see Map 2 for sample 
locati ons). Three optically distinct phases, which may be readily 
recogni sed; are labelled A, Band E, where the relative reflectivity (R) of 
these phases is RA < RB < RE (phases C and D were originally recognised but 

RC and RD are very close to RB). These analyses are subdivided into two 
groups, Cr-rich spinels (phases A and B, Table 4.4 ) and Fe-rich spinels 
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(phase E, Table 4.5). Samples were selected for analysis after examination 
by refl ected 1 ight mi croscopy . Ind i v idua I gra ins were then photographed so 
that the different phases could be located with the electron microprobe. 
This was important as it avoided the problem of an analysis across the 
contact of two phases. Each gra i n was then 1 abe II ed a 1 ph abet i ca lly (lower 
case) , 
(e.g., 

and analyses of different phases on various 
analy se3Al, A2 (phase A), B1, B2 (phase B), El 

grains were recorded 
(phase E) all of grain 

"m", sample DR-1 - see fig. 4.5B and Tables 4.4, 4.5). 
These results are treated as preliminary data; more detailed studies are 

required before these complicated minerals may be fully understood. The 
composition of phase A in the polyphase spinels may be compared with the 
composition of monophase chromites. If chromites from the sill-like body of 
magnesian dunite are accepted as primary compositions, then it is interesting 
to observe that phase A in the polyphase spinels may be actually richer in 

Cr203 , but much poorer in A1 203. Phase B in the polyphase chromites is 
relatively depleted in Cr203 and Al 203 and enriched in FeO and Fe20

3
. Phase 

E may be described as an Fe-Cr spinel; it usually contains less than 30 wt. 
percent and is compositionally part-way between chromite and 



'Im[.E 4.5 EIK:IKN MIOUR1£ ~ CF :m::::N-RIOi ~ OR:MILM -~ !N) ClRMIlM - RlOi ~ 

~l~"a" ~l ffilUN "rn" ~l CRAJN "nil 
\oot, % CBtias 

~ .13 .02Jl2 
Fa:) .02Jl2 

Crz03 16.39 3.7434 
Al:PJ 2.99 1.0178 

FeP.l 51..43 11.lB2l. 
Fa:) 30.10 7.2448 

M1) 1.64 .7062 
/oltl .a) .0489 
llJIl>L 102.89 

Rl. .fil6 

R2 .605 
R3 .701 
R4 .008 
R5 .008 

!>N\DSlS El 

.13 .1l2OCIl .48 .1043 
.1l2OCIl .1043 

21.:8 4.<nil.· 30.31 6.9252 
3.52 1.1922 5.44 1.8525 

45.52 9.8454 32.25 7.Ql34 

30.95 7.4136 29.77 7.(004 

1.17 .SOU 1.85 .7969 
.35 .0052 .46 .ll2S 

103.24 1OO.~ 

.570 

.569 

.617 

.063 

.063 
E2 

.497 

.493 

.444 

.101 

.099 

El 

0H\2 
...-t.' a:rt=ims 

~ .14 .Q33l. 

Fa:) .Q33l. 

<::l::PJ .04 .tml 

Al:PJ .06 .= 
FeP.l 68.11; 15.9028 
Fa:) 29.73 7.6867 

M1) .66 .3054 
/oltl .03 . Q[Jl9 

llJIl>L 98.71 

Rl. 
R2 
R3 
R4 

R5 

.674 

.673 

.998 

.038 

.1ll8 

.01 .0023 

.0023 
.00 .<IDl 

.10 .0373 
68.34 15.9378 

30.48 7.8976 
.a) .0943 

.03 .008J 

99.'" 

.668 

.668 

.996 

.Qll 

.Qll 

.00 .ma5 
.ma5 

.13 .0471 
68.76 15. 9159 

30.42 7.8J62 

.OJ .lB34 

.04 .0104 

99.83 

.671 

.670 

.'HI 

.229 

.229 

.44 .0952 

.0952 
30.00 6.86Il8 
6.43 2.lB2l. 

31.27 6.7784 
29.57 7.r1L/4 
2.01 .8628 

.45 .1097 
1OO.a5 

IR-2A 

.490 

AID 
.428 

.109 

.100 
El 

.00 .Ql84 

.Ql84 

.03 .Q[J/3 

.09 .0324 
69.a) 15.9235 
29.34 7.4813 
1.11 ."D58 

.05 .Ql29 

99.90 

.680 

.680 

.998 

.063 

.063 

m-l GWN "p" --- --- m .... l mAIN "Q" 

.09 . Cl2Q3 

.Cl2Q3 

8.68 2.C667 
1.01 .3S84 

:8.72 13.S34Q 

30.30 7.6116 
.78 .3SQl 

.15 .0382 
100.73 

.640 

.639 

.948 

.043 

.043 
El. 

.19 .0432 

.0432 
a).46 4.8913 
3.7Q 1.3l.B4 

42.64 9. 7037 
28.71 7.2186 

1.58 .7121 
.27 .0691 

97.56 

.573 

.ill 

.609 

.009 

.009 

E2 

m-l GWN "n" 

44.97 .1!21;9 42.28 .77'SJ 

7.51. .1452 10.42 .2X:Il 

1.47 .0424 2.a) .0632 
8.62 .l.595 1O.lD .1854 

35.37 .7232 33.02 .6733 
2.33 .0049 2.34 .(850 

.91 .ffi.88 .82 .(850 

101.17 2.0000 1Ol.lB 2.0000 

nol. % ilnEnite 

90.71 00.63 

.23 .0495 

.0495 
17.96 4.0704 
2.93 1.0066 

"0.17 10.8237 
31.73 7.5572 

.90 3.84"D 

.24 .0582 

104.21 

.588 

.587 

.680 

.048 

.048 
El. 

27.17 .SQIl 

21.69 .42Q5 

4.15 .UOO 
24.77 .4572 
16.93 .3473 

3.71 .13~ 

.00 .QJ.B3 

99.30 2.0000 

64.60 

.00 .Ql8l 

.Ql8l 

10.15 2.4225 
1."0 .5336 

57.25 13.0074 

30.79 7.7572 
.46 .a)70 

.14 .0357 
100.38 

.626 

.625 

.814 

.025 

.025 

E2 

m-l~"r" 

48.23 .9064 

4.m .C004 

.84 .0247 
4.36 .OO:D 

38.75 .8J93 
2.14 .0797 
.00 .Q169 

99.19 2.0000 

95.43 

.17 .Q300 

.Q380 

7.13 1.6792 
2.83 .:834 

:8.11 13.2Sl.l 

28.71 7.1166 

1.91 .848l. 
.14 .0353 

100.01 

.GOD 

.649 

.832 

.lJJ6 

.lOS 

El. 

m-16 GVUN "e" 

.27 .0600 .lB .0094 
.0600 .0394 

6.00 1.6099 9.72 2.2395 
.93 .3458 3.76 l.29U 

61.78 13.9226 ~."O U.:ro:J 

23.01 5.7027 27.~ 6.6796 
5.05 2.2541 2.96 1.2858 

.17 .0431 .14 .0345 
93 . m 100.83 

.709 

.707 

.876 

.E 

.281 

E2 

.649 

.648 

.778 

.161 

.160 

El 

IR-1lA 

51..m .9664 51..28 .9705 

.11 .0022 .37 .[Jl36 

.13 .0039 .19 .0564 
3.23 .06U 2.43 .046Q 

39.93 .84Q3 OJ.58 .SS4l 

2.68 .1005 2. 53 .0949 
La) .~ 1.01 .0215 

98 .35 2.0000 93.39 2.0000 

96.72 97.53 

J\NUSIS MqRite M:qretite M:!:jrEt.ite M:qretite Q--II.M!N£lE 0'-IImH'IE ? Q--IDfl.mE IDfNL'IE IDfNITE 

FIII'll:S, Rl =,.,J+ /,.,J+ + ""'" la::taa:lrall; R2 -,.,J+ /,.,J+ + ""'" Itxltall; R3 =,.,J+ /,.,J+ + Al + Cr; R4 =.., /.., + ""'" la:ta-alrall; R5 =.., /.., + "","Itxltall. 
I<:te that !Ere ''mgreti,",'' refers to Ti- an:! Cr- pnr 1".a:m:laIy"l ~,"" 



- 62 -

magnetite. It usually contains only low levels of MgO and A1 203. The Ti02 
content is also low, such that this spinel cannot be compared directly with 
the Fe-Ti-Cr spinels in iron-rich ultramafic pegmatite (see Chapter 10). An 
unusual Cr-rich ilmenite has been located in two polyphase spinel grains 
(grains "n" and "r", sample DR-1; fig. 4.5E,F). Analyses of these are 
presented in Table 4.5. Analyses of (typical) ilmenite, from an iron-rich 
vein in the Driekop pipe (sample DR- 11A) and secondary magnetite (essentially 
pure Fe304) from the platiniferous core (samples DR-A2, A3) are also 
presented in Table 4.5. 

DISCUSSION Stumpfl and Rucklidge (1982) suggest that the formation of these 
spinels is related to complex, polyphase processes linked to low temperature 
iron-rich fluids. The data presented in this study also favour a metasomatic 
model, athough it is likely that metasomatism was related to an iron-rich 
silicate liquid at magmatic temperatures. It is suggested that the formation 
of these complex spinels is directly related to the formation of the iron­
rich assemblages in the pipes (see below). Significant support for this 
interpretation lies in the observation that grains who l ly encapsu lated in 
olivine are always homogeneous; only those of interstitial habit are of the 
complex variety. Furthermore, the complex chromites are concentrated at 
the margins of the magnesian dunite unit and Cr-spinel is entirely absent 
from the iron-rich assemblages themselves. 

(3) CUMULUS CHROMITES 

Electron microprobe ana lyses of cumulus chromites are presented for 

TABLE 4.6 . El.a:"I'RON MICROPROBE ANALYSES OF c:::umws OIRCMITES 

DUN-3 
wt •• cations 

Ti0:2 1.35 .2748 1.47 .2997 2.11 .4331 
FeO .2748 .2997 .4331 

Cr2O:J 39 . 87 8.5326 39.23 8.4089 39.03 8 . 4237 

Al203 13.50 4.3062 13.98 4 . 4663 12.29 3.9535 

Fe2O:J 12.82 2.6115 12 . 37 2.5252 13.41 2.7563 

FeO 24.53 5.2788 25.35 5.4483 25.82 5.4628 

"'" 6.42 2.5904 5.99 2.4207 5.90 2.4008 
McYJ .57 . 1306 .57 .1308 .59 .1364 

TOl'l\L 99.06 98.97 99.16 

Rl .330 .316 .335 
R2 .319 .305 .318 
R3 .169 .163 .182 
R4 .329 .307 .305 
R5 .318 • 296 .289 

DescriQtion Intergranular chranites fran lower zone 

cunulate dunite, Jaqdlust section 

comparative 
Table 4.6. 
samples 

purposes in 
These inc I ude 
from the 

orthopyroxenite that 
overlies the UG-2 chromitite 
(approximately 1.5 km. from 
the Driekop pipe; sample DR-
52) and samples of cumulus 
magnesian dunites from the 
lower zone in the eastern 
Bushveld Complex 
DUN-1, DUN-3) . 

(samples 
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TABLE 4.7 A ELECI'RON MICROPROBE ANALYSES OF Cr-MKiNETITES 

TiD:2 11.'9 
Cr20) 3.47 
i>J.20:! 16.18 
Fe20:! 27.58 
Fa:) 40. as 
MgO 3.18 
Mr() .39 
TOl'AL 102.34 

cations 
Ti~lOO 
Fe2+ 2.3100 
Cr .7334 
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TABLE 4.7B II.MENITES 

M>-11 
wt.% 

TiD2 50.53 
i>J.20:! .37 
FeC .1.93 
Fe20:! 5.08 
MnC .53 
MgO 1.67 
Cr20:! .30 

rorAL 100.'1 
cations 

Ti .9441 
AI .0108 
Fe2+ .8711 
Fe) .0950 
Mn .0112 
,." .0618 
Cr .0059 
ITO!.% ilmenite 

M>-ll 

50.27 
.77 
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5.82 
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In the platiniferous core of the Mooihoek pipe coarse-grained Fe-Ti-Cr 
spinel (that superficially resembles Ti-magnetite) and granular ilmenite are 
an intimate component of an assemblage which may be referred to as an 
rich ultramafic pegmatite (see p.3?). According to Wagner (1929) 
phases, although in smaller quantities, occurred in the core of the 

i ron­
similar 
Driekop 

pipe. The author has observed these 
veins, evidently genetically related 
the actual core of the Driekop pipe. 

phases in iron-rich dunite 
to the platiniferous core, 

The results of electron 

and wehrlite 
but not in 
microprobe 
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analyses of massive segregations of magnetite and ilmenite from Mooihoek are 
presented in Table 4.7 (samples MO-ll and MP-2 from the mine dumps). This 
spinel typically contains between 3 and 4 wt. percent Cr203 and between 
16 wt. percent Ti02. It may be compared with magmatic Ti-magnetite in 
the Cr content is unusually high (Cr is probably displacing Fe3+). 

9 and 
which 

The 
microtextures and composition of this spinel are directly comparable with Fe­
Ti-Cr spinels in iron-rich ultramafic pegmatite (see Chapter 10). 

Using the magnetite-ilmenite geothermometer of Spencer and Lindsley 
(1981) an equilibration temperature of 6550C at 10910 f02 of - 19.3 is 
obtained for Fe-Ti oxides from the core of the Mooihoek pipe. The range of 
exsolution textures present in these oxides is also suggestive of 
crystallization at magmatic temperatures. 

4.4 ORE MINERALS 

4.4.1 BASE-METAL SULPHIDES A SYNTHESIS 

(1) Co-poor pentlandite occurs as a rare constituent in serpentinite veinlets 
in the magnesian dunite, but other sulphides are not normally observed. 
(2) In these pipes, base-metal sulphides are essentially restricted to the 
platiniferous cores. 
(3) Pyrrhotite (usually the hexagonal variety, although troilite also 
occurs) is the dominant sulphide in the platiniferous core. 
(4) Pentlandite, a subordinate phase in the platiniferous core is a Co-rich 
variety, similar to that found in iron-ri ch ultramafic pegmatite. 
(5) For further details see Chapters 2 (literature review) and 11 (tabulation 
of new data). 

4.4.2 PLATINUM GROUP ELEMENTS : A SYNTHESIS 

(1) PGE in the pipes are essentially restricted to a specific, iron-rich 
assemblage that occurs as a central core and as veins that cut the main body 
of magnesium dunite. The magnesian dunite adjacent to the platiniferous core 
may contain sporadic PGE, but is usually depleted in PGE. 
(2) Wagner (1929), however, reports that at Mooihoek economic concentrations 
of PGE occurred outside of the core in the main body of magnesian dunite. 
They were usually associated with schlieren of chromite. A comparison may be 
drawn with the forsterite dunite deposits of the Urals where PGE occur in the 
dunite and are preferentially associated with chromite (Razin, 1976). It is 
known that dunites generally contain higher than average concentrations of 
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PGE (Naldrett & Cabri, 1976; Crocket, 1979; Cabri, 1981). Few data are 
available on the dunitic cumulates in the Bushveld Complex, although Hulbert 
and Von Gruenewaldt (1982) have worked on the lower zone in the Potgietersrus 
limb. 
(3 ) The iron-rich ultramafic pegmatite suite in the Bushveld Complex is 
usually non-platiniferous, except where replacement of platinum- rich 
cumulates, such as the Merensky Reef, is evident. Accordingly, it is 
considered unlikely that an iron-rich liquid derived from the cumulate pile 
would be enriched in PGE. 
(4) For these reasons the magnesian dunite is considered to be the primary 
source of the PGE in the platiniferous ultramafic pipes. 
(5) The PGE mineral ogy of these pipes has been reviewed in Chapter 2. A 
comparison may be drawn with the PGE mineralogy of "replaced" Merensky Reef 
at Amandelbult (see Chapter 11). 
(6) Peyerl (1982 ) has documented the PGE mineralogy of the UG-2 chromitite 
layer adjacent to the Driekop pipe. He found that it is atypical of the 
normal chromitite layer and attributes the formation of different PGM to the 
pipe. These PGM are also characterised by different inter-element ratios 
(e.g., the percentage of Ru is unusually high). It is suggested that 
metasomatic liquids emanated from the pipe to produce the observed changes. 
The mineralogy of the host chromite is apparently unaffected. It may be 
deduced that these liquids were hot enough to raise the PGM above their 
solidus temperatures and to transport new PGE in solution. 

4.5 WHOLE-ROCK CHEMISTRY 

Mineralogical differences between the major petrologic assemblages in 
the platiniferous ultramafic pipes discussed 
CIPW norms (see Appendix 6). These modal 

in Chapter 3 are apparent 
features, together with 

from 
some 

differences in the major element chemistry are evident on a triangular "AFM" 
diagram (in wt. percent) of (Na20 + K20) - FeO - MgO (fig. 4.6C). In this 
diagram, samples of iron-rich dunite from the platiniferous cores of the 
various pipes and samples of magnesian dunite from Driekop plot on a straight 
line (trend A'-A'). This trend is directly related to a decrease in the 
whole-rock Mg-number of these samples. Samples of the iron-rich olivine 
clinopyroxenite, web sterite and clinopyroxenite 
Driekop define a separate trend (field "B"). 
cumulates from the wallrocks to the Driekop pipe 
field ("C"). 

pegmatite assemblage at 
Samples of leuconorite 

also plot in a separate 

These different assemblages also plot in quite separate fields in a 
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binary graph of wt. percent CaO versus wt. percent MgO (fig. 4.681. In this 
diagram the trend C'-C' represents part of a plagioclase-orthopyroxene mixing 
line for the relevent cumulus composition, and the trend 8'-8' is a mixing 
line between iron-rich olivine (essentially F065_62 1 and clinopyroxene of a 
suitable composition. The slight curvature evident in trend 8'-8' may be a 
feature of the small degree of fractionation in this assemblage. 

Similar trends are also seen on a binary graph of ppm Co versus wt. 
percent MgO (fig. 4.6Al. In this diagram trend A'-A' is related to increases 
in the Co content 
Trend 8' -8 ' is 

of olivine which is becoming increasingly more fayalitic. 
again a mixing line between iron-rich olivine and 

clinopyroxene and trend C'-C' 
and cumulus orthopyroxene of a 

In these rocks both 

is a mixing line between 
fixed composition. 
Sc and V partition 

cumulus plagioclase 

preferentially into 
clinopyroxene, to a lesser degree into orthopyroxene and olivine, and are 
practically absent in plagioclase (fig. 4.7Cl. The magnesian and iron-rich 
dunites define a straight line relationship (A'-A'), which indicates that 
the Iron-rich dunltes are slightly richer in Sc, but the V content does not 
exhibit any variation. Samples 
websterite and cllnopyroxenlte 

of I ron-rich 
pegmatite also 

olivine 
define 

c Ii nopyroxen I te , 
a straight line 
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GROUP A 

c:) Magnesian dunite (all samples from Driekop) 
X Iron-rich chrysolite dunite (platiniferous core, Driekop) 

o Hyalostderite dunite (platiniferous core, Onverwacht) 
• Hortanolite dunite (platiniferous care, Mooihoek) 

GROUP B 

• Iron-rich olivine clinopyroxenlte (marginal unit. Driek.op) 

• Iron-rich olivine clinopyroxenite / websterite pegmatite 
(satellite bodies. Oriekop) 

... Iron-rich olivine clinopyroxenite (satellite bodies, Driek.op 

GROUP C 

() leuconorite (cumulates, wallrock.s adjacent to Oriekop) 
~ Orthopyroxene - XMg = .7B (microprobe data) 

FIGURE 4.6 ""ole-rock data plotted on variation diagrams: (A) ppm Co vs. wt. 1 MgO; (B) wt . 1 CaO vs. HgO; and (C) an 

AFH diagram (wt. 1 (H"z O+'S!0) • FeD· HgO). 
The following trends may be recognized. AI - iron-enrichement trend in dunites (samples from group A); B' - mixing line 

between olivine ( ..... F06S ) and clinopyroxene (samples from group B. plus hyalsolderite dunite); C1
• - mixing line between 

orthopyroxene k XHg = .78) and plagioclase (samples frOll group C). 
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relations hip, which includes samples of leuconorite cumulates (trend 8 ' -8'). 
This represents two mi xing lines, plagioclase-orthopyroxene (for the 
cumulates ) and iron-rich olivine- clinopyroxene (for the pipe-related rocks). 
This indicates that clinopyroxene is much richer in Sc and V than 
orthopyroxene (see also Chapter 12). 

In Figure 4.7A, 8 the incompatible 
against Sc. These elements are below the 

elements, 
lower limit 

Zr and y are plotted 
of determination in the 

magnesian dunites and in some of the iron-rich dunites. Samples of iron-rich 
olivine clinopyroxenite, websterite and clinopyroxenite pegmatite define a 
straight line 8'-8' in Figure 4.78, which indicates that Y is preferentially 
concentrated in the clinopyroxene-rich rocks. Thus the satellite bodies of 
clinopyroxenite pegmatite, which are also distinguished by conta ining the 
most iron-rich clinopyroxene, are richer in incompatible elements . 

A binary graph of wt. percent Cr203 versus wt. percent NiO is presented 
in Figure 4.70. It illustrates quantitively the modal variations in chromite 
discussed previously; note that magnesian dunite from Oriekop contains on 

" average rougly 1 modal percent chromite (corresponding to approximately 0.42 
.1 

wt. percent Cr203), whereas the iron-rich dunites contain less than .05 wt. 
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GROUP A 

c:)MagneSian dunite (all samples from Driekop) 
X Iron-rich chrysolite dunite (platiniferous core, Oriekop) 

o Hyalosiderite dunite (platinlfero'us core, Onverwacht) 

• Hortonoiite dunite (platiniferous core, Mooihoek) 

GROUP 8 

• Iron-rich olivine c1 inopyroxenite (marginal unit, Driekop) 

• Iron-r ich ol i vi ne c1inopyroxen i te I websterite pegmatite 

(satellite bodies. Orlekop) 

• Iron-rich olivine clinopyroxenite (satellite bodies, Oriekop 

GROUP e 

() leuconorite (cumulates, wallrocks adjacent to Driekop) * Orthopyroxene - XMg = .78 (microprobe data) 

FIGURE 4. 7 Whole·rock data plotted on variation diagrams: (A) ppm Zr vs. ppm Sc; (8) ppm Y vs. ppm Sc; (e) ppm v vs. 

ppm Sc; and (D) wt. 1 erZ03 vs. wt . ~ NIO . 

The follo~ing trends may be recogn ized. A' - tron-enrichement trend in dunites (samples fram group A) - the magnesian 
dunites do not lie on this trend in "0", it Is postulated that the iron-rich dunites are a result of replacement of the 
magnesian dunites; B' - straight line representing a modal increase 1n clinopyroxene (samples from group B) - the rocks 
fran the margin of the Drlekop pipe do not I ie on this trend - they also are interpreted as resulting from replacement 
of the pre-existing magnesian dunlte; C' - samples from group C. 
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percent Cr 203' 

contains roughly 
However, iron-rich dunite in the core of the Driekop pipe 

the same proportion of NiO as the magnesian dunite. These 
features cannot be reconci led with a fractionation model for these 
assemblages. Assuming the metasomatic model is correct then it may be 
concluded that the formation of iron-rich 01 i v ine does not, initially, affect 
the NiO content of the olivine but does result in resorption ( and 
dissolution and removal?) of Cr-spinel. Samples of iron-rich olivine 
cl inopyroxenite, websterite and clinopyroxenite pegmatite, that do not 
rep lace magnesian dunite, plot in a separate field in this diagram (trend B'­
B'). Thus they do not represent either fractionation or metasomatic 
replacement of the magnesian dunite. 

4.6 EVOLUTION OF THE PLATINIFEROUS ULTRAMAFIC PIPES 

Hypotheses which invoke replacement of pre-existing cumulates in a 
layered intrusion usually attribute the replacement process to either 
si I icate I iquids or hydrothermal fluids which stream up through the cumul'ate 
pile (see sections 13.1 and 13 .4). Cameron and Desborough (1964) suggest 
that the Onverwacht pipe has resulted from metasomatism of the pre-existing 
cumulates, which at the present level of exposure consist of orthopyroxenites 
and chromitites. Irvine (1982) cites the Onverwacht pipe as a classic 
example of "infiltration metasomatism", although he may well be referring 
just to the platiniferous core and not to the whole pipe . Schiffries ( 1982), 

however, suggests that the Driekop pipe has formed by replacement of pre­
existing cumulates by chloride-rich hydrothermal brines. This model is less 
attractive than Cameron and Desborough's because it involves replacement of 
cumulates in which plagioclase is the major constituent. Secondly, the data 
presented in this study indicate that all of the petrologic assemblages 
present in these composite pipes formed at magmatic temperatures, and unless 
convincing evidence can be produced to the contrary a low temperature origin 
is untenable. Thirdly, Schiffries' hypothesis is based on the incorrect 
assumption that the composition of olivi ne in the magnesian dunite at Driekop 
is F079 (which is equivalent to the En component of cumulus orthopyroxene in 
the wallrocks at the present level of exposure), whereas data presented here 
suggest an average composition of Fo83 . 6. Thus where a metasomatic model is 
referred to in this study it is assumed to be at magmatic temperatures. 

Finally, it must be stressed that all the data presented in this study, 
including field relationships, indicate that these pipes are of a composite 
nature and each mineralogical assemblage must be considered as a separate 
entity. 
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4.6.1 THE MAGNESIAN DUNITE ASSEMBLAGE 

PETROGENESIS: Three principal hypotheses can be postulated: (1) intrusion 
of a dunitic melt; (2) intrus ion of remobilised magnesian dunite cumulates 
in the form of a crystal-rich mush; and (3) metasomatism of pre-existing 
cumulates. Evidence for dunitic melts has come under attack in recent years 
such that the first hypothesis is discarded. 

Cri t icisms against a metasomatic model may be listed as follows: 
(1) It is difficult to justify the very primitive metasomatizing liquids or 
fluids required t o convert cumulus orthopyroxene (En81 _77 , at Driekop) to 
olivine with a composition of Fo83 .6. It may be predicted that intercumulus 
liquid derived during cumulate formation would be more fractionated than the 
primary magma. 
cumulates in 

The composition of this assemblage matches the most primitive 
the Bushveld Complex, such that even if the postulated 

intercumulus liquids were derived at depth this problem is still not solved . 
Further, it is unlikely that a hydrothermal fl uid would be rich in MgO. 
(2) The primitive nature of the magnesian dunite is further emphasized by 
the Ni content of the magnesian olivine. If the magnesian olivine in these 
pipes has formed by metasomatism of cumulus orthopyroxene from the adjacent 
wallrocks , then it must have involved liquids that were rich in Ni. 
(3) The presence of chromite as an ubiquitous accessory phase in the 
magnesian dunite has been comp letely ignored by some of the proponents of a 
metasomatic origin for the Driekop pipe (see Schiffries, 1982). Cumulus 
chromi t e is essentially absent from the silicate cumulates that the Driekop 
pipe is purported to replace, at the present level of exposure. 

None of the metasomatic models have explained these features; surely it 
is unlikely to expect an intercumulus liquid to have a high Mg/Fe ratio and 
to be rich in Ni and Cr , elements which are rapidly depleted from a magma 
undergoing fractional crystallization? (see also Chapter 13). Furthermore, 
the formation of metasomatic chromite is considered to be unlikely according 
to our present knowledge. 

Consequently, the second model is favoured by the present author, 
although no clear-cut evidence has been established. The author has been 
particularly influenced by the fact that the magnesian dunite in the pipes is 
mineralogically and chemically similar to cumulus dunites in the Bushveld 
Complex. The pipe-hosted dunites are purer "adcumulates" than cumulus 
dunites, presumably because trapped intercumulus liquid has been expelled 
during intrusion. Furthermore, the major collapse structure in the cumulate 
wallrocks at Driekop is difficult to reconcile with a replacement origin and 
is more tenable with an intrusive origin. 
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EMPLACEMENT 
These pipes have some features in common with the zoned Alaskan 

complexes (Noble & Taylor, 1960; Wyllie, 1967) and it is interesting to 
observe that Irvine (1980) also remarks on the adcumulate texture of dunite 
in the Alaskan bodies. Irvine interprets the Alaskan dunites as early 
olivine cumulates which have been tectonically forced upwards into overlying 
pyroxene cumulates. It is suggested that the magnesian dunite unit in the 
Driekop pipe has resulted from remobilisation of cumulus dunite lower in the 
layered sequence of the Bushveld Complex. Subsequent upward movement may be 
described in terms of a crystal -rich diapir. 

Diapiric intrusion of a crystal-rich dunitic mush, which has only a 
small proportion of trapped intercumulus fluid, can readily be explained by 
the strong tendency which crystalline olivine exhibits to flow (see, for 
example, Rayleigh, 1968). Plastic deformation and flow of olivine-rich rocks 
is an important concept in plate tectonic models. Remobilisation and 
subsequent 
extraneous 

intrusion of a cumulus dunite may 
to the Bushveld magma chamber. 

occur in response to tectonics 
Features in this area of the 

Bushveld Complex which may reflect major tectonic activity include the 
Steelpoort f ault, the unusually thick accumulation of lower zone cumulates in 
the Burgersfort "bulge" area and the presence of ultramafic sills in the 
adjacent floor rocks. Gain (1980) discusses the N400 E alignment of 
transgressive ultramafic bodies on Maandagshoek. This is subparallel to the 
Murchison lineament, a major structural control which continued throughout 
deposition of the Transvaal Supergroup (Hunter & Hamilton, 1978 ), and is 
presumed to have been active during intrusion of the Bushveld Complex (fig. 
3.1). Whether any of these features may be related to intrusion of the 
platiniferous pipes is a matter of conjecture. 

The paradox of a major collapse structure in the wallrocks of an 
intrusive body has been described and modelled by Bridgwater et al. (1974). 
Their model relates the downwarping and lack of upward drag to viscosity 
differences and the associated pressure gradient between a fluid diapir and a 
large, rigid plate. Structures in the wallrocks at Driekop imply that they 
were still very hot during intrusion of the diapiric pipe-like body and 
additional heat gained from the dunite would cause a decrease in their 
viscosity, resulting in plastic slumping. The regular increase in dip 
observed in the layered cumulate wallrocks at Driekop is consistent with the 
ideal pressure profile model of Bridgwater et al. An important concept in 
this model is that deformation phenomena are related to injection of a less 
viscous material through a viscous plate, and are not density controlled. 
The relationship between viscosity and heat transfer led Grout (1945) to 
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suggest that rocks overlying a diapir may become so reduced in viscosity that 
they move aside and down the sides of the diapir, permitting the rise of a 
large intrusive body by volume adjustments in a mobile zone (see also Marsh, 
1982) . 

4.6.2 THE IRON-RICH OLIVINE CLINOPYROXENITE-WEBSTERITE-CLINOPYROXENITE 
PEGMATITE ASSEMBLAGE 

Data presented in this study indicate that the marginal envelope of 
iron-rich olivine clinopyroxenite in the Driekop pipe and the adjacent 
satellite bodies of websterite and clinopyroxenite pegmatite are related by 
a common parentage. Formation of this assemblage may be explained by five 
possible hypotheses: (1) in situ fractionation of the magnesian dunite (this 
was rejected in the previous text); (2) a metasomatic contact feature, 
resulting from interaction between the magnesian dunite and the cumulate 
wallrocks (this model, which was suggested by Wagner (1929), was also 
rejected in the previous text); (3) intrusion of a second, entirely different 
magma; or (4) metasomatism of pre-existing cumulates in response to 
injection of a second, entirely separate, iron-rich liquid; (5) Irvine (1980) 
interprets hornblende-anorthite pegmatites in the Duke Island Complex, Alaska 
as resulting from intercumulus liquids which have been removed from the 
dunite during intrusion. This model cannot be applied to Driekop. 

Data in this study favour the third or fourth alternatives. This iron­
rich liquid may be of a similar nature and origin to that responsible for 
iron-rich ultramafic pegmatite. It is an intercumulus, or postcumulus liquid 
derived from within the crystallizing cumulate pile, and subsequently 
injected around the margin of the pipe, after empl acement of the main body of 
magnesi an dunite. It is postulated that the structural downwarping associated 
with the magnesian dunite unit would provide a favourable site into which 
dense, iron-rich postcumulus liquids would readily migrate. Probably the bulk 
of the satellite bodies of iron-rich websterite and clinopyroxenite 
pegmatite adjacent to the Driekop pipe, and the marginal envelope of olivine 
clinopyroxenite, formed by replacement of the cumulates. However, 
crystallization directly from the liquid cannot be excluded. 

4.6.3 THE PLATINIFEROUS, IRON-RICH CORE ASSEMBLAGES 

Mineralogical and compositional similarity between the platiniferous 
core unit and a metasomatic assemblage at the contact of the magnesian 
dunite and iron-rich olivine clinopyroxenite implies that the core of the 
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Driekop pipe is of a metasomatic origin. It is related to the same iron-rich 
liquids that are responsible for the formation of the iron-rich olivine 
clinopyroxenite, websterite and clinopyroxenite pegmatite assemblage. The 
formation of irregular pod-like bodies and veins throughout the pipe must be 
taken into account, but why these liquids should be preferentially 
concentrated into a single, core-like feature is difficult to explain. The 
iron-rich assemblages that do not replace magnesian dunite are not 
platiniferous, thus it is concluded that the magnesian dunite is the source 
of the PGM. This has been concentrated into economic orebodies during the 
metasomatic process. 

The polyphase chromites in the magnesian dunite at Driekop are 
attributed to disequilibrium between primary chromite and this iron-rich 
silicate liquid which was possibly injected along serpentinisation cracks 
after the dunite cooled. Cr-spinel is absent in the iron-rich core of the 
Driekop pipe; it has presumably been dissolved and removed during the 
metasomatic event. This reworking of the PGM in the magnesian dunite is 
feasible, when it is appreciated that the alteration of the chromite pOints 
to pervasion by late-stage liquids. 

The core of the Mooihoek pipe forms a well-defined unit and consists of 
a pegmatitic, highly fractionated assemblage in which Fe-Ti-Cr oxide, 
ilmenite, amphibole and mica are abundant. This unit may in part have 
crystallized from a silicate liquid, and it may provide a link between the 
platiniferous ultramafic pipes and the (non-platiniferous) iron-rich 
ultramafic pegmatite suite. 

4.7 SUMMARY 

(1) Field relationships of the Driekop platiniferous ultramafic pipe are 
documented. 
(2) Detailed whole-rock and mineral chemical data for the major petrologic 
units in the pipe are documented. 
(3) The evolution of the pipe is discussed in terms of a model which supports 
a separate origin for the two main petrologic assemblages in the pipe. These 
data do not favour a single metasomatic event. 
(4) The magnesian dunite unit (which is the main component of the pipe and 
also occurs in satellite bodies) is interpreted as a remobilised cumulate. 
(5) Metasomatic replacement of the orthopyroxenite cumulates by this 
magnesian dunite may have occurred, but there is no evidence to support 
metasomatism of felsic cumulates. 
(6) The iron-rich olivine clinopyroxenite, websterite and clinopyroxenite 
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pegmatite assemblages are interpreted as resulting from a later, and quite 
separate event. This is compared with the iron-rich ultramafic pegmatite 
suite, and may be related to metasomatism of pre-existing cumulates in 
response to iron-rich liquids. 
(7) Injection of these iron-rich liquids through the already crystalline 
magnesian dunite resulted in metasomatism of the dunite to form the 
platiniferous, iron-rich core assemblages. This process was also responsible 
for the formation of polyphase, complex Cr-spinels and locally the complete 
dissoluti on of these sp inels. The resulting, iron-rich metasomatic olivine 
is characterised by unusually high NiO / MgO ratios. 
(8) The source of the PGE is possibly related to the magnesian dunite, as 
iron-rich assemblages that do not replace dunite are non-platiniferous. 
(9) The platiniferous ultramafic pipes may thus be considered as unique 
combinations of two groups of transgressive, ultramafic rock. The fact that 
they are restricted to only four known occurrences in a specific area of the 
Bushveld complex may lend support to their hybrid parentage. 
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SECTION C : THE CUMULATE SEQUENCE IN THE UPPER CRITICAL ZONE, AMANDELBULT 

CHAPTER 5 DESCRIPTION AND PRESENTATION OF NEW DATA 

The regional geology of the Amandelbult area is described, with 
particular reference to part of the upper critical zone of the layered 
sequence, from the UG-l chromitite layer to the Bastard Reef. Some new 
mineralogical and whole-rock chemical data are presented in the last section 
of this chapter. This part of my stud ies has been achieved with 
considerabl~ assistance from the resident geological staff at R.P.M. 
Amandelbult, particularly J.C. Theron and B.M. Walters. 

5.1 REGIONAL GEOLOGY 

Amandelbult section of R.P.M. is situated in the northern sector of the 
western Bushveld Complex. The lower, critical, and main zones of the layered 
sequence occur as a discrete segment which is overlain by upper zone 
cumu lates . The upper zone rocks conformably overl ie the earl ier cumulates 
to the southeast but transgress and truncate them to the southwest. This 
transgression of upper zone cumulates is known as the "Northern Gap". It 
separates the lower, critical and main zone rocks in this area from those at 
the adjacent R.P.M. Union Section. At the north-eastern extremity of 
Amandelbult, which coincides roughly with the Crocodile River, the layered 
sequence is transgressed by later Bushveld granites. The average dip of 
the upper critical zone cumulates in this area is 200 to the south-east. At 
the south-western extremity of the area the strike of the cumulates swings 
northwards in an arc, such that they eventually dip at 40-500 to the north­
west . This structural feature is related to the Northern Gap, where 
magnetic data illustrate the transgressive nature of the upper zone 
cumulates (Viljoen et al.,a, in press; fig. 5.1). The critical zone is 
exposed along strike for 22 km in the Amandelbult area and, although 
outcrop is poor, recent mining operations provide detailed exposure of this 
sequence. 

STRUCTURE 
In the Amandelbult area a number of post-Bushveld structural features 

occur (Viljoen et al.,a,in press). The most important of these are major 
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NW-SE trending faults. In the central or Middellaagte sector of the mine a 
major NW-SE graben structure occurs with downthrowsof up to 600 m over a 2.5 
km strike length. To the northeast of the Middellaagte graben three 
generations of faulting are recognized. The oldest of these are commonly 
flat-lying reverse faults with fault planes dipping at between 15 degrees 
and 30 degrees. The majority of faults are normal and steeper, however, 
with dips varying between 70 degrees and vertical. The youngest faults have 
only been exposed at a few localities underground and are essentially strike 
faults. The latter have only small displacements but the two older 
generations have throws of up to 50 m and present a problem to mining. In 
the southwestern sector of the mine area, the major fault direction is 
northwest-southeas t which is at right angles to the strike of the layering 
and parallel to the faults defining the Middellaagte graben. To the 
northeast of the Middellaagte graben, the direction of faulting changes to 
north-south and northeast-southwest. The northwest-southeast direction 
corresponds to a lineament observed on satellite imagery of the adjacent 
Transvaal Supergroup sediments, which lie to the northwest of the layered 
complex (Vi ljoen et al. ,a, in press) . 

Four major and a number of minor dykes occur in the central and 
southwestern sectors of the mine leasehold. The positions of the four major 
dykes are delineated by airborne and ground magnetics and underground 
exposures. They all strike nort~west-southeast and their thickness varies 
from a few centimetres up to 50 m. The dykes are usually dolerites and 
appear to represent a single emplacement episode. They have a negative 
magnetic signature and may be related to the Pilanesberg swarm (Viljoen 
et al. ,a, in press). Carbonate-rich dykes, which contain inclusions and 
have a brecciated appearance, are often observed in the northeastern sector 
of the mine. They have kimberlitic affinities and may be related to 
Pilanesberg alkaline activity and/or the pipes of pyroxenite shonkinite 
described from the fann Grootkuil 376 KQ (Iannello, 1967; Viljoen et al. ,a, 
in press). 

SURFACE FEATURES 
The Amandelbult lease area measures 20 X 4 km and is situated in the 

Thabazimbi district of the northwest Transvaal. It occupies the following 
farms or portions thereof: Elandsfontein 386 KQ, Schilpadnest 385 KQ, 
Zwartkop 369 KQ, Middellaagte 382 KQ, Elandskuil 378 KQ, and Haakdoorndrift 
374 KQ (Viljoen et al. ,a, in press; fig 5.2). Much of the geology of this 
area is relatively unknown due to poor outcrop. A thick layer of black 
"turf", a soil ubiquitous over mafic cumulates in the western Bushveld 
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FIGURE 5. 1 Local i ty map showing the major platinum mines In the western Bushveld Complex (from de Klerk. 1982). 
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Complex, is present and the topography is flat and featureless. Th i sis 
particularly true of the area 
zone rocks. To the north 

underlain by the upper critical and lower main 
of the mine leasehold, where an inselberg 

(Mooskop) is a local feature, lower critical zone pyroxenites and 
chromitites crop out, often as low, laterally extensive ridges. To the 
south of the mine leasehold a range of conical hills rising 150 m above the 
plain is correlated with the "pyramid gabbros", which are well known from 
other areas of the complex. In the lower main zone a number of marker 
horizons, including the giant mottled anorthosite and leopard marker crop 

the out. The edge of the Bushveld Complex is marked by a range of hi l ls, 
Witfonteinrand, comprising resistant quartzites of the Transvaal Supergroup 
(Viljoen et al.,a, in press). 

/ 
. ' .. 

.'.' . . . 
. . . 

, 

, 1/'1' : '" ': ........ >./ 
, JX .p' -- ./ 

X \\\~/ _---x;' X 

X mtj X c...... _- -- x -,.,- x 

\' ,-~_ x~-/. x x 
Northam)l lI. .....-..... ~ , 

X m, ~ --, x EXPLANATION 
~x ----x )l 

, x 
x metres 

-=-=:.-=--==-. ..::-~--~.-.':::=-"'::--....... 
~ 000 0 5 000 10 000 15 000 

1+ + I Granite 

··· ·r Thaboz imbi 

+ 

+ 

+ 
+ + 

+ 

+ 

\- - -S fault 

rood 

ra ilwoy line 

~ lease boundary 

" - C) hills 

Gabbro, magnelile gabbro, 
mognelite loyers 

} Upper zone 1 
I RUSTENBURG 

D 

D·' . . 

Gobbro, norite , anorthosite 

Pegmotoidol feldspothic pyroxenite 

Pyroxenile, harzburgite 
minor norite 

Quortzile, shole 
S. dolomite 

} Main zone I 
} 

I LAYERED 
Merensky Reef i 

} Lower S.critical zone j SUITE 

} TRANSVAAL SEQUENCE 

FIGURE 5.2 Main geological features of R.P.M. Amandelbult Section (from Viljoen :t 'al. a, 1n press ). 



- 77 -

MINING OPERATIONS 
After discovery of the Merensky Reef in the Lydenburg and Rustenburg 

sectors of the Bushveld Complex, the Reef was rapidly located in the 
northern sector of the western Bushveld Complex. In the Elandsfontein­
Elandskuil sector (now part of the Amandelbult mine) Wagner (1929) reported 
that the Reef was delineated over a strike length of 16.5 km, although the 
only section of commercial interest in the 1920's and 30's was restricted to 
the farm Schilpadnest. Two boreholes here averaged 7.3 and 11.4 dwt /ton 
(probably total PGE + Au) over 30 inches in the Merensky pyroxenite . The 
Merensky Reef itself assayed at 42.5 dwt/tons over 18 inches. The Merensky 
upper chromitite layer assayed at from 15-59 dwt /tons over 0.5-3.5 inches, 
whereas the lower chromitite layer was relatively poor in PGE (Wagner, 
1929 ). R.P.M. Amandelbult Section commenced mining in 1974 and by 1982 
these operations extended over a strike length of 12 km. Amandelbult is 
essentially a platinum mine with minor PGE's, Au, Ni and Cu as by-products. 
At present the only orebody mined is the Merensky Reef. 

5.2 THE LAYERED SEQUENCE BETWEEN THE UG-l AND BASTARD REEF 

The cumulates comprising the layered sequence of the Bus hveld Complex 
define a generalised stratigraphic sequence which was reviewed briefly in 
Chapter 1. In the Amandelbult area iron-rich ultramafic pegmatite has been 
located from just above the LG-6 chromitite layer (in the lower critica l 
zone) to magnetite seam number 6 (in the upper zone). Unfortunately, little 
detailed mapping has been possible in this area of the Bushveld Complex, 
outside of the stratigraphic interval between the UG-l and the Bastard Reef. 
In this area this sequence has been discussed by Hall (1932), Wasserstein 
(1936), Coertze (1974) and Viljoen et al. (a, in press). The following 
section draws heavily on this latter publication. This discussion is 
compiled on a basis that adopts the concept of cyclic units, such that some 
differences with the terminology of Viljoen et al. are suggested. The 
sequence discussed here is based on that in the western section of 
Amandelbult (see fig. 5.3). 

5.2.1 THE UG-l CYCLIC UNIT 

The base of this unit is marked by the UG-l layer which is usually a 
single chromitite layer up to 1.5 m thick. In some cases, several layers or 
stringers of chromitite are "detached" from the bottom of the main layer. 



These appear to diverge into the footwall mottled anorthosite, only to 
converge again to join the main layer . The lenses of anorthosite so formed, 
are usually speckled with numerous chromite grains. Below the UG-1 there 
is invariably a layer of mottled anorthosite up to 3 m wide, which contains 
elongated blebs and stringers of chrom itite. These occur below the 
detached, di verging and converging chromitite layers described above. The 
intimate association of chromitite and anorthosite is a characteristic of 
the UG-1 
poilitic 
the UG-1 

chromitite layer throughout the Bushveld Complex. A layer of 
feldspathic orthopyroxenite , approximately 15-20 m thick overlies 

and is, in turn, overlain by the UG-2 chromitite layer. 
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FIGURE 5.3 Schematic geological column of part of the upper critical zone In the western section of Amandelbult 
(frem Viljoen ~ a, In press). Ncmenc la ture of the marker horizons Is that in use by geologists 

of R.P.M. - for nomenclature preferred by the author and subd iv iSion of the cyclic units see Figure 6.1 , and for 
details of the Pseudo macro unit see Figure 6.3. 
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5.2.2 THE UG-2 CYCLIC UNIT 
The average thickness of the UG-2 chromitite layer, or stack of layers, 

is approximately 1-1.2 m. Typically the UG-2 is divided into a ma in layer 
(60-80 cm thick) and two or three "leader" layers, averaging 11 cm in thick ­
ness, which occur above the main layer. The chromi t ite is interlayered with 
a poikilitic feldspathic orthopyroxenite which normally contains lenses and 
stringers of 
al spheroids 
pegmatoidal 

chromitite. The chromit ite layers themse lves contain occasion­
of pyroxenite. The immediate footwall of the UG-2 is usua l ly a 
feldspath ic orthopyro /<.e~i te (similar to the Merensky Reef in 

appearance), which varies in thickness from 0-70 em. It is interesting to 
note that there is no apparent fractionation in the wide zone of orthopyrox­
enite below and above the UG-2 as is evidenced by the lack of mineralogica l 
and textural variation. It is feasible to commence the UG-2 cyclic unit at 
either the chromitite layer itself or the underlying pegmatoidal layer. The 
UG-2 is overlain by roughly 10 m of poikilitic feldspathic orthopyroxenite. 
The chromitite of the UG-2 and its leader layers are economically important 
as they host significant PGE . The pegmatoidal pyroxenite contains some 
base-metal sulphides, but the precious metal content is generally low. 

5.2.3 THE PSEUDO MACRO UNIT 

The interval between the UG-2 and Footwall cyclic units at Amandelbult 
is referred to as the Pseudo macro unit. It shows considerable lateral 
variation and may comprise up to four separate cyclic un its. In the western 
section of the mine (where most of this study is based) up to four separate 
harzburgitic layers may occur. These are described by Viljoen et al. (a) as 
a lower pseudo reef (colloquially known as the P1 marker), an upper 
pseudoreef (or P2 marker) which may comprise two separate layers and a 
harzburgite layer which occurs above the P2 at the base of the Footwa l l 
cyclic unit. These are redefined as follows (see figs.5.3, 6. 1). 

THE LOWER PSEUDO CYCLIC UNIT 
This consists solely of a layer of pegmatoidal feldspathic orthopyrox­

enite (0.5 - 1.5 m thick), known as the lower pseudoreef. It compr ises the 
lower part of the P1 marker of Viljoen ·et al. (a). The lower contact, with 
the UG-2 cyclic unit, is gradational over a few centimetres. This layer is 
interpreted as a separate cyclic unit. It resembles the Merensky Reef and 
contains subeconomic PGE mineralization. 
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THE UPPER PSEUDO CYCLIC UNIT A 
Immediately overlying the lower pseudoreef is a thin (1 cm thick) 

chromitite layer above which is an irregular layer of feldspathic 
harzburgite (average thickness 0 - 50 cm), referred to here as the upper 
pseudo reef A (fig. 6.1). This in turn has a thin upper chromitite. Above 
this discontinous layer of harzburgite is a fine-grained mottled 
anorthosite, which in turn grades up into leuconorite and spotted 
anorthosite. The top of this cyclic unit is terminated by a layer of mottled 
anorthosite. These rocks form the Upper Pseudo cyclic unit A. In the 
definition of Viljoen et al. (a) the harzburgite in this cyclic unit is 
incorporated with the previous unit and forms the lower pseudo reef or P1 
marker (fig. 5.3). 

THE UPPER PSEUDO CYCLIC UNIT(S) BAND C 
The Upper Pseudo cyclic unit A is sharply overlain by a harzburgite 

layer which is referred to here as the upper pseudo reef B. 
by felsic cumulates, which in turn are overlain by a third 
referred to here as the upper pseudoreef C (fig. 6.1). 

This is overlain 
harzburgite layer 
The Upper Pseudo 

cyclic unit B comprises the upper pseudoreef B and the overlying felsic 
cumulates, and the Upper Pseudo cyclic unit C consists solely of the upper 
pseudoreef C. In the definition of Viljoen et al.(a) the upper pseudoreef 
or P2 marker consists of both of these harzburgite layers (fig. 5.3). The 
layer of felsic cumulates between these two harzburgite layers is 
colloquially known as the P2 middling. 

In the western part of the mine the upper pseudoreef B is 
approximately 3 m thick and usua lly has a thin chromitite layer at its base. 
The upper contact of the harzburgite is sharp, but undulatory ("rolling" in 
local terminology) with an average wavelength of 10 cm and a maximum wave 
amplitude of 5 - 7 cm (average 3 - 4 cm; see fig. 7. SA). 

The P2 middling is a composite layer of felsic cumulates, 1 - 1.2 m 
thick. The composition of this layer changes along strike. In the western 
section of the mine it consists of a basal layer of mottled anorthosite (or 
leucotroctolite - see section 5.4), roughly 20 cm thick, which is sharply 
overlain by a layer of leuconorite. This is transitional up into a spotted 
anorthosite. A thin layer of pure anorthosite occurs at the lower and upper 
contacts. This separates the felsic cumulates from the adjacent harzburgite 
layers, the contacts of which are strongly dimpled (fig. 7.SA). A thin 
chromitite stringer occurs at both of these contacts. 

The upper pseudoreef C is approximately 1 m thick and has a thin basal 
chromitite stringer (1 mm thick). The P2 middling and the upper harzburgite 



layer wedge out eastwards and only one harzburgite layer persists. 
this represents only unit B or units Band C combined is not known, 
entire Pseudo macro unit thins along strike to the east (fig. 6.1). 

5.2.4 THE FOOTWALL CYCLIC UNIT 
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Whether 
as the 

The Pseudo macro unit is overlain by the Footwall cyclic unit, so­
ca lIed because it forms the footwa II to the Merensky Reef. It commences 
with a chromitite layer (10 mm thick) overlain by a layer of coarse-grained 
or pegmatoidal feldspathic harzburgite (10 - 15 mm thick). This harzburgite 
layer is transitional upwards into feldspathic-olivine orthopyroxenite and 
melanorite, which form a layer approximately 2 m thick. 

Approximately 70 cm above the top contact of the upper pseudo reef C is 
a thin, but remarkably persistent, layer of mottled anorthosite (10 - 15 mm 
thick) . It is overlain by melanorite and has a footwall of orthopyroxenite. 
Th is th in anorthos i te, known as the P2 hang ingwa 11 marker, is very 
consistent and is always present where the hanging wall of the P2 has not 
been disrupted by the formation of potholes. 

The melanorite above the P2 hangingwall marker is gradational up into 
norite and leuconorite. Within the leuconorite is a well defined layer of 
mottled anorthosite, roughly 40 - 50 cm thick, known as the footwall marker. 
It occurs approximately 8 m above the upper pseudoreef C and 10-11 m below 
the Merensky Reef. The contacts of the footwall marker are usually 
gradational, consisting of approximately 10 cm of interlayered leuconorite 
and anorthosite. The leuconorite above the footwall marker extends 
vertically for 3-5 m. It is sharply overlain by a layer of mottled 
anorthosite (5 - 6 m thick), known as the Merensky footwall anorthosite. 

5.2.5 THE MERENSKY CYCLIC UNIT 

The Merensky Reef occurs at the base of the Merensky cyclic unit. The 
Reef is sandwiched between two thin chromitite layers, the Merensky lower 
and upper chromitites. The contact between the lower chromitite and the 
underlying mottled anorthosite is undulating and sharp, whereas the contact 
with the Reef is gradational. The lower chromitite is loosely packed and 
often consists of anhedral grains (a distinctive feature). The 

t 
Merensky Reef at Amandelbult is typically about 1 m thick, athough it may • 
locally be absent (e.g., where the section is "potholed" and in the eastern 
section of the mine; see fig. 6.1). It consists of a pegmatoidal, 
(exceptionally coarse-grained) feldspathic-olivine orthopyroxenite or felds-
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pathic orthopyroxenite. The Reef is sharply overlain by the upper 
chromitite layer. Th is forms a prominent layer usua lly 15 - 20 mm thick, 
consisting of euhedral, well packed chromite grains. 

The Merensky upper chromitite layer is overlain by a poikilitic 
feldspathic orthopyroxenite, known as the Merensky (hanging-wall ) 
pYroxenite. It is gradational upwards into melanorite and leuconorite. The 
top of the Merensky cyclic unit is marked by a layer of mottled anorthosite 
(2 - 3 m thick) that forms one of the most consistent horizons in the upper 
critical zone. The distance from tile top of the Merensky pegmatoid to the 
top of the anorthosite is approximately 14 m at Amandelbult. 

Vermaak and Hendriks (1976) defined the Merensky Reef as "compriSing a 
mineralised pegmatitic, feldspathic pyroxenite,bounded at the top and bottom 
by thin chromitite stringers". Because economic sulphide mineralisation is 
not restricted to the pegmatoidal part of the Reef, Von Gruenewaldt (1979) 
prefers to define the Merensky Reef as "the basal, pyroxenitic portion of 
the Merensky cyclic unit; this includes the porphyritic pyroxenite, the 
pegmatitic pyroxenite and any chromitite stringers that may be developed". 
The definition of Vermaak and Hendriks is preferred in this study. 

5.2.6 THE BASTARD CYCLIC UNIT 

The Bastard cyclic unit is similar to the Merensky cyclic unit but is 
much thicker (approximately 32 m at Amandelbult; fig. 5.3). No pegmatoidal 
pyroxenite is associated with this cyclic unit and a chromitite layer is not 
always present at the base. The base of the unit is marked by a poikilitic 
feldspathic orthopyroxenite, similar to the Merensky hanging-wall 
pyroxenite. This is abruptly terminated by a layer of much finer-grained 
orthopyroxenite, which grades upwards into norite and leuconorite. The 
contact between the two textural types of pyroxenite is sharp although it is 
not marked by a chromitite. The layer of poikilitic pyroxenite at the base 
of this cycle is referred to as the Bastard reef. Minor amounts of base­
metal sulphides may occur in the Bastard reef, usually concentrated near the 
base of the poikilitic pyroxenite and also immediately below the contact 
with the overlying fine-grained pyroxenite. The Bastard cyclic unit and the 
critical zone are terminated by a 15 m thick layer of mottled anorthosite, 
colloquially known as the "giant mottled". 
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5.3 LATERAL VARIATION AT AMANDELBULT 

The following has been precised fran Viljeon et al. (a, in press). "A 
number of regional stratigraphic variations are evident along the strike 
length of Amandelbul t Section. Some of the major variations across 
approximately 20 km of strike are depicted in Figure 6.1. One of the most 
striking regional variations is the change of character of the Upper Pseudo 
cyc I i c un its Band C from southwest to northeast. As noted earlier, a th in, 
composite feldspathic unit (the P2 middling) is developed within the Upper 
Pseudo cyc I ic un it B in the southwestern part of the mine. It is best 
developed on Elansdsfontein and the western part of Schilpadnest. The 
feldspathic layer changes into anorthosite on the central portion of 
Schilpadsnest and dies out completely eastwards. 

Within the northeastern portion of the area the succession referred to 
here as the Pseudo Macro unit becomes somewhat problematic. In this area a 
noritic sequence occurs below the footwall marker and grades down into 
pyroxenitic norite as the lower pseudoreef is approached. The pyroxenitic 
norite contains "harzburgite schlieren" or irregular stringers of olivine 
norite and feldspathic olivine pyroxenite , which are usually grouped into 
one of two layers of "harzburgite" which have gradational contacts. In some 
localities the lowermost harzburgite layer overlies a mottled anorthosite; 
the sequence then bears some resemblance to the "normal" upper pseudoreef 
(fig. 6.1). 

In the eastern part of the mine a thin chromitite layer (roughly 10 mm 
thick) has been intersected approximately 17-19 m below the Merensky Reef, 
which is where the upper pseudoreef would have been expected. The footwall 
of this chromitite layer is either anorthosite or mottled anorthosite 
varying in width from 5 mm to about 100 mm whi Ie the hanging \yall is a 
norite. This chromitite layer is aptly known as the "lone chrome seam" 
(fig. 6.1). 

Another striking feature is a pronounced apparent arching and thinning 
of the footwall rocks in the central section of the mine. In this region, 
the distance between the Merensky Reef and the lower pseudo reef is 
considerably reduced, from 25 m compared to 37 m in the thickest succession. 
The effect of the apparent arching appears to die out as the Merensky Reef 
is approached. It must, of course, be borne in mind that the arching is 
only a visual effect created by the fact that the bottom of the Merensky 
Reef was taken as the datum line. 

Towards the north-eastern boundary of the property, there is a slight 
but clear thinning of the hangingwall sequence of the Reef, while the 
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thickness of the footwall rocks increases. Towards the south-west the whole 
succession thins and this might be related to a sudden swing in strike 
towards the footwall i.e. to the northwest. This thinning of the succession 
may be related to an upwarping of the Transvaal floor rocks prior to 
deposition of the Bushveld rocks in the northern gap area (Viljoen & 
Feuchtwanger, 1977). The strata in this area are highly disturbed with 
undulations, faulting and numerous pegmatite and magnetite veins. 
Generally , there is a high degree of serpentinisation of both the olivines 
and pyroxenes. In some cases, there is virtually complete alteration of the 
Merensky Reef in this specific area. 

Apart from the upper pseudoreef changing character towards the north­
east, another peculiar feature encountered in boreholes on the farm 
Haakdoorndrift, is the apparent duplication of the Merensky Reef i.e. two 
pegmatoidal layers exist. The lower pseudo reef also disappears in this 
succession and is replaced by large bodies of mottled anorthosite and 
norite. The UG-2 chromitite layer, however, remains the same and maintains 
the same position at approximately 64 m below the Merensky Reef". 

5.4 PETROGRAPHY AND CHEMISTRY 

Detailed petrographic and chemical studies of specific cumulates from 
the upper critical zone at Amandelbult have been completed. Schematic maps 
and sketch sections of the sample sites are included in Appendices 1 and 2. 
Sample locations are indicated on a stratigraphic section compiled by the 
author for the 30W - 25W area in the western section of Amandelbult (fig. 
5.5). Unless specifically indicated these samples are typical of the 
cumulate sequence in this area and have not v~~~'~one postcumu l us effects 
related to the iron-rich ultramafic pegmatite suite. Pothole sequences have 
also been avoided. These studies are restricted to the interval beteween the 
lower pseudoreef and the Merensky hanging-wall pyroxenite. 

5.4.1 PETROGRAPHY 

HARZB U RG ITE 
In all of the "harzburgite" cumulates in the upper critical zone at 

Amandelbult intercumulus plagioclase represents over 10 modal percent, such 
that in accordance with other Bushveld workers the prefix "feldspathic" is 
used. If the 01 i vine to orthopyroxene ratio is less than 60 :40 these rocks 
may be described as feldspathic-olivine orthopyroxenites rather than 
feldspath ic harzburgi tes. The prefix "pegmatoidal" is appl icable to the 
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exceptionally coarse-grained varieties (such as the Merensky Reef). 
Jackson (1961), who worked on the ultramafic succession in the 

St illwater Complex, makes an important distinction between granular and 
poikilitic harzburgites. This classification is based on the textural 
relationships between olivine and orthopyroxene and ignores the presence of 
minor intercumulus phases. In a poikilitic harzburgite olivine and chromite 
are the only cumulus (or primocryst) phases; orthopyroxene occurs as 
oikocrysts or by reaction replacement of cumulus olivine. Gran ular 
harzburgite contains cumulus olivine, chromite and orthopyroxene; it is 
texturally comparable with orthopyroxenite, differing only by the relative 
percentage of olivine and orthopyroxene. Chromite may also be less abundant 
in granular harzburgite. The distinction between granular and poikilitic 
harzburgites has important genetic implications. 

The upper pseudoreef layers 8 and C at Amandelbult are coarse-to 
medium-grained feldspathic harzburgites. They have a distinctive spotted 
appearance (which resemble>the markings on a guineafowl) and are comparable 
with the "tarentaal" at Union Section. The upper pseudoreef layer A is 
coarser-grained, but otherwise s imilar. All the harzburgites in the Pseudo 
macro unit at Amandelbult may be described as poikilitic varieties, using 
the scheme of Jackson (1961). The olivine-bearing cumulate at the base of 
the Footwall cyclic unit is s imilar, athough it may have a pegmatoidal 
texture; it is transitional up into granular olivine orthopyroxenite. 

The tarentaal is typically composed of cumulus olivine (60-70 modal per 
cent) and chromite (0.5-1.5 modal percent) with intercumulus orthopyroxene 
(10-25 modal percent) and plagioclase (10-15 modal percent). Accessory 
phases include biotite (fair ly common), amphibole and clinopyroxene. Much 
of the olivine is serpentinised and secondary magnetite is abundant. Olivine 
occurs as large (5-10 mm) anhedral grains and as small (usually less than 1 
mm) euhedral to subhedral grains. The small grains are enclosed in 
plagioclase. The large grains embay each other and define a xenomorphic 
texture. This texture may be attributed to in-situ (secondary?) 
enlargement, a process arrested by the crystallization of plagioclase 
(J ackson, 1961). Orthopyroxene occurs as large oikocrysts (up to 30 mm) 
which enclose olivine and as small, euhedral to subhedral grains enclosed in 
plagioclase. Olivine enclosed within the orthopyroxene oikocrysts is 
severely corroded and may occur as relicts. Reaction replacement of olivine 
is inferred. This process results in a xenomorphic texture. Orthopyroxene 
evidently nucleated after crystallization of olivine, as an intercumulus 
phase, and developed as large anhedral oikocrysts which reacted with the 
early-formed olivine. The onset of plagioclase crystallization in the 
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("a" in plane pol arised transmitted light. "b", "c", "d" and "e" with crossed poiarisers, and "f" in reflected light; 

01 - olivine; op - orthopyroxene; pi - plagioclase; cr - chromite) 
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remaining intercumulus sites resulted in the trapping of small euhedral 
orthopyroxene grains. Growth of the large orthopyroxene oikocrysts occurred 
concurrently with the crystallization of plagioclase and essentially after 
enlargement of the cumulus olivines (fig. 5.4E, F). 

THE MERENSKY REEF 
The Merensky Reef at Amandelbult comprises a pegmatoidal feldspathic 

orthopyroxenite in 
( V i I j oen et a I. ,a , 

which olivine occurs locally as an accessory 
in press). The base of the Reef may be 

constitutent 
olivine-rich 

(compare analyses A-2 to A-5, Table 6.2) and it is then described as a 
pegmatoidal feldspathic olivine orthopyroxenite or feldspathic harzburgite. 

Both olivine and orthopyroxene are cumulus phases in the Merensky Reef; 
it is thus a granular olivine orthopyroxenite or harzburgite, even though 
plagioclase demonstrates a poikilitic relationship to both olivine and 
orthopyroxene. Olivine and orthopyroxene occur as large, euhedral grains, or 
chadacrysts, (grains with diameters of over 10 cm are common), which are 
enclosed by exceptionally anhedral oikocrysts of plagioclase. Occasionally, 
aggregates of orthopyroxene display a xenomorphic, or mosaic texture. 
Reaction replacement of olivine by orthopyroxene has not been observed. 
Chromite occurs in both intra- and intergranular sites. Clinopyroxene 
(often as large oikocrysts which enclose the early-formed minerals, 
including plagioclase), mica and ampibole are common accessory phases. Rare 
accessory phases include zircon and quartz. Graphite may locally be an 
important constituent (see Kennedy, 1983). The distribution of base-metal 
sulphides and PGM is discussed in Chapter 6. The pegmatoidal texture 
exhibited by the Merensky Reef at Amandelbult does not permit the 
determination of meaningful modal analyses, but the CIPW norm provides a 
useful mineralogical guide (see Tab le 6.2 and Appendix 6) . 

The Merensky Reef is characterised by its pegmatoidal nature, the 
presence of olivine, the unusual concentrations of incompatible and volatile 
elements, as indicated by the abundance of accessory phases such as mica and 
amphibole and exotic phases which include zircon and graphite, and the 
concentration of precious and base-metals. 

The Merensky Reef and the upper chromitite layer are overlain by a 
medium-grained, poikilitic orthopyroxenite (the Merensky hangingwall 
pyroxenite). It consists typically of 80-85 modal percent cumulus 
orthopyroxenite and 15-20 modal percent intercumulus plagioclase. Chromite 
is a ubiquitous accessory constituent and base-metal sulphides occur in the 
lower part. Olivine has not been observed, or reported in the literature, 
from this unit. Further distinguishing factors, compared to the Merensky 
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Reef, are the non-pegmatoidal texture and the paucity of exotic accessory 
phases. 

ORTHOPYROXENE -PLAGIOCLASE CUMULATES 
These two minerals are the dominant constituents of the upper critical 

zone. Plagioclase usually represents from 15 to 95 modal percent, and few 
cumulates in this sequence occur outside of this range. However, using the 
cumulus terminology, orthopyroxenites (or bronzitites) are defined as 
conSisting of cumulus orthopyroxene (usually 80-90 modal percent) and 
intercumulus plagioclase (usually 10-20 modal percent). If both 
orthopyroxene and plagioclase are cumulus phases the description melanorite 
(over 70 modal percent orthopyroxene), norite (30-70 modal percent 
orthopyroxene), leuconorite (10-30 modal percent orthopyroxene) or spotted 
anorthosite (less than 10 modal percent orthopyroxene) is applicable. The 
petrography of orthopyroxene - plagioclase cumulates in the upper critical 
zone has been discussed by a number of authors (inter alia Wager & Brown, 
1967; Van Zyl, 1970; Cameron, 1982; de Klerk, 1982; Kruger, 1984). 

ANORTHOS ITES 
Spotted anorthosite, in which both orthopyroxene and plagioclase are 

cumulus phases, may be considered as the felsic end-member resulting from 
cotectic crystallization of orthopyroxene and plagioclase. A second variety 
of anorthosite is recognized in the layered sequence of the Bushveld 
Complex; this is traditionally referred to as mottled anorthosite (see 
Wager & Brown, 1967). In a mottled anorthosite plagioclase (which usually, 
but not always represents over 90 modal percent) is the only demonstrably 
cumulus phase. Orthopyroxene and clinopyroxene, or rarely olivine, occur 
interstitially and form coarse mottles. These ferro-magnesian minerals, 
although they occur intersitially are not neccessarily intercumulus phases 
as temperature considerations suggest that it is unlikely that they have 
crystallized after plagioclase from an intercumulus liquid. The formation 
of mottled anorthosites and their role within cyclic units is not fully 
understood (see Chapter 6). 

In the sequence studied 
most of the cyclic units. 

here mottled anorthosites 
They are also observed 

occur at the top of 
directly overlying 

harzburgitic cumulates and occur as thin, well-defined layers within norites 
or leuconorites (fig. 5.3). A mottled anorthosite, or leucotroctolite, has 
been recognized in the P2 middling in which the "mottles" consist of olivine 
(fig. 5.4A). Pyroxene has not been observed in this rock. Olivine occurs as 
rather poorly defined mottles and forms small, optically continuous, 
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For specific sample locations and details of geographic location of various sample groups see 
Appendices 1 and 4. For deta,ils of cyclic units see Figures 6. 1 and 6.3. Specific samples which are discussed In 
detail in Chapter 6 have been re-labelled (for ease of reference) . These. are as follows (see also Figure 6.3) : 

A-I (27-AI); A-2 (AT-IS); A-3 (AT-I?); A-4 (AT-IS) ; A-S (AT-IS) ; A- S (AD-25B); A-7 (AD-36); A-S (AD-24); 

A-9 (AV-S); A-IO (AH-30). 
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oikocryts which enclose euhedral grains of plagioclase. Adjacent to the 
mottles, medium-grained, typically well-annealed, plagioclase is observed. 
The CIPW norm simulates the mineralogy of this unusual cumulate (analysis A-
7, Table 6.2). 

In this succession a third type of anorthosite may be recognized : this 
consists of pure plagioclase. It occurs as poorly defined layers at 
contacts between harzburgitic and felsic (usually spotted or mottled 
anorthosite) cumulates (e .g., in the P2 middl ing - see fig.? .SA) . It forms a 
monomineralic assemblage and is typically well-annealed. 

5.4.2 CHEMISTRY 

Whole-rock analyses of a suite of samples from this sequence have been 
completed. Sample positions are indicated on Figure 5.5 - these samples 
provide a detailed sequence through the Pseudo, Footwall and part of the 
Merensky cyclic units at Amandelbult. These data are presented in Appendix 
5. Electron microprobe analyses of cumulate-hosted olivine, pyroxene, 
chromite, plagioclase and base-metal sulphide have also been completed on 
some of these samples. These results are discussed in conjunction with the 
mineralogy of iron-rich ultramafic pegmatite and data are presented with the 
relevant text , or in Appendices 7 to 11. In addition, selected results are 
modelled in relationship to the formation of these cumulates (Chapter 6). 
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CHAPTER 6 THE RELATIONSHIP BETWEEN OLIVINE CUMULATES, MINERALIZATION 

AND CYCLIC UNITS IN THE UPPER CRITICAL ZONE 

Data from an electron microprobe study of cumulus olivine in the upper 
critical zone at R.P.M Amandelbult and Union Sections are discussed in 
conjunction with some whole-rock analyses. The major platiniferous layers, 
the UG-2 and Merensky Reefs, occur within this stratigraphie interval and 
accordingly these data may be significant in relation to the base-metal 
sulphide and platinum-group element mineralization. Samples from Amandelbult 
were analysed by the author (see Chapter 6), and samples from Union Section 
were provided by W.J. de Klerk (see de Klerk, 1982 ; Scoon & de Klerk, in 
press). 

6.1 INTRODUCTION 

The appearance of plagioclase as a major cumulus phase is a significant 
event in the evolution of the layered sequence of the Bushveld Complex. 
Below this level, in the lower and lower critical zones, magnesian olivine, 
orthopyroxene, and chromite are the dominant cumulus minerals, whereas in 
the upper critical and main zones pyroxene and plagioclase are the principal 
phases. In the central sector of the eastern Bushveld Complex, Cameron 
(1982) calculates that the F-M units of the upper critical zone below the 
UG-1 chromitite layer consist of 47.1 modal percent orthopyroxene and 45.1 
modal percent plagioclase. Cumulus olivine is rarely observed in the upper 
critical zone below the UG-1 chromitite layer, but it may represent a 
significant component of the upper critical zone above this position. In 
the northern sector of the western Bushveld Complex, at R.P.M. Amandelbult 
and Union Sections, cumulus olivine is unusually abundant in the upper 
critical zone between the UG-2 chromitite layer and the Merensky pyroxenite. 
It occurs as a major component of ultramafic layers (harzburgites and 
olivine orthopyroxenites) in cyclic un its, which include the UG-2 chromitite 
layer, the pseudoreefs, and the Merensky Reef. The reappearance of 
magnesian olivine as a cumulus phase, after the crystallization of a thick 
sequence of orthopyroxene-plagioclase cumulates must surely indicate that 
the chamber was replenished with new influxes of magma. 

The regional geology and stratigraphic sequence at Amandelbult were 
discussed in the previous chapter (see fig. 5.1) . For details of the upper 
critical zone sequence at Union Section the reader is referred to de Klerk 
(1982). 
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6.2 CYCLIC UNITS 

A cyclic unit may be descibed as a sequence of, usually sharply 
defined, petrologic layers in which the cumulus mineral sequence can be 
identified as the fractional crystallization order of the magma (Jackson, 
1961, 1970; Irvine, 1982). Cryptic mineralogical variation often, but not 
always, occurs within a cyclic unit. Cyclic units are almost invariably 
truncated, and Irvine (1982) observes that "almost by definition cyclic 
units are inherently incomplete". Cyclic units may develop due to processes 
operating wholly within a magma chamber, e.g., due to classic cumulus 
processes as described by Wager et al. (1960), or due to bottom 
crystallization as envisaged by McBirney and Noyes (1979)), or they may be 
related to replenishment of the chamber by influxes of fresh magma 
(inter alia Brown , 1956; Irvine & Smith, 1967; Irvine, 1982). 

A minimum of seven cyclic units is recognized in the mine workings in 
the upper critical zone above the UG-1 chromitite layer at Amandelbult and 
Union Sections. These comprise the UG-1, UG-2, Lower Pseudo , Upper Pseudo, 
Footwall, Merensky and Bastard units (fig. 6.1). The UG-1, UG-2, Merensky 
and Bastard cyclic units are well known and may be correlated throughout the 
western sector of the Bushveld Complex (Feringa, 1959; Wager & Brown, 1968; 
Van Zyl, 1970; Vermaak, 1976b). Vermaak describes the Merensky and Bastard 
as the two most complete cyclic units within the layered sequence of the 
Bushveld Complex. The Footwall and Pseudo cyclic units, which are difficult 
to correlate with their equivalents in the Rustenburg area, show 
considerable lateral variation. At Amandelbult the interval between the 
UG-2 and Footwall cyclic units (described as the Pseudo macro unit in this 
study) is unusually complicated and and may comprise up to four cyclic 
units (Lower Pseudo and Upper Pseudo, A, B, and C; see figs. 6.1, 6.3). 

All the cyclic units described here, with the exception of the Lower 
Pseudo unit, commence with a basal chromitite layer. Thin chromitites, some 
of which may be reaction chromites (see Lee et al., 1983) also occur within 
the lower parts of cyclic units and do not perforce imply commencement of a 
new cycle. In the upper critical zone the sequence of crystallization of 
cumulus phases, from the base of a cyclic unit upwards, is as follows: 
chromite - olivine - orthopyroxene - plagioclase . In a reasonably complete 
cyclic unit the following sequence of rock types may be observed with 
increasing height chromitite, harzburgite, 01 ivine-orthopyroxenite , 
orthopyroxenite, melanorite, norite, leuconorite, and anorthosite. It is 
significant that in these cyclic units melanorite and norite ' are rare; 
orthopyroxenite may be transitional up into leuconorite over a few metres. 
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The Footwall, Merensky, and Bastard cyc li c units are all terminated by 
anorthosite, whereas some of the other cyclic units were beheaded before 
plagioclase accumulated. It is possible that in some of these cyclic units 
olivine was a cumulus phase before chromite (e.g., as in the Stillwater 
Complex; see Jackson, 1970 ), such that, for example, the UG-2 cyclic unit 
would commence at the base of the pegmatoidal layer below the chromitite 
layer. 

The formation of mottled anorthosites and their role within cyclic 
units is not fully understood (see Chapter 5). For example, Vermaak (1976b) 
and Eales (in press) have speculated that plagioclase may float above a 
new , denser input of magma such that a mottled anorthosite may consist of 
plagioclase originating from more than one cyclic unit. It is thus 
inappropriate to establish new cyclic units above the position of each 
mottled anorthosite, although it is significant that many of the cyclic 
units at this stratigraphic level are in fact tmv"~. tea.. by anorthosites. 

6.3 CORRELATION BETWEEN R.P.M. AMANDELBULT AND UNION SECTIONS 

The UG-1, UG-2, Merensky and Bastard cyclic units are laterally 
persistent and may be correlated throughout the western Bushveld Complex. 
Local petrologic variation occurs in specific layers but generally these 
units are similar at Amandelbult and Union Sections. The sequence at Un ion 
Section 
of the 
layer. 
(1970), 

is relatively rich in oli vine, WhIch 
Merensky Reef and the pyroxenitic layer 

The Merensky Reef at Union Section has 
de Klerk (1982) and Vil joen et al. (b, 

is a significant component 
above the UG-2 chromitite 
been described by Van Zyl 

in press). It comprises a 
feldspathic harzburgite or olivine orthopyroxenite. However , major 
differences between Amandelbult and Union Section do occur in the Pseudo and 
Footwall cyclic units (fig. 6.1). 

At Union Section the pseudoreef is divided into two units which are 
separated by a chromitite layer that is 1 cm thick. The Lower Pseudo cyclic 
unit consists solely of the lower pseudoreef, a pegmatoidal, feldspathic, 
olivine orthopyroxenite. The Upper Pseudo cyclic unit consists of a basal 
chromitite layer and the upper pseudoreef. The latter is a coarse- to 
medium-grained feldspathic harzburgite, colloquially known as the 
"tarentaal". The Lower Pseudo cyclic unit is correlated with the lower 
pseudo reef at Amandelbult, although olivine is absent in this unit at 
Amandelbult (see p.79). The tarentaal at Union Section is correlated with 
the harzburgite layers 
Amandelbult (see p.80). 

A, Band C in the Upper Pseudo cyclic unit at 
The felsic cumulates in the Pseudo macro unit at 
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Amandelbult are not present at Union Section, where the Upper Pseudo cyclic 
unit consists of only two layers , a chromitite and harzburgite. 

The Upper Pseudo cyclic unit at Union Section is overlain by a 
chromitite layer, cm thick, 
harzburgi te (the "Pseudo Marker"), 

and a layer of pegmatoidal feldspathic 
20 cm thick, which mark the base of the 

Footwall cyclic unit. The pegmatoidal harzburgite is transitional up into 
medium-grained harzburgite and melanorite. This in turn is transitional up 
into a sequence of leuconorites and spotted anorthosites. It is terminated 
by a well defined layer of mottled anorthosite (the footwall to the Merensky 
Reef). Within the melanorite, 0.5 m above the basal chromitite, is a 
persistent layer, 1 to 2 cm thick, of anorthosite (the "Pothole Marker"). 
It may be correlated Ivith the P2 hangingwall marker at Amandelbult (see 
p .81) . 

Lateral variation within discrete layers and composite cyclic units is 
particularly prevalent at Amandelbult (see p.83). At Union Section the 
thickness of certain layers changes along strike, but major stratigraphic 
variation does not occur. Thinning of layers along strike and the pinching 
out of specific layers tue obviously of direct genetic relevance. For 
example, Vermaak (1976b) discusses lateral variation within cyclic units 
below the Merensky Reef in the western Bushveld Complex and he suggests 
that the Merensky lower chromitite unconformably overlies the footwall 
mottled anorthosite. Kruger and Marsh (1982, 1983), who present convincing 
evidence that the chamber has been replenished by a major new influx of 
magma at this position, suggest that this unconformity is related to 
resorption of the cumulate pile, immediately below the crystal -liquid 
interface. At Amandelbult lateral variation along strike is related 
almost exclusively to the ultramafic layers at the base of cyclic units. 
This is particularly applicable to the thin harzburgitic layers within the 
Pseudo macro unit, whereas, in con·trast, delicately layered felsic marker 

-+ 

horizons are laterally persistent. 
Another feature of many of the ultramafic layers is that t hey display 

dimpled contacts. At Amandelbult the footwall contact of the Merensky Reef 
is dimpled as are the lower and upper contacts of most of the harzburgite 
layers within the Pseudo macro unit (fig. 7.8A). Dimpled contacts suggest 
that some resorption of the cumulate pile has occurred. Most of these 
dimpled contacts occur where ultramafic and anorthositic layers are in 
contact. Resorption of an anorthositic cumulate in response to a new input 
of fresh, relatively hot magma is acceptable, but dimpled upper contacts of 
ultramafic layers are less readily explained. 
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FI GURE 6. 1 Geologic columns of part of the upper critical zone illustrating the lateral variation at Amandelbult 
and correlation between R.P.M. Prnandelbuit and Union Sections (partly after de Klerk.. 1982 and Vlljoen 

et al. a, In press; section for Amandelbult west comp iled by the author .specifi cally fo r 5 level / 27W section) . 
Arrows (large = probable; smal l = poss ible) ind icate the pos itions at which influxes of new magma into the chamber 
are postulated to have occurred . Thin chrcm itite layers and stringers are labelled "Cr" . 

For details of the Pseudo macro unit at Amandelbult see Figure 6.3. 
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For explanation of lithologies and marker layers see Figure 6.1. Sample positions are labelled U-1S, 
U-31 etc . . Solid vertical lines indicate the distribution of cumulus oli .... ine (01). base-metal sulphide (bms). 

platinum-group minerals (PGM). cumulus plagioclase (PI), and cumulus orthopyroxene (Op). Composition of olivine 
( mol.~ Fa) is based on microprobe data. and the distribution of Cu, Y. and Zr is based on whole-rock data (In ppm). 
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For explanation of lithologies and marker layers outside of the Pseudo macro unit see Figure 6.1. The 
Pseudo macro unit consists of four cyclic units, the Lower Pseudo and the Upper Pseudo A, 8 and C. These include 
the following marker layers: the lower pseudoreef (lPR), the upper pseudoreefs A, Band C (UPR-A/B/C), the P2 

middling (P2-M) and the P2 hangingwall (P2-H). Sample positions are labelled A-I through A-IO. Solid vertical 

lines indicate the distribution of cumulus olivine (01), base-metal sulphide (bms). platinum-group minerals (PGM). 
cumulus plagioclase (PI). and cumulus orthopyroxene (Op). Composition of olivine (mol.% Fa) is based on microprobe 

data. and the distributi on of Cu, Y. and Zr is based on whole-rock data (in ppm). Nonnative pyroxene 

(orthopyroxene plus clinopyroxene) is calculated frcm the CIPW nann. 
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TABLE 6.1 ELEr.'TRON MICROPROBE ANALYSES OF a:ruws OLIVlNES IN THE UPPER ~ITrCAL ZONE 

0-15 0-15A U-16 U-24 U-25/26 u-27 u-31 A-) A- 5 A-7/ B A--9/ 10 A-6 
wt.\ 

Si<l2 39.56 39.25 39.5B 3B.B6 39.56 39.13 3B.75 3B.BO 39.10 39.2B 39.35 3B . 75 
FeO 17.85 lB.91 lB.31 17.03 lB.OB IB.B2 21.04 19.69 lB.93 17.50 17.25 lB .14 
MnO .22 .24 .23 .22 .23 .26 .25 . 22 .23 .23 .24 
MgO 42.17 41.8B 41.36 43.13 42.B3 41.22 39.76 40 . 45 41.34 42.44 42.33 41.96 
CaO .03 .03 .01 .02 .02 .03 .02 .01 .02 .02 .10 
NiO .44 . 42 .37 .40 .32 .38 .36 .42 .41 .37 .34 .31 

'!urAL 100.27 100 . 46 99.89 99.66 101.03 99.BO 100.20 99.63 100. 01 99.B4 99.52 99.50 
cations 
Si 1.0049 .9996 1.0107 .9915 .99Bl 1.0036 1.0007 1.001B 1.0015 1.0009 1.0045 .9951 
Fe2+ .3792 .402B . 3910 .3634 .3B15 .40)7 .4544 .4252 .4055 .3730 .36B3 .3B96 
Mn .0047 . 0052 .0050 .0047 .0050 .0057 .0055 .0048 .0050 .0050 .0052 
Mg 1. 5964 1. 5B95 1.5740 1.6401 1. 6105 1.5756 1. 5)02 1.5565 1. 57BO 1.611B 1.6103 1.6059 
Ca . OOOB . OOOB . 0003 .0005 .0005 .OOOB .0006 .OUO) .0006 .0005 .0028 
Ni .0090 .00B6 .0076 .00B2 .0065 . 0079 .0075 .OOBB .0085 .007B .0070 .0064 

'!urAL 2.9950 3.0005 2.9B93 3.00B5 3.001B 2.9963 2.999) 2.99B4 2.99B6 2.9991 2.9956 3.0050 
rrol.% Fo BO . Bl 79.7B BO.IO B1.86 BO.B5 79.60 77 .10 7B.54 79.56 B1.21 B1.39 BO .4B 

n 5 3 6 4 11 7 9 12 10 11 7 4 
Fo x BO.61 79.65 BO . 17 B1. 76 B1.02 79.61 77 .33 7B.6B 79.66 B1.31 B1.37 BO.51 

d .2473 .1665 .1670 .0821 .2473 .1778 .1576 . 2232 .1612 .2621 .1746 .0222 
NiO x .43 .42 .38 .39 . 33 .40 .37 .42 . 425 .36 .35 .31 

d .015B .0245 .0082 .0009 .0160 . 0107 .0173 .0127 .0143 .019B .0050 
x - mean; d - standard deviation; n - numt:er of samples. 
Merensky Reef: U-15, U-lSA, U-16, A-3. A-S ; Pseudo marker - U-24; pseudo reefs: U-25/26, A-7/B, A-9/lD; P2 Middling: A-6; 
UG-2 Hanqi~all : U-27. For sample positions see Figures 6.1 (U - Union Section) and 6 . 2 (A - Amandelbult). 

6.4 OLIVINE CHEMISTRY 

Representative electron microprobe analyses of olivines from the 
cumulates described in the previous section are presented in Table 6.1 (see 
also Appendix 7). Averages of the various sample groups are also included. 
These data are plotted on diagrams of stratigraphic height versus mol. 
percent Fo (figs. 6.2, 6.3) and wt. percent NiO versus mol. percent Fo (fig. 
6.4). All these analyses are of the cores of grains, although no chemical 
zonation was detected. From Figure 6.4C it can be seen that these data 
define four separate populations. These, with increasing stratigraphic 
height, are the immediate UG-2 hangingwall (sample U-31), the lower 
pseudo reef (sample U-27), the upper pseudoreefs (samples U-2S,26 and A-
6,8,9,10) and the Merensky Reef (samples U-1S, 1SA, 16 and A-3,S). Data for 
the pseudo marker (sample U-24) may possibly be correlated with that for the 
upper pseudoreefs, as may olivine from the mottled anorthosite in the P2 
middling (sample A-7). Olivine from the base and top of the Merensky Reef 
exhibit a slightly different chemistry, but the scatter within these data 
may reflect the exceptionally pegmatoidal nature of this cumulate. 

Theoretical fractionation curves have been generated to predict the NiO 
and MgO contents of more iron-rich olivines that would be derived by 
progressive crystallization of an initial liquid in equilibrium with the 
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most magnesian ' olivine in this study (see p.52, also Chapter 9 for full 
explanation; theoretical fractionation path plotted in Figure 9.5 using 
sample A-7/8 as an initial olivine composition). This makes a number of 
large assumptions, but the crux of this argument is that olivine in the 
harzburgitic layers within the upper pseudoreefs may have been derived by 
fractionation of a common parent magma, whereas olivine in the other 
population groups is related to chemically distinct magma batches . 
Fractionation of one magma within a closed chamber cannot account for the 
compositional differences observed between olivines from the UG-2, Pseudo 
and Merensky cyclic units. This argument is valid even if the DNi predicted 
by the Hart and Davis (1978) formula is subject to major inaccuracies. It 
is inferred that new influxes of relatively primitive magma, each of which 
has its own chemical signature, occurred at the base of the UG-2, Lower 
Pseudo, Upper Pseudo, and Merensky cyclic units. Data for the Upper Pseudo 
and Footwall cyclic units is equivocal, but field relationships suggest that 
separate magma inputs, probably from a common magma batch, were responsible 
for each of the harzburgitic layers in these units. 

From these data the NiO/FeO ratio of olivine in the Merensky Reef at 
Union Section is determined as .0223 (NiO: x = .3748, d = .0307; FeO : x = 
18.2846, d = .3748; and n = 14) and at Amandelbult it is determined as .0221 
(NiO : x = .4245, d = .0150; FeO : x = 19.2345, d = .5022; and n = 24). Note 
that these are averages (x = mean; d = standard deviation; n = number of 
samples) and do not ce{IHt the data spread which is evident from Figure 
6.4. An average value for the NiO/FeO ratio of olivine in the Merensky Reef 
in the northern sector of the western Bushveld Complex of 0.0222 is 
proposed. 

6.5 WHOLE-ROCK CHEMISTRY OF THE OLIVINE-BEARING CUMULATES 

Whole-rock analyses of olivine-bearing cumulates from Amandelbult and 
Union Section are presented in Table 6.2. A triangular plot of normative 
olivine -
discussed 
Reef is 
texture. 

plagioclase-orthopyroxene illustrates the mineralogical variations 
previously (fig. 6.5A). Scatter in the samples of the Merensky 
a result of sampling difficulties presented by the pegmatoidal 
The variation in the Mg/Fe ratio of olivines from the different 

cyclic units is confirmed by plotting whole rock data on 
diagram of (CaO + Na20 + K20) - FeO - MgO (fig. 6.5B). In 
additional data for orthopyroxene-plagioclase cumulates from 

a triangular 
Figure 6.5C 

the Footwa 11 
cyclic unit at Amandelbult and the Merensky cyclic unit at Union Section are 
plotted. These two population groups define separate linear relationships. 
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The following sample groups are recognised 
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t 

78 n 

GROUP 1 - The Merensky Reef (both mines; samples U·15, U-15A. U·16, A·3, A, S) . 
GROUP 2· The upper pseudoreefs (both mines; samples U·25, U·26, A-I, A-B. A-
9, A-l0). This group may include samples from the Pseudo Marker (U-24) and 

the P2 middling anorthosite (A· 6). 
GROUP 3 - The lower pseudoreef at Union Section (sample U-27). 

GROUP 4 - The UG·2 hangingwall at Union 5ection (sample U-31). 



'Il'IllE 6. 2 wrrE-RXK ~ CF CLlVIlE !ENillG <IMJLZmS IN 'IRE (Hffi = zr:re 

tr12 trl5l\ 1.l-l6 t>-24 tr25 trZl tr31 1\--1 1\--2 1\--3 A--4 A--5 A--6 1\--7 A-8 A--9 1\--10 
ot.% 

Sio.! 44.10 4l.'D 42.10 'D.J) 4l.7O 45.00 ~.1O 53.00 52.66 'D.83 'D.f13 46.67 45.22 38.46 39.25 39.93 37.94 
'IiO.! .14 .15 .15 .18 .00 .14 .D .24 .36 .17 .17 .15 .<:6 .ll .19 .10 .16 
Al;PJ 6.62 4.:6 4.10 5.16 4.00 6.'D 4.'D 5.31 4.67 5.57 ll.65 9.ll ~.ll 3.21 4.31 3.66 5.67 
Fe:PJ 1.12 1.49 1.30 .97 1.10 1.10 1.J) 1.05 loll 1.07 .66 1.02 .31 1.18 1.16 1.31 1.22 
Fa:) ll.15 14.94 D.04 9.74 1O.~ 1O.~ 1l.97 10.55 ll.05 10.70 8.59 10.23 ].10 ll.77 ll .59 13.12 12.18 
t11) .J) .19 .19 .22 .23 .17 .24 .29 .22 .18 .13 .J) .OJ .15 .15 .18 .19 
M)J 25.4l ZI.fil 28.10 26 .00 32.J) ZI.'D 28.70 23.12 24.23 24.02 19.21 22.91 7.31 31.OJ 31.05 3O.0l 28.91 
ao 3.66 2.28 2.62 ].67 2.23 3.70 3.4l 4.89 3.65 3.61 5.38 4.28 12.63 2.87 2.39 2.24 2.15 
N>p .60 .4l .4l .'D .4l .60 .fil .43 .43 .'D .91 .58 1.78 .ll .13 .13 .26 
Kp .00 .ll .00 .04 .07 .ll .05 .OJ .19 .15 .78 .64 .23 .<:6 .<:6 .OJ .OJ 
PP.; n.d. n.d. n.d. n.d. .01 .02 .01 .01 .02 .01 .02 .01 .01 n.d. n.d. n.d. n.d. 
C":PJ .58 .51 . 51 .59 .16 .42 .53 .52 .fil .57 .18 .36 .12 .18 .17 .18 loy;) 
NiO .32 .39 .fil .25 .26 .J) .18 .ll .12 .36 .15 .J) .05 .26 .25 .33 .36 
L.O.I S.77 6.4l 7.02 2.00 7.10 4.95 2.'D 1.<:6 1.41 2.04 1.J) 4.22 3.31 10.91 10.45 8.57 8.36 

= 99.75 99.52 100.22 100.32 99.53 101.39 100.51 100.61 100.72 99.78 1OO.ll 100.57 1OO.ZI 100.30 101.15 99.99 99.62 

lE!! 
01 400 600 llOO 400 19 37 10 216 130 8J) 99 ill 15 8 10 386 'D4 
Cb 143 J)l 182 liB 145 9J 142 101 lOS 130 100 125 42 146 152 166 169 
V 74 58 68 1(6 39 :6 86 168 D3 108 44 53 12 51 41 41 45 

9::: 36 25 J) 4 9 4 10 8 II 9 
Sr 00 72 58 70 58 fI3 73 63 49 65 145 100 412 54 60 53 61 
J1b 4 3 4 n.d. 3 3 n.d. n.d. 6 S 28 29 4 n.d. 3 n.d. n.d. 
zr 14 8 14 10 8 14 4 8 II 16 85 15 n.d 6 5 4 3 
'{ 5 n.d. n.d. S 2 3 3 9 7 6 S 6 3 5 4 4 n.d. 

OIW wt. % ram 
01 37.3 :6.1 49.7 15.2 63.1 41.S 41.0 3.6 9.7 10.7 ZI.9 16.8 65 .5 62.3 :6.9 58.5 
Q:> 35.2 24.2 29.9 fil.3 19.2 31.9 34.8 70.7 72.5 65 .8 48.6 39.4 .9 16.7 21.1 26.7 19.7 
Q:> 2.6 .9 3.3 5.3 1.8 2.9 5.1 9.4 6.2 4.5 .9 .6 5.5 .8 1.1 
p1 22.1 15.4 14.0 16.6 D.8 21.2 16.2 16.6 15.2 18.2 38.2 XU 81.6 1O.S 13.8 12.2 15.4 

H:!-No. .00 .77 .79 .83 .84 .82 .81 .00 .00 .80 .80 .80 .81 .82 .83 .00 .Bl 
Fer !B1ple p::sitia-s "'" Fig.Jres 6.1 (U - U1im 93::tim) aU 6.2 (A - I\Tar"tElb..!lt); MrI'b - at. % MJI (~t:JWe); n.d."11Jt cEta:ta::l; 
CllW 10M; : 01 - olivire; Q:> - c:cth:pyIoa"e; cp - clirr::pfn:>a-e; pl - pla:jio::lage. 
~ R3ef : tr-15, trl5A, tr16, k-2, 1\--3, A--4, k-5 ; ?Bib narla" : tr-24 ; ?Bib rref's : t>-25, t>-Zl, k-7, A-8, A--9, 1\--10 ; P2 Mid:llirg : k-6; ~Ermsky ptroe1ite : k-1 ; 
lG-2 Il'lrQirq.all : tr-31. 
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The distribution of Co, V, and Sc in these rocks is illustrated in 
Figure 6.6. Data for these plots include samples from most of the cyclic 
units in -this study. The distribution of these trace elements is modally 
controlled, consequently plagioclase-orthopyroxene (pl-op) and plagioclase­
olivine (pl-ol) mixing lines are evident. Scatter from these lines is 
related to modal variation caused by either plagioclase-orthopyroxene­
olivine rocks or~ccessory phases, including chromite (cr ) and base-metal 
sulphide (bms). It may be deduced from this diagram that, in comparison 
with orthopyroxene, olivine has a higher distribution coefficient (D) for Co 
and a lower 0 for V and Sc (see Chapter 12 for further details). Because 
these D's are all fairly low the concentration of the trace elements Co, V, 
and Sc in olivine and orthopyroxene cumulates cannot be used to distinguish 
between the different cyclic units in this study section (in comparison 
olivine has a much higher D for Ni). It may be concluded that these 
elements are not sensitive enough indicators of the subtle compositional 
differences envisaged in the primary magmas. The presence of chromite and 
clinopyroxene negates use of whole-rock data to examine the concentration of 

Cr in orthopyroxene. 
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whole- rock analysis. Data for the olivine-bearing cumulates (~ - Merensky Reef; UPR - upper pseudoreefs; lPR­

lower pseudoreef; PM - pseudo marker; UG-2-H - UG-2 hanglngwall). together with samples of the Merensky pyroxenite 
(HP) are plotted in B. On plot C it can be seen that samples (various lithologies) from the Merensky and the 

Footwall I Pseudo cyclic units define separate trends. 



150 

v 
t 

100 

50 

The 
interval 

chemistry of orthopyroxenes in 
at Rustenburg has been examined by 

the equivalent 
Kruger and Marsh 

- 96 -

stratigraphic 
(1983). Their 

data indicate that considerable fractionation occurs in the Merensky and 
Bastard cyclic units, but they record a reversal in the Footwall unit. It is 
suggested that this indicates that their Footwall unit comprises more than 
one cyclic unit and the apparent reversal may be related to replenishment of 
the chamber. Naldrett et al. (1983) report that the XM9 of orthopyroxene in 
the Merensky pyroxenite may be lower than orthopyroxene from the Merensky 
Reef. Electron microprobe analyses of orthopyroxene from the Merensky Reef 
(XMg = .802; 0.12% NiO) and Me rensky pyroxenite (X Mg = .794; 0.10% NiO) at 
Amandelbult corroborate this (see Appendix 8 for analyses). 

Strontium partitions almost exclusively in these rocks into 
plagi oc lase (very minor quantities occur in orthopyroxene and practically 
none in olivine - see fig. 6.7) and appears to be very sensitive to primary 
magma composition (see also Eales et al., 1983; Kruger & Marsh, 1983; 
Naldrett et al., 1983). A plot of Sr versus wt. percent Al 203 can be used 
to assess the composition of plagioclase in different cyclic units. Kruger 
and Marsh (1983) obtained values of 480, 430, and 400 ppm Sr for plagioclase 
in the Footwal l, Merensky, and Bastard cycl ic units at Rustenburg. A 

/ + similar value may be calculated with these data (~though with a range of 
20 ppm) for the Footwall and Merensky cyclic units (fig. 6.78). These data 

• ANORTHOSITe MERENSI(Y REEF 

• NORITE o AMANDELBUlT . 

i • ORTHOPVRQXENITE 

• LEUCOTRQCTOUTE 

o UNION 

o 

I • HARZBURGITE . / Cr, 1/ ~oP 
.4 / ® o , / 

/~ ~ -bms 

/ / " I , . 0 01 
/ . / 

/ / , / 
/ / , / , , 

/ / , / , / 
/ / 

/ ' , , / 
/ / 

/ . / 

o 

o 

.,' I' Cr+Op 
/ , . 

o 

40 

Sc 
t 
30 

20 

® 

/ 
/ 

/ 

/ 
/ 

/ 
/ . 

/ 
/ 

/ 

/ 
.' 

/ Op 
/. 

./ 
/ ~Ol 

/ 0 
/ -bms 0 

/ 0 

o 0 

o o 

o o 

o 

/ I C 't. 01 

/{./~o .~ 
;' Op 

...... \ .bms 
10 . . 

" :':' 
~., 

~~. 
so 100 .Co 150 

.. ..... .. -.. .... __ --01 
.~/ -------._. 
. ,/ . 
, .. ---­"-
PI 

so 100 .Co 150 

FIGURE 6.6 Whole-rock data on pl ots of ppm V vs. ppm Co (A) and .ppm Sc vs . Co (8). 
Each data point represents one whole-rock. analysis. Straight lines are defined by plagioclase (PI) -

orthopyroxene (Op) and plagioclase (PI) - olivine (01) mixing lines . Scatter from these lines is caused by 

chromite (Cr) . olivine (01). orthopyroxene (Op) and base-metal sulphide (bms) . 



90 

Sr 
t 
80 

70 

60 

50 

40 

I 
o 

I 

I 
UG-2 c.u .. ' 

\1:../ 
/ 

/ <> 

/'1 
I * 

~~ 
reefs 

o 

o /It 
;

/ * '/~UG-1 C.u. 

0/ 
• 0/ 

/ UNION 

/ 
/ 

I 
I 

I <> pseodo marker 
/ * upper P.R. 

/ ,:\- lower P.R. 

• UG-2 
o UG-l )pyroxenites 

• UG-2-H 
AMANDELBULT 

o upper P.R ..•. 
• upper P.R. . b & c' 

/ 

* 

500 

Sr 
t 

400 

300 

200 

100 

FIGURE 6'.7 Who le-rock data on plots of ppm Sr vs. wt. $ AI20". 

® 

2 

I , • ," • • 
1;1 

footwall & pseudo C.U. 1.1 i 
~ I •• : 

10 

~/..: t 

I I ). 
... 1 /: 

...... v A 

..... /': ·1 I I. I • I 
II c' ti: 

II Lf ' 
pure 

plagioclase 

o Merensky Reef 
o pyroxenite 

... '" norite 

... v anorthosite 

(A) : Intercumulus plagioclase in lO ultramafic lt cumulates. including the pseudo mark.er, the upper and 

lower pseudoreefs (PR). and orthopyroxenites from the UG-1 and UG-2 cyclic units. 
(B) : TqtaI plagioclase (cumulus plus fntercumulus) in cumulates from the Footwall/Pseudo cyclic units 

(solid symbols) and the Merensky cyclic unit (open symbols). The A1203 ccmponent of plagioclase represents an 

average of electron microprobe analyses. 
The straight lines in plot B represent plagioclase - orthopyroxene mixing lines which may be extrapolated to 

intersect the AI203 axis at between 1.0 and 1.5 wt.~, corresponding to the composition of orthopyroxene . Some of 

the straight lines in plot A regress through zero indicating that olivine contains practically no Sr . The slope of 

these lines Indicates that intercumulus plagioclase in the ultramafic cumulates is richer in Sr than total 

p\tA~iodCl.5i!. lh 'the rMl~i(,. o..V\A. ,e\!o\(. (.O \'I\V\I:\-\"es, . 



- 97 -

are subject to errors due to zonation and chemical differences between 
cumulus and intercumulus grains (features recognized by Kruger & Marsh) . 
Cumulus plagioclase is absent in some of the other cyclic units 
evident from Figure 6.7A that intercumulus plagioclase is 
enriched in Sr for a given An component. Eales et al. (1983) 
values of 664 ppm and 688 ppm for intercumulus plagioclase in 
orthopyroxenites in the lower critical zone. It can be 
plagioclase in most of these cyclic units is characterised by a 
Sr value. 

and it is 
relatively 
calculate 

feldspathic 
argued that 
distinctive 

Naldrett et al. (1983) suggest that incompatible elements, such as Nb, 
Zr, Y, and Rb, may be used as indicators of trapped intercumulus material. 
In the succession studied here inter-incompatible element ratios are fairly 
constant, athough ultramafic layers at the base of cyclic units may be rich 
in bulk values of these elements (figs. 6.2, 6.3). Pegmatoidal layers such 
as the Merensky Reef are unusually rich in these elements, a feature also 
recognized by Naldrett et ~ (1983). This may partly be a function of 
porosity control, 
incompatible (and 
described by Irvine 

but the author attributes a' proportion of these 
volatile) components to inf iltration metasomatism, as 
( 1980 ) . 

6.6 DISTRIBUTION OF Ni, Cu AND Co 

In the rocks in this study Cu behaves as an almost perfect chalcophile 
element - its distribution is directly related to the presence of base-metal 
sulphide and it is incompatible with respect to the other cumulus phases 
(fig. 6.8A). The low levels of Cu found in anorthosites, which may be 
slightly enriched compared to sulphide-poor pyroxenites or harzburgites, is 
attributed to microscopic specks of sulphide. In contrast, the distribution 
of Ni and Co is influenced by both ferromagnesian silicates and sulphides. 
The strong octahedral site preference energy of Ni is well known such that 
the sulphide control envisaged by Lee (1983) in the Merensky cyclic unit, 
wh ich is clearly exceptionally sulphide-rich, is not generally applicable. 
Both Ni and Co partition strongly into olivine, and to a lesser extent into 
orthopyroxene. Naldrett et al. (1983) suggest that orthopyroxene in the 
Merensky cyclic unit contains about 700 ppm Ni, such that levels in excess 
of this value (allowing for modal variation) are attributable to sulphide. 
If this "excess" Ni is plotted against Cu the Ni/Cu ratio of the sulphide 
may be obtained. Sulphide control becomes evident when harzburgites contain 
over 1800 ppm Ni and orthopyroxenites over 700-800 ppm Ni (fig. 6.8A; note 
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Solid symbols represent sulphide-poor samples and open symbols are sulphide-rich samples . Samples of 
specific marker layers include the Merensky pyroxenite (HP) , the Merensky Reef (MR ) , the pseudo marker (PM), the 
upper pseudoreefs (UPR), the lower pseudoreefs (lPR) and the UG-2 hangingwall (UG-2-H) . 

In plot A sulphide-poor samp les regress to a line (A·A'). roughly parallel to the Ni-axis, irrespective of silicate 

mineralogy. Dilution by sulphide results in sample scatter, athough poorly-defined mixing lines for sulphide-rich 

pyroxenites (8-B') and sulphide-rich harzburgites (C-C') may be established . In plot B sulphide-poor samples ,of 
plagioclase-orthopyroxene cumu lates define a mixing line (A-A'). Scatter off this line Is caused by sulphide (B-B') 
and ol ivine (C-C') . 
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that these samples contain rougly 15 modal percent plagioclase). Data for 
sulphide-r ich 
unity to 2. 

samples are limited but the Ni/Cu ratio is estimated at from 
Naldrett et al. (1983) obtained values of 2.3: 1 for the 

Merensky Reef and 1.2 : 1 for the remainder of the Merensky cyclic unit. 
In sulphide-poor plagioclase-orthopyroxene cumulates the Ni/Co ratio is 

estimated at 6. In sulphide-rich plagioclase-orthopyroxene samples and 
sulphide-rich and sulphide-poor harzburgites this ratio increases to a 
maximum of approximately 40 (fig. 6.8B). It is suggested that D~t;"i~~ and 
D~;f;~6 are similar, as the sulphides are evidently Co-poor. The samples here 
show only limited fractionation and these data are not adequate to recognize 
trends within different cyclic units. 

6.7 BASE-METAL SULPHIDE MINERALIZATION 

From Figures 6.2 and 6.3 it can be seen that anomalous concentrations 
of Cu, and hence base-metal sulphide, occur typically within ultramafic 
cumulates at, or towards the base of cyclic units. They occur preferentially 
in pegmatoidal layers. Anomalous concentrations of base-metal sulphides 
occur in the UG-2 chromitite layer, in the Merensky Reef and in the lower 
part of the Merensky pyroxenite. At Union Section sulphides also occur for a 
few centimeters either side of the chromitite layer which separates the two 
pseudoreefs. The lower pseudoreef and the upper pseudo reef unit A (whi ch 
exhibit a pegmatoidal and coarse-grained texture, respectively) contain 
base-metal sulphides, whereas the upper pseudo reef units Band C (the 
medium-grained tarentaal) are relatively poor in sulphide. Anomalous 
concentrations of sulphide also occur in the harzburgitic layers at the base 
of the Footwall units at both mines. 

Base-metal sulphides i n the Merensky Reef, in order of decreasing 
abundance, include pyrrhotite, pentlandite, chalcopyrite and pyrite. The 
low sulphide content (D.5 - 2.0 wt. percent) and the high Ni/Fe and CufFe 
sulphide ratios are unusual for magmatic ores (Cousins,1969). Vermaak and 
Hendriks (1976) quote an average sulphide value of 2.75 wt. percent for the 
Merensky Reef at Rustenburg, which is composed of pyrrhotite (39.64 
percent), pentlandite (22.18 percent), chalcopyrite (16.36 percent), and 
pyrite (21.82 percent). From the data of Brynard et al.(1976) the following 
normative sulphide contents can be calculated: pyrrhotite (50.19 percent), 
pentlandite (34.30 percent), chalcopyrite (10.57 percent), and pyrite (4.93 
percent). Detailed studies of the sulphide mineralogy of 
have also been completed by Liebenberg (1970), Van Zyl 
Gruenewaldt (1979). 

the Merensky Reef 
(1970) and Von 
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TABLE 6.3 ELa::TRON MICROPROBE ANALYSES OF BASE-METAL SULP!{ IDES IN 'mE MERENSKY REEF 

1 2 3 4 5 6 7 8 
wt.% ~ d ~ d x d x d 

S 36.50 . 185 38.96 .035 37.9 .690 39.44 33.59 .314 31.85 35.21 33.1 
Fe 64.18 .393 62.45 .339 59.9 .54 60.53 34.48 .847 32.95 31.08 30.5 
Co n.d. n.d. .1 n.d. .28 .180 .90 
Ni n.d. n.d. . 2 n.d . 30.78 1.162 33.55 
CU n.d. - 33.34 33.7 

TOrAL 100.68 101. 41 98.1 99.57 99.13 99.25 99.75 97.3 
at. % 

S 49.78 52.08 52.37 - 53.16 47.75 45.81 50.35 49.0 
Fe 50.22 47.92 47.45 - 46.83 28.14 27.16 25 .31 25.9 
Co . 06 .22 .69 
Ni .12 23.89 26.34 
CU 24.14 25.1 
n 3 2 3 1 9 2 7 1 

M:S 1.009 . 920 . 909 .881 8.75 9.40 
Ni/Ni-Ko .99 .97 
x~n; d-standard deviation; n-number DE samples: M:S ratio= (Fe+Go+Ni)/S (assumes 5=8 ~or pentlandite) 
I-troilite ; 2,3-hexagonal pyrrhotite; 4-monoclinic pyrrhotite; S,6-pentlandite; 7,8- chalcopyrite. 
Analyses 3,6, & 8 fran Vermaak and Hendriks (1976) . 

Electron microprobe analyses of base-metal sulphides in the Merensky 
Reef at Amandelbult are presented in Table 6.3 (for complete analyses see 
Appendi x 11). Pyrrhotite is typically an intergrowth of the hexagona l and 
monoclinic varieties, although occasionally an intergrowth of troilite and 
hexagonal pyrrhotite may be observed. Pentlandite is an extremely 
cobalt-poor variety and is further distinguished by a low Ni/Fe ratio. The 
association 
is typical 

of hexagonal-monoclinic pyrrhotite and 
according to Harris and Nickel (1972), 

cobalt-poor pentlandite 
although the low Ni/Fe 

ratio of pentlandite from the Merensky Reef may be unusual (see also Chapter 
11). Chalcopyrite is the dominant copper mineral and cubanite is only 
rarely observed. Mack inawite is a common exsolution feature in 
pentlandite. Microscope studies indicate that the base-metal sulphide 
mineralogy of the Merensky Reef at Amandelbult conforms with the modal data 
of Brynard et al. (1976). 

The Ni/Fe sulphide ratio of the Merensky Reef is estimated at 0.15 

(using the data of Vermaak & Hendriks) and 0.22 (using the data of 
et al.), from the microprobe data in Table 6.3 (it was assumed that 
Ni is in pentlandite). 

Brynard 
a II the 
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6.8 DISTRIBUTION OF THE PLATINUM-GROUP ELEMENTS 

The major platiniferous orebodies in the Bushveld Complex, the UG-2 and 
Merensky Reefs,occur within this stratigraphic interval (inter alia Cousins, 
1969; Vermaak & Hendriks, 1976; Brynard et al., 1976; Von Gruenewaldt, 1979; 
Kinloch, 1982). 
Amandelbult and 

The maximum concentrations of PGE in the Merensky Reef at 
Union Sections occur in the Merensky chromitite layers 

(particularly in the upper layer), to a lesser extent in the pegmatoid 
itself, and for a few centimetres in the Merensky hangingwall pyroxenite (in 
contrast, the maximum concentrations of sulphide Cu and Ni occur in the lower 
part of the Merensky pyroxenite, with lesser amounts in the pegmatoid and 
very sparse amounts in the chromitite layers). The footwall contact is sharp. 
The relative distribution of PGE , Cu, and Ni in the Merensky Reef is 
illustrated clearly by the data of Lee (1983). The UG-2 chromitite layer 
hosts economic levels of PGE, but again contains only very low concentrations 
of base-metal sulphide. 

Subeconomic concentrations of PGE occur within some of the other 
ultramafic layers between the UG-2 and Merensky Reefs. At Union Section 
significant concentrations of PGE and base-metal sulphides occur for rough ly 
20 cm above and below the chromitite layer which divides the upper and lower 
pseudoreefs , and within and for 20 cm above, the chromitite layer at the base 
of the Footwal l cyclic unit. At Amandelbult the pegmatoidal orthopyroxenite 
which constitutes the lower pseudoreef contains notable PGE and base-metal 
sulphides; this layer may be considered as a subeconomic equivalent to the 
Merensky Reef. The coarse-grained harzburgite in the Upper Pseudo cyclic 
unit A at Amandelbult also contains PGE and base-metal sulphide. No data are 
available on the chromitite layer between these two units. In contrast, the 
tarentaal at Amandelbult is depleted in base-metal sulphide and contains no 
significant PGE. 

In summary, economic and subeconomic concentrations of PGE in this 
stratigraphic interval are restricted to ultramafic cumulates at the base of 
cyclic units. The bulk of the PGE are associated with chromitite layers with 
lesser amounts in silicate-rich, usually pegmatoidal, 
contrast, base-metal sulphides are concentrated within 
ultramafic, (usually pegmatoidal) cumulates. Further, 

cumulates. In 
si I icate-rich 
the PGE are 

essentially in PGM,which occur as discrete phases and do not show any marked 
preference for base-metal sulphides (Vermaak & Hendriks, 1976; Von 
Gruenewaldt, 1979; Kinloch, 1982). This results in a wide range of PGE/bulk 
sulphide ratios. It may also be deduced that this would require a large 
range in the value of Opt, Dpd etc. The models of Campbell et al. (1983) and 
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Campbell and Barnes (1984) require exceptionally high D's for the PGE, and it 
is suggested that the sulphide-control they envisage on the distribution of 
the PGE in the Bushveld Complex is a major flaw in their argument. The role 
of chromite as a collector for PGE is well established (although this process 
is not understood) e.g., the "xenoliths" of chromitite in the Onverwacht pipe 
and the chromite schlieren in the Mooihoek dunite (cf. pp. 27, 64; after 
Wagner, 1929) and the dunitic ores of the Urals (Razin, 1976), as well as the 
cumulate-hosted chromitite concentrations referred to above. The association 
of PGE with ultramafic rocks is well known and has been reviewed by Naldrett 
and Cabri (1976) and Crocket (1979). 

6.9 DISTRIBUTION OF Ni AND Fe BETWEEN OLIVINE AND SULPHIDE 

Thompson et al. (1984) investigated the distribution of Ni and Fe 
between olivine and molten sulphide, expressed by the distribution 
coefficient KD, where ;-

and XNiS etc. are mole fractions. For natural assemblages Thompson et al. 
quote an average value for KD of 9.8. This is consistent with the findings 
of Duke and Naldrett (1978), Naldrett (1979) and Boctor (1982), but does not 
support the high values (greater than 40) obtained experimentally by Fleet 
et al. (1977, 1981) and Fleet and MacRae (1983). This is clearly a 
controversial subject and the reader is referred to the discussions by Fleet 
(1979) and Naldrett (1979, 1981). 

In this study the average NiO/FeO ratio of olivine in the Merensky Reef 
is determined at 0.0222 (section 6.4), and the NiS/FeS ratio of the Merensky 
Reef is estimated at between 0.15 and 0.22 (section 6.7). KD for the 
Merensky Reef is thus estimated at between 6.5 and 10. This is consistent 
with data for the H.P. Reef in the Stillwater Complex and the average 
findings of Thompson et al. (1984). It is concluded that the Merensky and 
H.P. Reefs are characterised by coexisting Ni-rich sulphides and Ni-rich 
olivines »l .~vi\ib "uW\. 

This value of KD does not necessarily reflect liquidus compositions, as 
it is known that the distribution of Ni and Fe can be seriously affected by 
subsolidus reequilibration between olivine and Mss, or monosulphide solid 
solution (Naldrett & Clarke, 1972). In massive sulphide ores it may be 
predicted that subsolidus reequilibration will modify liquidus compositions, 
such that the magmatic immiscibility models of Naldrett and others 
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(inter alia Naldrett. 1981) cannot be tested. However. in unaltered. 
disseminated sulphide ores it is unlikely that silicate compositions will 
have been affected by subsolidus reequilibration with sulphides. 
Furthermore. if the sulphides occur dominantly within interstitial sites, or 
enclosed by intercumulus phases. such as plagioclase, it may be predicted 
that sulphide compositions will not have suffered subsolidus effects with 
olivine. The author concludes that in the Merensky Reef the value of KO is 

olivine (liquidus a measure of the distribution of Ni and Fe between primary 
composition?) and molten sulphide. 

Magmatic immiscibility models which explain the origin of nickel 
sulphide ores associated with ultramafic-mafic rocks have been reviewed by 
Naldrett (1981) . 
investigated here . 
depleted as might be 
in Ni / Fe (and Ni / Cu) 

They are subject to several criticisms . two of which are 
Coexisting olivines are often enriched in Ni, not 

expected. and . secondly. magmatiC ores show a wide range 
sulphide ratios. Both these features may be explained 

by considering the stage at which S-saturation occurs within an ultramafic 
melt which may crystallize olivine (inter alia Rajamani & Naldrett, 1978; 
Ouke & Naldrett, 1978; Ouke, 1979; Campbell et al., 1983). 

Three possibilities are evident. Firstly, if an immiscible molten 
sulphide phase segregates after crystallization of olivine it is reasonable 
to expect that the resulting Mss will be depleted in Ni, and that the Ni 
content of the olivine will probably be "normal" (i.e. unaffected by the 
presence of sulphide) . Secondly , if S-saturation is reached before 
crystallization of olivine then it may be inferred that the Mss will be Ni­
rich and the olivine will be depleted in Ni . 

In the third alternative S-Saturation may be concomitant with 
crystallization of olivine. In this situation, assuming equilibrium 
conditions, the distribution of Ni and Fe between olivine and molten sulphide 

is controlled by the value of KO' If KO is fixed, or varies within narrow 
limits (as suggested by the investigations of Thompson et al., 1984), then 
the Ni/Fe ratio of coexisting olivine and Mss will show a positive linear 
relationship. Thus, if the sulphides have a high Ni/Fe ratio then it is 
predicted that coexisting olivine will also exhibit a high Ni/Fe ratio . As 
argued above, in unaltered disseminated ores 
value for KD from subsolidus compositions. 
rich sulphides and Ni-rich olivine coexist 

it is reasonable to calculate a 
It may be concluded that if Ni­
segregation of an immiscible 

sulphide phase was concomitant with crystallization of olivine. 
The causes of S-saturation are only poorly known, 

decrease in temperature, fractional crystallization, changes 

and magma composition (particularly in FeO content) are some 

Magma mixing, 

in fOZ and fSZ, 
of the proposed 
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mechanisms (Haughton et al.. 1974; Shima & Naldrett. 1975). Naldrett (1981) 
observes that in large magma chambers f02, fS2 and aFeO are buffered such 
that the relative proportions of Fe, S, and 0 within the molten sulphide 
phase are tightly controlled, athough this is not true of the minor 
components, Ni, Cu, Co and PGE. Segregation of an immiscible su lphide phase 
early in the crysta llization history of a cooling magma is not a new concept 
and a comparison with peridotite/komatiite - hosted sulphide ores may be 
applicable. In a review article Naldrett (1981) observes that most 
authorities agree that peridotite/komatiite-hosted sulphides reached 
equilibrium with their host magma well before they reached their present 
position, probably before er 'uption. 

6.10 NEW MAGMA INPUTS 

It is concluded from the data and arguments propounded above that new 
influxes of magma entered the main chamber at the base of the UG-2, Lower 
Pseudo, Upper Pseudo, and Merensky cyclic units. A new magma input is also 
postulated to have occurred at the base of the UG-1 cyclic unit. Each of 
these magma inputs is broadly comparable. but they are recognized by subtle 
compositional differences. They may be categorised as discrete magma 
batches. In contrast. up to four separate influxes of the same magma batch 
are inferred to have occurred in the Upper Pseudo and Footwall cyclic units 
at Amandelbult (see figs. 6.2. 6.3). It is suggested that each of these new 
magmas was picritic or olivine tholei itic in composition; it is not necessary 
to postulate that they have ultramafic affinities. 

In the previous section it was deduced that segregation of an immiscib le 
sulphide phase was concomitant with the crystallization of olivine. Olivine 
is clearly an early cumu lus mineral in t he cyclic units stud ied 
locally predate the formation of chromite. It is possible that 

here. and may 
some of this 

olivine entered the chamber as xenocrysts. although it is difficult to 
establish any evidence for this. It has been proposed by Lesher et al. 
(1981) that in komatiitic sulphide deposits oli vine phenocrysts may assist 
with upward transportation of the dense sulphide droplets; a similar 
mechanism may be applicable to the sequence studied here. Crystal lization of 
olivine and concomitant S-saturation may have occurred prior to irruption 
(dur ing ascent from the mantle. in a low-level holding chamber or within 
feeder channe ls) or immediately after the new magma entered the main chamber. 
It is suggested that these events occurred before this new magma mixed with 
the residual magma in the chamber (see below). This model accounts for the 
close spatial association of ultramafic cumulates and base-metal sulphides in 
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the upper critical zone at Amandelbult and Union Sections. 
This model requires that the new influxes of magma were denser than t he 

residual magma in the chamber and entered the chamber quiescently as a flow 
along the crystal-liquid interface . The residual magma in the upper critical 
zone of the Bushveld chamber was largely tholeiitic with orthopyroxene and 
plagioclase as the main liquidus phases .. Crystallization of large amounts of 
plagioclase from a tholeiitic magma results in an increase in the density of 
the residual magma (Campbell et aI., 1983; Sparks & Huppert, 1984 ). 
Eventually a "crossover point" occurs at which time the residual magma is 
denser than a new (more primitive) magma . The model of Canipbell et al. 
requires that this crossover point has been reached at the level of the 
Merensky Reef. The author believes that their argument is equivocal and that 
the data in this study are best explained if a new influx of magma, entering 
the chamber in the upper critical zone, would sti ll be denser than the 
residual magma at this level. 

Campbell et al.(1983) suggest that in the upper critical zone iron-rich 
residual liquids produced by fractional crystallization remain in the 
resident magma in the chamber, resulting in a further increase in density. A 
distinctive feature of the upper critical and main zones (e.g., where 
plagioc lase is a major cumulus phase) is the presence of discordant bodies of 
iron-rich ultramafic pegmatite. These may represent trapped intercumulus 
liquid (see Chapter 13). If this interpretation is correct then they would 
have a major effect in modifying the density calculations of Campbell et al. 
( 1983) . 

6.11 FORMATION OF CYCLIC UNITS IN THE UPPER CRITICAL ZONE 

Having made this assumption concerning the relative densities of the new 
and residual magmas, the following model is presented to explain the 
formation of cy,Li c units in the upper critical zone at Amandelbult and Union 
Sections. It draws heavi ly on the models of Huppert and Sparks (1980) and 
Sparks and Huppert (1984). A similar model has been developed by Smewing 
(1981), who stud ied the Oman ophiolite complex. Density and thermal 
differences between the new (relatively dense and hot) magma and the residual 
magma result in the formation of a stratified layer at the base of the 
chamber. It is a·ssumed that the new influx of magma enters the chamber as a 
flow along the crystal-liquid interface, and does not jet as suggested by 
Campbell et al. (1983). This new influx of magma sharply truncates the 
previous cyclic unit and may result in some resorption, as the new crystal­
liquid interface is not likely to be in equilibrium. The new cyclic unit may 
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then develop as follows. 
As the new magma begins to cool, fractional crystallization, probably 

dominantly bottom crystallization as described by McBirney & Noyes (1979), 
but possibly with some cumulus mineral forma tion with settling over a few 
metres or tens of metres, results in the formation of an ultramafic cumulate 
at the base of the new cyclic unit. Settling of olivine xenocrysts, if 
present, and of suspended droplets of sulphide, over a vertical extent of a 
few or possibly tens of metres, will occur at this early stage. Recent 
consensus of opinion suggests that chromitite layers form as a result of 
magma mixing (inter alia Irvine & Sha rpe, 1983; Eales & Reynolds, 1983; 
Hatton & Von Gruenewaldt, 1983), and thus are likely to occur at the base of 
new cyclic units. If the new pulse of magma remains as a discrete layer at 
the base of the chamber for a reasonable time span, fractional 
crystallization will result in a cyclic unit in which ultramafic cumulates 
are gradational up into felsic cumulates (e.g., the Merensky and Bastard 
cyclic units). It is predicted that cryptic mineralogical variation, 
relating to fractional crystallization, will occur in these well-formed 
cyclic units. Convection may occur within the new pulse of magma, which forms 
a discrete layer at the base of the chamber, but at this point in time the 
new and residual magmas do not mix. 

As cooling and fractional crystallization proceed this density 
stratification must break down and mixing of the the new and residual magmas 
will occur (which is why complete cyclic units are not usually observed). 
If mixing of the new and residual magmas occurs relatively soon after the 
new influx, whilst an ultramafic cumulate is still forming, the liquidus 
relati onships may show a marked change. This may be particularly apparent 
if the volume of new magma compared to the residual magma is low. 
situation, if mi xing is efficient, the l iquidus relationships may 
revert back to those prevalent in the residual magma before the new 

In this 
suddenly 

influx. 
Thi s process 
are sharpl~ 

may account 
overlain by 

for hybrid cyclic units in which harzburgitic layers 
leuconorites or anorthosites (e.g., the Upper Pseudo 

cyclic units A and B at Amandelbult). This may result in the 
cyclic unit (e.g., at disequilibrium contact 

harzburgite layers) . 
zones within a 

It is tentatively suggested that the 
certain mottled anorthosites may be related to this process, 
result of incomplete mixing or by uplift from an earlier cycle 
press) . 

formation of 
the top of 

formation of 
either as a 

(see Eales, in 

If a new influx of magma occurs whilst the previous influx still forms a 
discrete layer at the base of the chamber, the developing cyclic unit will be 
beheaded before mixing can occur. If this happens before plagioclase has 
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become a cumulus phase a series of ultramafic cumulates, each a result of 
separate influxes, may result (e.g., the UG-1, UG-2 and Lower Pseudo cyclic 
units at both mines, the Upper Pseudo cyclic unit at Union Section and the 
Upper Pseudo unit C at Amandelbult). These cyclic units thus result solely 
from the new influx, unlike the hybrid units described above. 

From strontium isotope studies Kruger and Marsh (1982) concluded that a 
major new influx of magma occurred at the base of the Merensky cyclic unit. 
In comparison some of the new influxes that are postulated to have occurred 
between the UG-1 and the Merensky Reef by the present author, were probably 
volumetrically much smaller. Kruger and Marsh attribute the scattered isotope 
signature within the Merensky cyclic unit to contamination by upward­
streaming intercumulus liquid. It is possible that two separate influxes 
occurred at the base of the Merensky Reef, the first of these forming the 
lower chromitite and the pegmatoid. This was then beheaded by a second influx 
which formed the upper chromitite and the remainder of the cyclic unit. The 
recognition of two separate magma inputs accounts for the presence of the two 
chromitite layers and the mineralogical and compositional differences between 
the pegmato id and the hangingwall pyroxenite . 

The model discussed above accounts for some of the field relationships 
and lithological variations observed in the cyclic units at the top of the 
upper critical zone in the northern sector of the western Bushveld Complex. 
In particular the thinning and eventual wedging out of ultramafic layers 
along strike is best explained by replenishment of the chamber with new 
influxes of magma entering the chamber as a flow rather than as a jet or 
plume. These lateral stratigraphic features may be directly re l ated to 
distance from a feeder site. 

6.12 RELATIONSHIP TO BASE-METAL SULPHIDE AND PGE MINERALIZATION 

The decoupling of Ni-Cu sulphide and PGE mineralization in the upper 
critical zone was descri bed earlier. It is suggested that base-metal 
sulphides and PGE mineral ization may have a cumulus and intercumulus 
component ( see also Lee, 1983) . The bulk of the base-metal sulphide 
mineralization is probably cumulus as it is intimately related to its host 
cumulate (see also Naldrett et a!., 1983). It is difficult to reconcile this 
with the gravity settling model proposed by Campbell et a!. (1983). 
Furthermore, the bulk of the sulphide and PGE mineralization occur as very 
small grains and it is difficult to envisage settling of such small droplets 
through a thick column of liquid, particularly if the liquid was stratified. 
It is also unlikely that a gravity settling process would be efficient enough 
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to produce the observed distribution trends. The bulk of the su lphide is thus 
considered to be an intimate component of the new influxes of (picritic ?) 
magma. The R-factor (bulk s ilicate/su lphide liquid ratio of Campbell & 
Naldrett, 1979) is not considered to be a problem for the base-metal 
sulphides. The bulk sulphide content is low and equilibrati on with the 
silicate magma prior to irrupti on or in response to convection . curre~ts 

within the stratified magma at the base of the chamber are alternative 
hypotheses. 

Intercumulus sulphide is related to the upward movement of intercumulus 
liquid (and infiltration metasomatism as described by Irvine, 1980). The bulk 
of the PGE mineralization is also postulated to be intercumulus. The 
concentration of minor sulphide and important PGE mineralization in 
chromitite layers is difficult to explain by any other mechanism. 
Distribution patterns indicate upward-movement, not gravitational settling 
(inter alia Cousins, 1964; Vermaak & Hendriks, 1976; Brynard et al., 1976; 
Lee, 1983). The bulk of the PGE mineralization is best explained by a 
process of infiltration metasomatism (see also Vermaak, 1976). One of the 
main attractions of the model of Campbell et al. is that it explains the 
relative position of platiniferous layers in layered complexes, whereas the 
infiltration metasomatism model does not. 

5.13 SUMMARY 

(1) Evidence is presented for separate influxes of magma into the chamber at 
the base of some of the cyclic units in the upper critical zone in terms of 
new electron microprobe data and whole-rock analyses. 
(2) The distribution of base-metal sulphide and PGE mineralization is re­
examined, and it is concluded that they do not exhibit direct correlation. 
(3) The sulphides are in equilibrium with olivine, consequently segregation 
of an immiscible sulphide liquid from the silicate magma occurred concomit­
antly with crystallization of olivine. This accounts for the close spatial 
relationship between sulphides and ultramafic cumulates at the base of cyclic 
units in this part of the layered complex. 
(4) Decoupling of sulphide and PGE mineralization must therefore point to 
later introduction of PGE into their present position, possibly by upward 
movement of intercumulus liquid. 
(5) The formation of pegmatoidal cumulates has not been investigated. 
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SECTION D : THE IRON-RICH ULTRAMAFIC PEGMATITE SUITE 

CHAPTER 7 DISTRIBUTION AND FIELD RELATIONSHIPS 

The distribution and main geological characteristics of iron-rich 
ultramafic pegmatite were discussed, in conjunction with a literature review, 
in Chapter 2. This section presents a range of new data for the iron-rich 
ultramafic pegmatite suite. It is divided into six chapters, distribution 
and field re lationships, petrography, mineralogy of the silicate, oxide and 
base-metal sulphide (and PGE) phases and whole-rock chemist ry. Discordant 
bodies of iron-rich ultramafic pegmatite are particularly abundant in the 
upper critical and lower main zones of the layered sequence at R. P.M. 
Amandelbult Section. Consequently, this area has been sel ected as t he main 
study section. 

In this chapter the distribution and field relationships of iron-rich 
ultramafic pegmatite bodies at Amandelbult are described. These may be 
divided into two groups, namely typical, small, often irregular bodies and a 
large, pipe-like body, the so-ca lled Middellaagte pipe. Cr-rich Fe-Ti oxide 
pegmatites have also been located at Amandelbult; these are described in 
Chapter 10. The field relationships of iron-rich ultramafic pegmatite bodies 
at other localities in the Bushveld Complex which have been investigated in 
this study are also described in this chapter. 

7.1 DISTRIBUTION 

7.1 INTRODUCTION 

The poor outcrop and lack of detailed geological mapping in the 
Amandelbult area was referred to previously (pp. 74-77). Prior to 
commencement of recent mining operations (in the mid 1970's) the large pipe­
like body of pegmatite which crops out on the farm Middellaagte had been 
recognized (de Bruyn, 1944), but the distribution of the small, irregular 
bodies of pegmatite at Amandelbult only became apparent as mining 
progressed. It was soon evident that these pegmatite bodies were 

operations 
unusually 

abundant in the Amandelbult area. Moreover, a number of pegmatite bodies 
were found to replace the Merensky Reef, hampering mining operations. 

In 1977 J.C.I. completed a detailed ground geomagnetic survey over most 
of the Amandelbult leasehold (for location maps see figs. 5.1, 5.2). This 
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survey was directed primarily at locating the strongly magnetic iron-rich 
ultramafic pegmatite bodies. It covered most of the strike length of the 
mine and extended laterally some 2 km in the hangingwall of the Merensky 
Reef. Because of the extremely limited outcrop these data are the main guide 
to the surface distribution of the pegmatite bodies. 

7.1.2 GEOMAGNETIC DATA 

The ground-based geomagnetic survey completed by J.C.I. was based on a 
grid with interline and station spacings of 20 m. Because the cumulate rocks 
in this area of the Bushveld Complex were known to be essentially non­
magnetic it was anticipated that pegmatite bodies with diameters greater than 
20 m would be located (Heidstra, 1978). These bodies were found to be highly 
magnetic and gave well-defined, near equidimensional, positive anomalies. 
Heidstra located a number of other features which gave magnetic signatures. 
These included post-Bushveld dykes which have a negative magnetic signature 
(see also p. 75), red-soil outwash from the adjacent Transvaal Supergroup and 
a number of weak linear anomalies evidently related to the main zone 
cumulates (see also pp. 18-19). 

Detailed isomagnetic contour maps of this survey were produced on a 
scale of 1:5 000. Heidstra (1978) interpreted the presence of a number of 
iron-rich ultramafic pegmatite bodies from this survey, the distribution of 
which is summarised in Figure 7.1. From these data, which were made available 
to the author, overlays at a scale of 1 :10 000 were produced for aerial 
photographs. All areas in which magnetic anomalies were indicated were then 

* examined in the field. The results of this fieldwork are discussed below. 
Heidstra (1978) correlated the magnetic signature of the iron-rich 

ultramafic pegmatite bodies with moderately to steeply dipping, plug- or 
pipe- like bodies with a large vertical extent. Viljoen and Scoon (in press) 
observed that many of the small, satellite bodies adjacent to the 
Middellaagte pipe have an asymmetric magnetic signature which suggests that 
they plunge steeply to the northwest, that is approximately normal to the 
cumulate layering. It may be inferred that they were emplaced at an early 
stage when the Bushveld layering was horizontal. 

Iron-rich ultramafic pegmatite bodies at Amandelbult occur in three main 
clusters (figs. 7.1, 7.2). These, from west to east, occur in the western 

* The reader is also referred to detailed maps in field reports, completed by 
the author in December 1981 (filed in the Geology Dept., Rhodes University) 
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Figure 7. 1 Principal magnetic anomalies at R.P .M. Amandelbu l t . these are probably all associated with subout­
cropping iron-rich ultramafic pegmati te bod ies . Results of d detailed ground magnetics survey (fram 
Heldstra . 1978). 
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sector of the mine (specifica lly in the area of the mine delineated by the 
mine sections 30W to 20W), the central sector of the mine (in an area 
delineated by the mine sections 6W to 7E), and in the Middellaagte area. 
Only minor pegmatite bodies exist in the area to the east of Middellaagte. 
This distribution pattern has been supported by underground exposures in mine 
development. Heidstra (1978) concluded that some 20 percent of the survey 
area at Amandelbult (which included the large Middellaagte body) was 
underlain by 
press) observe 

over 400 separate pegmatite bodies. Viljoen and Scoon 
that a definite clustering of these bodies occurs in zones 

( in 

of 
structural weakness which are also exploited by post-Bushveld dykes. 
Underground mapping of mine development indicates that Heidstra's (1978) 

predictions were inaccurate. Iron-rich ultramafic pegmatite bodies are much 
less abundant and probably represent less than 5 percent of the layered 
sequence in the Amandelbult area. 
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Figure 7.2 Distribution of the major centres of Iron-rich ultramafic peCJlldtlte at R.P.H. /vnandelbult. largely 

based on results of ground magnetiCS survey. Hote relationship between clusters of pegmatite bodies 

and post-Bushveld structural features, namely faults and dykes. 
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7.1.3 SUR FACE MAPPING 

Surface mapping was restricted to following up geomagnetic anoma lies 
and locating pegmatite bodies which were known to crop out . From mapping of 
underground development, which is essentially restricted to the interval 
between the UG-1 and Bastard cyclic units (see Chapter 5), it is known that 
many of the pegmatites form sheet -like bodies which are locally stratabound. 
The geomagnetic survey only covered an area in the hangingwall of the 
Merensky Reef, consequently surface data o,(e, lacking on most of the 
exposures which have been mapped underground. In the area which is covered 
by the geomagnetic survey outcrop is very sparse such that surface mapping 
is usually restricted to recording float, soil type, vegetation and 
topographi c features. Many of these observations can be used as an indirect 
aid to locating suboutcropping bodies of iron-rich ultramafic pegmatite (see 
below). These features were used to imply that suboutcropping pegmatite 
bodies exist in most of the areas delineated by the geomagnetic anomalies. 
However , the resistant nature of the pegmatite in comparison with deep 
weathering of ultramafic and mafic cumulates results in features which a 
ground magnetic survey, susceptible to near-surface magnetic float, will 
exaggerate. For these reasons it is important to stress that geomagnetic 
data, ~though an invaluable exploration tool, should be treated with some • 
reservati on. 

A few pegmatite bodies have been located at Amandelbult which occur 
outside the area covered by the geomagnetic survey. A large, zoned, 
probably pipe-like body occurs at the western extremity of the farm 
Elandsfontein. Thi s body comprises a 100-150 m diameter core composed of Fe­
Ti-oxide pegmatite with an outer shell of poorly-exposed silicate-rich 
pegmati te. It is emplaced in main zone cumulates just above the porphyritic 
"Tiger" marker. Two composite pegmatite bodies have been located to the 
north of the mine leasehold in which sheet-like mas ses of Cr-rich Fe-Ti oxide 
pegmatite are associated wtih typical silicate-rich pegmatite (see Chapter 
11 ) . 

7.1.4 BOREHOLE DATA 

The distribution of iron-ri ch ultramafic pegmatite at Amandelbult in 
boreholes (from logs and the core of recently drilled holes) has been 
assessed and compares favourably with the geomagnetic data. A number of 
boreholes have been collared above suboutcropping pegmatite bodies. It is 
deduced that the 32 000 gamma contour, or greater, reflects the presence of a 
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suboutcropp ing, probably well formed, pegmatite body, whereas below the 31 
500 gamma contour only very irregular, sporadic segregations of pegmatite 
exist (see fig. 7.5). 

The percentage of pegmatite intesected in 
(ignoring core-loss and deflections) has been 

all boreholes at Amandelbult 
estimated. These data are 

subjective as, obviously, most of the boreholes intersect the sequence in the 
hang ingwall of the Merensky Reef with only a small proportion continuing 
below the UG-2 chromitite layer. These boreholes may be subdivided into two 
groups. The first group is referred to by fam-locations (e.g., 
Elandsfontein (EL), Middellaagte (ML) etc.); these often intersect a 
considerable thickness of main zone cumulates. The second group are based on 
mine sections (labelled numerically west and east from a central reference 
section, e.g., 42W, 7E etc. - see fig. 7.2 ); these are usually collared only 
a short distance above the Merensky Reef . 

From boreholes on Schilpadnest (SKN series only) and Elandsfontein (E L 
series only) it is estimated that 8.6 and 8.4 percent, respectively, of the 
layered sequence consists of iron-rich ultramafic pegmatite bodies. From 
these data it has also been calculated that 6 and 15 percent, respectively, 
of the Merensky Reef intersections are replaced by pegmatite (see section 
7.4). Based on the second group of boreholes it is estimated that 1.8 
percent of the succession consists of pegmatite in the western sector of the 
mine (as delineated by the sect ions 43W to 18W) and of 87 Merensky Reef 
intersections 4 are replaced by pegmatite (equivalent to 5 percent). In the 
eastern sector of the mine, using both groups of boreholes east of EK-l, it 
is estimated that 1.9 percent of the succession consists of pegmatite and 8 
percent of the Merensky Reef intersections are replaced by pegmatite. 

7.1.5 

Most 
development 
specifically 

UNDERGROUND EXPOSURES 

of the pegmatite bodies presently exposed in unde rground 
at Amandelbult occur in the western sector of the mine, 

in the area delineated by sections 30W to 25W (see Map 6). 
Bodies of iron-rich ultramafic pegmatite have also been mapped and sampled 
from underground exposures in the 44 to 43W, 4E to 7E and 44E areas of the 
mine. No obvious petrologic changes have been observed along strike, 
although considerable lateral variation is apparent in the layered sequence 
(see p. 83). These exposures are discussed further in sect ion 7.3). 
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7.2 FIELD RELATIONSHIPS - THE MIDDELLAAGTE PIPE 

The presence of minor quantities of nickeliferous sulphide in the large, 
pipe-like body of iron-rich ultramafic pegmatite on the farm Middellaagte at 
Amandelbult has resulted in some speculative economic interest and de Bruyn 
(1944) implied a comparison with the nickel-bearing Vlakfontein bodies. 
Recent interest in the Middellaagte pipe is related to mining activities at 
Amandelbult, which have been directed primarily at delineating the cumulate 
succession in the structurally disturbed area adjacent to the pipe. The pipe 
itself results in a considerable loss of ore reserves of the Merensky Reef. 

7.2.1 STRUCTURAL SETTING 

The Middellaagte pipe is situated wholly within a major northwest 
trend ing graben structure which is aligned parallel to the dominant 
structural lineament in this area of the Bushveld Complex (figs. 5.1, 7.2). 
This lineament may well have been active during deposition of the Traansvaal 
Supergroup, prior to formation of the Bushveld Complex. The Middellaagte 
graben structure is extrapolated to correlate with the Brits graben in the 
southern sector of the western lobe of the Bushveld Complex (see fig. 1.1). 
Preliminary results of an airborne geomagnetic survey completed by J.C.I. 
seem to corroborate this. The graben-edge faults can be traced to the 
north west into the adjacent Transvaal floor rocks. At Thabazimbi this fault 
trend has swung round until it is aligned approximately north-south. Major 

<. 

east-west faults also occur in the Transvaal rocks at Thabazimbi. 
The Middellaagte graben forms a block, approximately 2 km wide, with a 

max imum downthrow (on the eastern side) of some 600 m. The cumulate sequence 
in this block is poorly known, and the Merensky Reef is not mined here. The 
map of Coertze (1962) which shows the layered cumulates delineated within the 
downfaulted block is incorrect, as the inferred position of the upper 
critical zone cumulates in the graben is almost completely occupied by the 
discordant pegmatite body (fig. 7.2). The structural interpretation presented 
in Maps 3 and 4 (in folder) has been compiled by the author and does not 
neccessarily agree with the mine plans. The contour plan in Map 4 is based 
on the UG-2 chromitite layer; this was selected as a marker horizon in 
preference to the Merensky Reef to avoid the problems of pothole structures. 

On the down-dip side of the pipe the Merensky Reef was intersected at a 

depth of 478 m in borehole ML 22 (see Maps 4 an 5). Borehole ML29 was then 
pOSitioned to intersect the postulated Merensky Reef to the north of the 
pipe, assuming an average dip of 21 0. This assumption was found to be 
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incorrect; borehole ML29 in fact intersected a sequence of feldspathic 

pyroxenites with minor chromitite layers. which probably occur between the 

MG- and UG- chromitite layers. This structural interpretatilJn was based 

entirely on faulting and assumed a constant dip of 200 . This is now 

considered to be incorrect and the most likely explanation is that the 

layered sequence adjacent to the pipe is downwarped. e.g.. in a manner 

similar to that at the Townlands pipe (see section 7.5). The ~ata available 

so far, however. are not sufficient to allow a more detailed in:erpretation . 
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7.2.2 STRUCTURE OF THE PIPE 

INDIRECT TECHNIQUES 
The detailed ground geomagnetic survey at Amandelbult discussed above 

was extended to include the area covered by the Midde ll aagte pipe (fig. 7.1 
and Map 3). The inferred suboutcrop of the pipe corresponds with a maj or 
positive magnetic anomaly, which defines an area of some 1.7 x 1.4 km, with 
maximum values of over 32 000 gamma (the background count i s roughly 30 000 
gamma). This anomaly forms a composite feature in which magnetic "cores" 
and "windows" can be observed. The magnetic cores may form poorly-defined 
ring structures within the composite anomaly. One of these magnetic cores 
has been drilled (borehole ML 27) and it clear ly relates to maximum 
concentrations of Fe-Ti oxides. A borehole (ML 22) has also been drilled 
into one of the magnetic windows. In this hole a fairly normal cumulate 
succession was located with only sporadic, irregular bodies of pegmatite. 
The composite magnetic anomaly associated with this large body of pegmatite 
is inferred to relate to a large pipe-like feature with considerable vertical 
extent (fig. 7.3). 

A Ni and Cu soil geochemical survey has been completed by J.C.I in the 
Middellaagte area (Map 3). A linear Ni anomaly was located over the 
suboutcrop of the Merensky Reef to the west of the graben structure, but no 
linear trends were located within the downfaulted block. A strong Cu and 
moderate Ni anomaly occurs over part of the suboutcrop of the pipe. This 
area has recently been quarried on a small scale (for roadstone) and t he 
suboutcropping pegmatite may be observed. The Ni and Cu soil anomaly does 
not correlate with maximum magnetic anomalies but defines a speci fic, rather 
small, portion of the evidently composite pipe. Three boreholes (ML24, ML25 
and ML26) have been dr illed here. Compared to samples from other areas of 
the pipe the pegmatite in this area is enriched in base-metal sulphides. 

SURFACE MAPPING 
The area underlain by the pipe is flat and low-lying with a seasonal 

water-course which flows northwards into the Bierspruit. Vegetation is 
restricted to grass, low thorn scrub and sparse trees, a distinctive feature, 
readily recognizable on 1 :10 000 aerial photographs. Outcrop is very poor, 
and borehole data indicate that the depth of weathering varies from 20 to 30 



- 116 -

m. The centre of the postulated suboutcrop of the pipe is delineated by a 
distinctive red soil (Map 3). This soil, which contrasts strongly with the 
black turf which overlies the critical and main zone cumulates, is 
characteristic of most of the iron-rich ultramafic pegmatite bodies in the 
Bushveld Complex. Detailed colour or infrared aerial photographs could well 
prove useful in this respect. The red soil contains small magnetic grains 
and pegmatite float. Again, this contrasts with the ubiquitous black turf in 
which fl oat is rarely observed. At Middellaagte the area covered by this red 
soil forms an elongated ovoid within a much larger area of brown soil. Tile 
brown soil, within which discrete pockets of red soil occur, contains only 
sparse pegmatite float and is only very weakly magnetic. It is transitional 
between the red soil, which is related to suboutcropping pegmatite, and the 
ubiquitous black turf. It probably represents a peripheral area of the pipe 
in which irregular offshoots of pegmatite, intimately associated with the 
normal cumulates, occur. The limi t of this (brown and red) soil anomaly 
corresponds roughly with the 30 750 gamma contour of the magnetic anomaly 
(Map 3). 

BOREHOLE DATA 
The structural features discussed above were based to a large extent on 

drilling information. Boreholes drilled recently (numbers ML22 to 29) have 
been logged and sampled by the author, but core from the earlier holes is no 
longer available. Cross-sections of the pipe, based on this information, are 
presented in Map 5. The following conclusions can be drawn regarding the 
structure of the Middellaagte pipe-like body of iron-rich ultramafic 
pegmatite 

(1) It forms a large pipe-like feature in which a central core (or cores) of 
sub-vertically orientated pegmatite occur(s). 
(2) It is strongly discordant and transgresses and truncates the cumulates of 
the upper critical zone and lower part of the main zone. 
(3) It is a composite body in which the pegmatite exhibits different 
mineralogical features. 
(4) The irregular nature of the pipelike body is enhanced by the preferential 
development of the pegmatite within certain cumulate horizons. The overall 
discordant nature is evident, but locally the pegmatite forms stratabound, 
sheet-like bodies . 
(5) Relict layers of unreplaced or partially replaced cumulates are enclosed 
within the pipe. 
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7.3 FIELD RELATIONSHIPS - SMALL, IRREGULAR BODIES OF PEGMATITE AT AMANDELBULT 

7.3.1 EXTERNAL FORM 

The majority of iron-rich ultramafic pegmatite bodies examined at 
Amandelbult occur as irregular, sheet-like bodies which are constrained 
within specific cumulate layers. Small, pipe-like, vertically extensive 
bodies are comparatively rare. The sheet-like bodies form laterally 
extensive bodies with strike lengths of over 300 m, often with thicknesses 
of only a few metres. Their down -dip extension is difficult to assess, but 
they are probably vertically extensive. Ir regu lar, branching bodies radiate 
from these sheet-like bodies to form exceptionally irregular bodies, varying 
from sill-like to dyke-like and includ~ wedge-shaped and spheroidal forms. 
The latter may vary from a few centimetres in size to several metres. These , 
apparently haphazard, irregular bodies are often interconnected with the 
larger sheet-like masses by a network of veinlets (possibly only a few 
millimetres in diameter), veins and feeder channe ls. 

In summary, iron-rich ultramafic pegmatite at Amandelbult may occur as 
vertica lly extensive, irregular, pipe-like bodies with diameters of over 1.5 
km, as thin, laterally extensive, stratabound, sheet-like bodies or as 
irregular sills, dykes, wedge-shaped and spheroidal bodies with dimensions of 
less than one metre. 

It is suggested that the small, irregular bodies are rel ated to the 
larger occurrences by a network of feeder channels. Field relationships do 
not enable one to establish whether the pipe-like bodies may be interpreted 
as feeders from which the smaller occurrences have deve loped, or 
alternatively whether the small occurrences channelled the pegmatit ic liquids 

, 
into t he larger bodies, which thus acted as the locI of accumulation. This 
has important petrogenetic implications and it is unfortunate that the field 
relationships are equivocal (see Chapter 13). 

7.3.2 RELATIONSHIPS WITH THE WALL ROCKS 

The cumulate wallrocks adjacent to large, pipe-like bodies, such as 
Townlands, and possi bly Middellaagte, may form collapse structures (in which 
the layering is increasingly downwarped as the pipe is approached) similar to 
that at the Driekop pipe (see pp. 19 and 31). In contrast, the cumulates 
which host small, irregular pegmatite bodies at Amandelbult are invariably 
structurally undisturbed, even though these bodies are preferentially 
concentrated in areas of structural weakness . This is particularly evident 
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where a pegmatite body selectively replaces a specific cumulate layers, which 
may be only a few centimetres thick. In this situation deLicate layering in 
the adjacent cumulates is unaffected. It is evident from these features that 
the cumulate layering was well defined prior to formation of iron-rich 
ultramafic pegmatite, consequently their formation may be related to 
postcumulus processes. The influence of layering in the cumulate sequence is 
particularly evident where pegmatite occurs in contact with either chromitite 
layers or ultramafic cumulates (such as the pseudoreefs). In these 
situations an apparently sharp contact separates the cumulus and postcumulus 
rocks. Locally, relict segments of the cumulate which is replaced occur 
wi thin the pegmat ite body, such that the primary layering is preserved. 

7.3.3 SELECTIVE "REPLACEMENT" AND DEFINITION OF REPLACEMENT 

The preferential replacement of specific cumulate layers by iron-rich 
ultramafic pegmatite has long been known. Field relationships enabled Wagner 
(1929) to establish that pegmatite develops preferentially at the expense of 
the most felsic rocks (i.e. anorthosites and norites). He observed that 
mafic cumulates such as chromitites and pyroxenites may be unaffected, 
resulting in large sheet-like bodies. This feature led Wagner to interpret 
these bodies as replacement features, a conclusion which Cameron and 
Desborough (1964) supported (see pp. 16-17 and p.24). This constraint is 
particularly evident at Amandelbult (fig. 7.4). Typically, ultramafic 
cumulates (i.e. the pseudoreefs, the Merensky hangingwal l pyroxenite and 
chromitite layers) are "unreplaced" , whereas the intervening felsic cumulates 
may be completely "replaced". 

"Replaced" is used here to designate a physical feature and does not 
implicitly infer an origin by in situ replacement or metasomatism. 

The refractory nature of the cumulates with respect to replacement by 
iron-rich ultramafic pegmatite may be expressed sequent)y thus :-
chromitites harzburgites pyroxenites norites anorthosites, such that 
anorthosites readily act as traps for the pegmatitic liquids whereas 
chromitites behave as relatively impervious barriers . 

7.3.4 SMALL, PIPE-LIKE BODIES 

A small, pipe-like body of iron- rich ultramafic pegmatite 
Elandskuil (at 57E section) has been examined in detail (fig . 

on the farm 
7.5). This 

body is associated with a well-defined magnetic anomaly within an elliptical 
area. This anomaly corresponds to an area some 50 x 25 m in size in whi ch a 
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Figure 7.4 Schematic strike section illustrating the vertical distribution of iron-rich ultramafic pegmatite in 
some of the upper critical zone rocks at R.P.M . Amandelbult (western section of the mine). The 

selective nature of the pegmatite is particularly evident in the vicinity of the pseudoreefs and the Merensky Reef. 
Terminology of the pseudoreefs is that used by the mi ne geologists - plan drawn by M. J. Viljoen (see Viljoen & 

Seoon, in press). 
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magnetic "core" (corresponding to the 32 000 gamma contour) some 15 m in 
diameter is located. Red soil and pegmatite float correlate with this 
magnetic core. A borehole (number 57E/3), collared approximately in the 
centre of the area del ineated by the magnetic anoma ly, intersected a 
continuous sequence of pegmatite (with minor post-Bushveld dyke material) to 
a vertical depth of 137 m. Below this position the upper pseudoreef was 
located. A second borehole (number 57E/2) , drilled into the anomaly at a 
position corresponding to the 31 500 gamma contour, intersected a typical 
cumulate succession with only very minor pegmatite. Boreholes dr ill ed on 
the adjacent 56E and 58E section lines also intersected minor pegmatite, in 
an otherwise typical cumulate sequence. The vertical extent of a small pipe­
like feature such as this is not known, but is probably dependent on 
stratigraphic position, as ultramaf ic layers such as the pseudoreefs clearly 
behave as impervious barriers even to these pipe-li ke bodies. It may be 
inferred that pipe-like bodies locat ed in the main zone (where ultramafic 
cumulates are essentially absent) are probably vertically more extensive 
than those in the upper critical zone. 

7.3.5 STRATABOUND, SHEET-LIKE BODIES 

The 30W - 25W area of Amandelbult on the farms Schilpadnest and 
Elandsfontein forms one of the areas of major magnetic disturbance described 
previously (fig. 7.2). This occurs as a large, composite, magnetic anomaly 
in which a number of "cores" may be located (fi g. 7.6). This contrasts with 
the well-defined, elliptical and concentric disposition of isomagnetic 
contours which, it was demonstrated above, correlate with single pipe- like 
features. Outcrop within this area is limited and only minor red soil could 
be located as much of the area is covered by mine infrastructure. It 
corresponds to one of the most structurally disturbed areas at Amandelbult 
and is characterised by the presence of major faults and post-Bushveld dykes. 
The cross - section presented in Figure 7.6 is based on borehole logs and 
surface and underground mapping (see also fig. 7.7). The sheet-like nature 
of the pegmatite is evident, although the major magnetic anomaly to the 
south of the cross-section probably corresponds to a pipe-like feature. It 
is evident here the pegmatite in the ma in zone forms relatively th ick, sheet­
like bodies compared to those in the upper critical zone. 

Numerous pegmatite bodi es have been exposed in the underground 
development in this area of the mine. A composite plan, compiled from 
1:1000 scale mine plans (with additiona l geological data by the author) in 
which geological information is plotted on the main levels (as developed up 
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Figure 7.5 Schematic pldn (surface) dnd dip section illustrating the 

re lat ionship between a well-defined elliptical magnetic 

anomaly and a pipe-like pegmatite bOdy - tn the eastern section of R.P.M. 

AAlandelbuit, specifically at 57E section (see fig. 7.2l. 
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Figure 7.6 Schematic plan (surface) and dip section 

illustrating the relationship between a 

cluster of poorly-defined magnetic anomalies and sheet-like 

pegmatite bodies - in the western section of R.P .M . 

.Aroandelbult. specifically 28101 - 251-1 sections (see fig. 7.2 

and Map 6). 

ABBREVIATIONS MR - Merensk.y Reef; UPR - Upper Pseudoreef 

B.C (or P2); CZ - critical zone; MZ - main zone; iron-rich 

ultramafic pegmatite is depicted by crosses; red soil 

ancmaly is labelled "rs" and brown soi 1 "bs"; soil not 

labelled is the typical black turf. MagnetiC contours in 

garnnas (g). Boreho les labelled El (on the farm 

Elandsfontein) and SKN (on the farm Sk.ilpadnest). 
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to July 1982 ) is presented as Map 6. Cumulate markers, such as the upper 
contact of the upper pseudoreef unit A (or the P1), the the upper pseudoreef 
Band C (or the P2) and the base of the Merensky Reef, are also included. A 
laterally extensive, sheet-like pegmatite body, s ituated between the lower 
pseudoreef and the Merensky Reef, occurs in this area. On 4-level it is 
exposed al ong strike for over 300 m, although its maximum thickness is only 
between 5 and 6 m. On 3-level this body has pinched out and forms a series 
of irregular, discontinuous, dyke- and wedge-shaped bodies. At the eastern 
limit of this body a major wedge-shaped mass cuts up into 2-level, where it 
transects the upper pseudoreef and has replaced the Merensky footwall 
anorthosite and the Merensky Reef (not shown in Map 6). The down-dip extent 
of this body is difficult to assess as the cumulate sequence between the two 
pseudo reefs is only poorly exposed below 4-level. 

A number of specific localities in this area have been examined and 
sampled in detail (see Appendix 1). Two of these are illustrated in Figure 
7.7 (case-studies (2) and (3)). Case-study (2) is based on a well exposed 
section through the sheet-like body described above, in 5 level 27W 
crosscut. The sheet-like, yet transgressive form of this body, the upper 
contact of which is clearly constrained by the Merensky Reef and/or the 
Merensky pyroxenite, is illustrated in Figure 7.7. This body selectively 
replaces felsic cumulates in the Footwall cyclic unit. 

Even more selective replacement is illustrated by case-study (3); here 
the felsic cumulates comprising the P2 middling anorthosite are replaced, 
whereas the adjacent harzburgitic layers are apparently unaffected (see figs. 
7.7, 7.8C and Appendix 1). A well defined layer of mottled anorthosite (or 
leucotroctolite - see p. 87) occurs towards the base of the P2 middling 
anorthosite (fig. 7.8A); this may occur as a relict, unreplaced layer as the 
cumulates above and below are more readily replaced (fig. 7.8e,O). 

The refractory nature of harzburgitic cumulates is also illustrated at a 
number of other localities. Pegmatite may occur in the immediate footwall of 
the upper pseudoreef unit B. The contact between the pegmatite and the 
harzburgite is sharp, whereas the lateral contact of the pegmatite body 
against an anorthosite is irregular (see case-study (4), Appendix 1). A 
fault truncates both the cumulate sequence and the pegmatite body at this 
particular exposure. 

Pegmatite bodies also occur in the immediate hangingwall of harzburgitic 
layers, such as the upper pseudoreef unit A. Again, the contact between the 
pegmatite and harzburgite is sharp and is stratigraphically constrained (see 
case-study (5), Appendix 1). At this same stratigraphic position, but at a 
different locality (3 level, 7E section) a number of irregular, discontinuous 
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bodies of pegmatite are exposed along a strike section of several hundred 
metres. They occur as dyke-like or wedge-shaped masses which project down 
from the roof of the deve lopment drive. They may be abruptly truncated 
within the mottled anorthos ites or they may project 
the harzburgite (fig. 7.88 ; see case-study (6), 
migration of 
layer acted 

the pegmatitic liquids is suggested. 
as an impervious barrier, 

pegmati tic liquids . reacted with the 
whilst the 

onto the upper 
Appendix 1 ) • 

Again, a 
anorthosite 

7.4 THE "REPLACED" MERE NSKY REEF 

contact of 
Downward 

harzburg i te 
trapped or 

The Merensky Reef at Amandelbult is commonly replaced by iron-r ich 
ultramafic pegmatite, resulting in the so-called "replaced Reef': In 
contrast, the Merensky hangingwall pyroxenite is only rarely replaced. This 
has considerable significance , as the hangingwall contact of an iron-rich 
ultramafic pegmatite body which occupies space normally characterised by the 
Merensky Reef, is almost always (at Amandelbult) stratigraphically 
constrained. Replaced Reef is thus overlain by the Merensky upper ch romitite 
layer (which is typically partially replaced to a hybrid Cr-rich Fe-Ti oxide 
layer - see Chapter 10) and the Merensky hangingwall pyroxenite (which is not 
normally replaced). In contrast, the Merensky lower chromitite layer and the 
Merensky footwall 
Reef (f ig . 7.9) . 

CAPTION FOR FIGURE 7.8 

anorthosite are normally replaced in conjunction with 
In this situation the lower chromitite may be absent 

the 
(and 

~ The base of the P2 middling, illustrating the dimpled upper contact of the upper pseudoreef B (or lower band of the 
P2 marker), the layer of plagioclase and the well-defined layer of mottled anorthosite / leucotrocto lite (the dark 

mottles are oli vine - see also fig. S.SA). locality is 5 level / 27W haulage, south sidewall. 

~ Tip of an irregular, dyke-like body of i ron-rich ultramafiC pegmatite replacing leuconorites above the upper 
pseudoreef A (or P1 marker). Note diffuse, trregular lower contact of pegmatite body (indicative of replacement). 

Fie ld relationships at this locality infer that the pegmatitic liQuids moved downwards (see also case-study (6), 
Appendix 1). Locality is 3 level I 7E haulage, south sidewall. 

~ ~ Selective replacement of the P2 middling. The leuconorite / spotted anorthosite at the top of thIs felsic layer 
is replaced in preference to the leucotroctolite layer at the base (ccmpare with "a"); both are replaced in preference 
to the adjacent harzburgtte layers, comprising the upper pseudoreefs Band C. The contact between the pegmatite and the 
harzburglte is difficult to see (as both rock types are black); however, in the field it is sharp and conforms to the 
primary layering (see also case·study (3), Appendix 1). Locality is 5 level I 27W crosscut, west sidewall. 

~ SelectIve replacement of the Merensky footwall anorthosite. In this exposure the Merensky Reef 1s not replaced, and 
the lensoid bodies of rel ict anorthosite occur below the lower chromttite layer (see also fig . 7.9). locality 5 level / 
27W raise, east sidewall. 

~ Irregular and diffuse contact of an iron-riCh ultrarnafic pegmatite body that has replaced Ieuconorites in the Pseudo 
macro unit. locality 3 level / 7E haulage, south sidewall. 
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has presumably been completely resorbed ) , or is observed as either partially 
resorbed relict rafts (which are in situ) or as (displaced) xenoliths . These 
latter always occur above their original position, indicating that some 
upward transportation has occurred. Relict pod-shaped bodies of anorthos i te 
may be observed immediately below relict rafts of the lower chromitite. 

These probably reflect the refractory nature of the chromitite, such that the 
pegmatitic liquids have been channelled away from these sites into places 
where they can readily pass through the lower chromitite. In contrast, the 
upper chromitite layer and the hangingwall pyroxenite provide an effective 
barrier to the upward migrating pegmatitic liquids. The reason why the 
Merensky Reef is replaced in preference to the hangingwall ' pyroxenite may 

possibly be explained by the pegmatoidal texture of the former. 
Because the upper chromitite and the hangingwall pyroxenite are not 

replaced the replaced Reef can usually be delineated. Stoping can then 
proceed as normal (if the grade is adequate) by assuming a typical Reef 

thickness (as if both the footwall anorthosite and the Reef are completely 
replaced the footwall contact is difficult to recognize). 
Reef the hangingwall cut is usually made 10 to 20 cm 

In normal Merensky 
above the upper 

chromitite to include the base-metal sulphides concentrated at the base of 
the hang i ngwa 11 pyroxen i te. In rep I aced Reef it has been found that the PGE 

are concentrated in the upper chromitite layer, and possibly at the base of 
the hangingwall pyroxenite, such that the overall grade may be approximately 
the same (see Chapter 11). 
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7.5 IRON-RICH ULTRAMAFIC BODIES AT OTHER LOCALITIES IN THE BUSHVELD COMPLEX 

The distribution of iron-rich ultramafic pegmatite bodies in the layered 
sequence of the Bushveld Complex was discussed in Chapter 2 (pp. 16-20). 
Some of these have been investigated and sampled during the course of this 
study (for details of sampling see Appendix 2). 

PEGMATITE IN THE MAIN ZONE AT AMANDELBULT AND UNION SECTIONS 
Borehole ML22, which was drilled in the graben block adjacent to the 

Middellaagte pipe intef.ected a number of small pegmatite bodies in the lower 
part of the main zone. These probably represent minor offshoots from the 
Middellaagte pipe. Three separate bodies were examined, body A approximately 
300 m above the Merensky Reef, body B approximately 255 m above the Merensky 
Reef and body C which replaces part of the Bastard cyclic unit. 

At Union Section a number of iron-rich ultramafic and mafic pegmatites 
have been investigated from the main zone in borehole SK-2 by Mitchell (in 
prep.). These form small, probably pod-like masses, and provide a sequence 
of samples through a large part of the main zone. 

IRON-RICH ULTRAMAFIC PEGMATITE BODIES FROM THE RUSTENBURG AREA 
Large, pipe-like bodies of iron-rich ultramafic pegmatite are 

particularly abundant in the Rustenburg or southern sector of the western 
Bushveld Complex (see pp. 18-20 and fig. 2.7). The salient features of the 
TOWNLANDS PIPE were described previously (p.19). The following points are 
of interest: 
(1) Computer modelling of a combined ground magnetics and gravity survey 
indicate that the Townlands body forms a subvertical, pipe-like feature with 
a vertical extent estimated at 500 m (Viljoe n et al., 1983). 
(2) The pipe is emplaced within a zone of structural weakness, marked by NW 
trending faults and post-Bushveld dykes. 
(3) The layered cumulates adjacent to the pipe are structurally disturbed, 
and form a downwarped structure; the dip of the cumulates changes from 100 

to the northwest to approximately 200 to the southeast. This is the only 
iron-rich ultramafic pegmatite body at which this structural downwarping has 
been indisputably proved. 
(4) A borehole drilled into the approximate core of the pipe (TLP-l) to a 
depth of 269.6 m intersected the UG-2 chromitite layer at a depth of 262.7 -
263 m. This is the only recognizable cumulate horizon within the body, 
although partially replaced (cumulate) feldspathic pyroxenite occurs above 
the chromitite. Cryptic mineralogical and chemical changes may occur within 
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the chromitite (Viljoen et aI., 1983). Viljoen et al. report that the UG-2 
was intersected in the pipe roughly 20 m above its inferred position, which 
they attribute to doming within the pipe. This is considered to be unlikely 
by the author and, as the UG-2 occurs above its inferred position (this is 
exaggerated by the downwarping) it is possible to interpret this chromitite 
body as either a displaced, partially metasom atised raft, or as a xenolith. 

The BRAKSPRUIT PIPE, situated at the eastern limit of R.P.M. Rustenburg 
Section, also cuts upper critical and lower main zone cumulates (fig. 2.7). 
This occurrence also correlates with a large magnetic anomaly but, unlike the 
Townlands pipe, it has not been investigated in detail. A number of Fe-Ti 
oxide pegmatite "cores" have been located within the main body. The western 
edge of the pipe is exposed in underground development at the Brakspruit 
shaft , This pipe forms a strongly discordant feature, the 
contacts of which are sharp and regular. Layering within the wallrocks is 
undisturbed, but plagioclase in adjacent anorthosites and norites is 
saussuritised . 

Small, typically irregular bodies of iron-rich ultramafic pegmatite are 
abundant in the vicinity of the Brakspruit pipe. From a cursory examination 
it is concluded that they are comparable with the pegmatites at Amandelbult. 
It is also of interest that replaced Merensky Reef is common in this area of 
the Rustenburg mine. In 16 level haulage (west) a dyke-like body of 
pegmatite, 1 to 2 m in width, can be observed cutting the Boulder Bed marker. 
In 17 level haulage (west) an irregular, dyke-like body of pegmatite occurs 
in which smal l, core-like pods of very dark coloured pegmatite (composed 
essentially of olivine and clinopyroxene) are enclosed by an outer shell of 
pegmatite in which coarse-grained plagioclase is evident. In an exposure of 
replaced Reef, cross-cutting bodies of pegmatite can readily be observed, 
unlike the stratabound bodies typical of Amandelbult. The Merensky 
hangingwall pyroxenite may be replaced in preference to both the Reef and the 
footwall anorthosite at Brakspruit. 

The BOSCHKOPPIE PIPES form a composite series of iron-rich 
pegmatite bodies which occur to the west of Rustenburg (fig. 

ultramafic 
2.7). They 

crop out over an area of several square kilometres. Preliminary studies 
indicate that this occurrence can be classified within my definition of iron­
rich ultramafic pegmatite, but the size and structural complexity of this 
occurrence warrant a detailed study. 
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CHAPTER 8 MINERALOGY AND PETROGRAPHY OF SILICATE-RICH PEGMATITE 

The 
discussed 

basis of selecting 
in Chapter 2 (p. 

the name "iron-rich ultramafic pegmatite" was 
8). Two subgroups of iron-rich ultramafic 

pegmatite are recognized - silicate-rich pegmatite and Fe-Ti-(Cr) oxide 
pegmatite. This chapter describes the mineralogy and petrography of 
silicate-rich (typical) pegmatite, in which Fe-Ti oxides are subordinate to 
the silicate constituents. This is essentially a descriptive study; the 
chemistry of the principal pegmatite minerals is discussed in Chapters 9-11. 

Specific lithologies within the generic group "iron-rich ultramafic 
pegmatite" can be distinguished, and may be described using accepted plutonic 
nomenclature; a classification scheme based on the CIPW norm is presented in 
the final section of this chapter. A separate section in this chapter 
describes the mineralogy and petrography of contact assemblages observed at 
Amandelbult . 

8.1 INTRODUCTION 

An introduction to the mineralogy of these rocks was presented in 
Chapter 2 (pp. 22-24). To recap, they are characterised by a rather simple 
mineralogy in which iron-rich olivine and clinopyroxene with subordinate Fe­
Ti-(Cr) oxides are the major constituents and base-metal sulphides are common 
accessory constituents. Most pegmatite varieties at Amandelbult comprise 
olivine clinopyroxenites and wehrlites; pure clinopyroxenite and dunite 
varieties are less common. The proportion of Fe-Ti-(Cr) oxide is usually 
between 10 and 20 modal percent (see section 8.5). 

This superficially simple mineralogy is a characteristic that may not 
readily be reconciled with the name "pegmatite". Comparison with "simple" 
granitic pegmatites, in which quartz, feldspar and mica are the dominant 
constituents may, however, be applicable. Individual bodies of iron-rich 
ultramafic pegmatite are usually characterised by a large variation in the 
modal proportion of the three main constituents, namely olivine, 
clinopyroxene and Fe-Ti oxide. Modal variation is complicated by the 
presence of mineralogical zonation within individual bodies and is 
accompanied by extreme textural variations, particularly in grain size. 
These features are commonly exhibited by granitic or felsic pegmatites (for 
example, coarse-grained "simple" quartz-feldspar pegmatite is often 
associated with exceptionally fine-grained aplite). According to the 
definition proposed by Jahns these are characteristic features of pegmatites 
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(see p. 8). 
An origin by in situ magmatic or metasomatic replacement is preferred 

for iron-rich ultramafic pegmatite in the Bushveld Complex by most previous 
workers (see p. 24). From field relationships it is evident that some 
replacement of the cumulate hosts has occurred (e.g., contact features). This 
presents a problem with distinguishing between iron-rich ultramafic pegmatite 
sensu stricto 
replacement 
postcumulus) 

and hybrid pegmatite-cumulate rocks that represent partial 
of pre-existing cumulates. In the latter, both pegmatite (or 

and cumulate-derived (cumulus and intercumulus) minerals may be 
recognized. Consequently, the mineralogy of pegmatite from contact zones is 
described separately. 

8.2 IRON-RICH ULTRAMAFIC PEGMATITE sensu stricto 

In hand-specimen iron-rich ultramafic pegmatite is readily recognized by 
its dark colour , coarse granular texture and exceptionally high specific 
gravity (usually in excess of 4). The dark colour of these rocks is particu­
larly evident where they cut felsic cumulates (fig. 7.8). In fresh samples 
olivine and clinopyroxene are observed as dark-coloured minerals (an 
indication of their iron-rich composition). Olivine is usually a dark grey or 
dull black colour, whereas clinopyroxene is much darker and has a submetallic 
lustre. In coarse-grained pegmatite clinopyroxene is observed as large, 
tabular crystals, typically with lengths of 1 to 3 cm, but crystals in excess 
of 10 cm are not uncommon . Olivine is usually observed as anhedral, sometimes 
poikilitic grains, which are interstitial to the clinopyroxene ; it may form a 
very fine-grained ("aplitic") matrix. Ilmenite may be observed as subhedral 
crystals with a silver-grey colour and a characteristic metallic lustre. 
They typically occur as small (1 to 5 mm) grains, or in large, aggregates 
intergrown with a dark-coloured (purplish-grey or black) spinel. Large, 
composite aggregates of Fe- Ti-(Cr) oxides often have dimensions in excess of 
20 cm. 

Disseminated sulphides are a common accessory constituent of most 
pegmatite assemblages examined in this study. Amphibole and mica are minor 
accessory constituents. In large clinopyroxene crystals amphibole may be 
observed as irregular bleb-like bodies along cleavage planes. Orthopyroxene 
and plagioclase occur as a minor constituent of some pegmatite varieties . 
Plagioclase is usually o~erved as large, anhedral grains or composite 
aggregates, often with dimensions in excess of 2 cm. A characteristic 
feature of plagioclase in these rocks is its distinctive green colour; it may 
also be unusually soft. These features are attributed to saussuritisation. 
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It will be demonstrated later that plagioclase and orthopyroxene are not 
pegmatitic mineral s as such but are relict cumulus minerals. 

In cut borehole core (which takes a partial polish) the mineralogy of 
these rocks may be more readily studi ed. Clinopyroxene is observed here as 
large, tabular crystals and medium- to fine-grained xenomorphic aggregates, 
which are medium grey in colour and have the distinctive schiller texture , 
characteristic of the variety diallage. Olivine is observed as a greenish­
grey phase, which is usually anhedral and is cut by innumerable hairline 
cracks. Extreme variati on in grain size may be evident even in a 15 cm 
length of core. 

8.2.1 MICROSTRUCTURES AND MICROTEXTURES OF THE SILICATE MINERALS 

These may be subdivided into three main groups, principal phases 
(clinopyroxene and olivine), accessory phases (Fe-Ti-(Cr) oxides , amphiboles, 
micas and base-metal sulphides) and relict cumulus minerals (plagioclase and 
orthopyroxene) . 

PRINCIPAL PHASES - (1) CLINOPYROXENE 

In pegmatites in the upper cri t ical zone clinopyroxene i s the variety 
augite; it may be gradational into ferroaugite in pegmatites in the main zone 
(see Chapter 9). It occurs in three main habits, as large, subhedral grains, 
as medium-sized, anhedral grains (that 
and as medium to small, polygonal 

exhibit extensive mutual interference) 
grains (figs. 8.1A,S and 8.2A ,B). 

1/\ ~II\ .uc.hcn t 
Clinopyroxene grains in these rocks are usually colourless. but may be 
slightly pleochroic in shades of brown, and often exhibit a well developed 
parting parallel to (100), a characteristic of the variety diallage. Zoning 
is occasionally observed in large, subhedral grains. It is absent in the 
med i um or sma II g ra ins. 

Exsolution lamellae of Ca-poor pyroxene in clinopyroxene may comprise 
orthopyroxene, inverted pigeonite or uninverted pigeonite. In cumulus 
clinopyroxene from the Bushveld Complex Wager and Brown (1968) recognized 
both orthopyroxene and inverted pigeonite lamellae in augite from the main 
zone, and uninverted pigeonite lamellae in ferroaugite from the upper zone. 
Extremely iron-rich ferroaugites show complex exsolution products which are 
not discussed here . Orthopyroxene lamellae are usually exsolved parallel to 
(100), whereas pigeonite is exsolved parallel to the (001) plane in an augite 
host. However, Robinson et al. (1971) found a relationship between lamellar 
orientation and the stage at which lamellar nucleation occurred. They 



suggest that the lamellar angles 
temperature regimes. In this study, 
lamellae are orientated roughly along 
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may be used to elucidate pressure­
however, it is assumed that exsolution 
major crystallographic axes. 

Clinopyroxene from iron-rich ultramafic pegmatite at Amandelbult 
exhibits three forms of exsolved lamellae of Ca-poor pyroxene. Only two of 
these are common. The first of these, which is also typical of cumulus 
clinopyroxene in the main zone of the Bushveld Complex (Wager & Brown, 1968; 
Buchanan, 1979) are observed as very fine, closely-spaced, elongated lamellae 
orientated parallel to (100). They probably form parallel-sided continuous 
sheets. A second set of lamellae, usually finer than the first, parallel to 
(001), may also occur. If both sets of these lamellae are well formed a 
characteristic trellis-like texture is observed. Both sets of lamellae are 
optically similar and are probably orthopyroxene. In the very large, 
subhedral grains this exsolution texture is unusually well-developed, as 
compared to the equivalent texture found in cumulus clinopyroxenes. 
Occasionally, small bleb-like bodies of orthopyroxene may be associated with 
this sheet- or trellis-like exsolution (fig. 8.1C,D). 

The second type of exsolution consists of exceptionally fine-grained, 
also closely-spaced, elongate lamellae of Ca-poor pyroxene (possibly 
orthopyroxene) that are orientated parallel to (100) only. Lamellae at right 
angles to these have not been observed. They are often associated with 
exsolved lamellae of an opaque Fe-Ti oxide. This exsolution feature is much 
finer-grained than those resulting in the trellis-like structure. These two 
varieties appear to be mutually exclusive. 

The third type of exsolution is only occasionally observed in pegmatite 
at Amandelbult, but is ubiquitous in clinopyroxene from the satellite bodies 
at Driekop (see p. 39). Here, the Ca-poor pyroxene (also probably 
orthopyroxene) forms coarse, plate-like bodies orientated parallel to (100) 
and (001) that may themselves contain an exsolved phase (possibly augite). 
Sections which are cut at low angles to either the (100) or (001) plane 
illustrate a chequerboard-like extinction. 

Orientated intergrowths of an opaque Fe-Ti oxide are extremely common; 
they may be interpreted as exsolution lamellae or as a replacement phenomenon 
related to deuteric events (see below). They occur in two main forms, as 
tiny, rod- or plate-like lamellae (up to 3 sets) and as small granular bodies 
(fig. 8.1A,E). These latter often occur in close proximity to the 
lamellae and may form a ring-like feature in large clinopyroxene grains (fig. 
8.1A). Most of these lamellae are too thin to analyse on the electron 
microprobe, but from optical studies under reflected light it is evident that 
the coarser lamellae are mostly ilmenite. 
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Two types of twinning are present, simple and polysynthetic. Simple 
twins, with (100) as the twin plane, are occasionally observed in large, 
subhedral grains (fig. 8.2A), whereas poly synthetic twins, with either (100) 
or possibly (001) as the twin plane, are a ubiquitous feature of polygonal 
clinopyroxene grains. These latter may be observed as very thin, parallel 
stripe-like or broad lath-like features which resemble albite twi nning in 
plagioclase (figs. 8.2B, 8.6C). If a grain exhibits both well developed 
exsolution lamellae (of Ca-poor pyroxene or Fe-Ti oxide) and polysynthetic 
twinning a herringbone structure may be observed (fig. 8.1F). 

Partial amphibolisation is an ubiquitous feature of many of the 
pegmatitic clinopyroxenes. Brown amphibole, a member of the hornblende 
group, occurs as irregular blebs and laths, usually along cleavage traces. 
Textural evidence suggests that this is a replacement fea ture of both large, 
subhedral and anhedral grains. Most of the smal l, polygonal grains that 
demonstrate well formed polysynthetic twinning are comparatively free of 
amphibole (compare figs. 8.1B, 8.2A with 8.2B) 

(2) OLIVINE 
Olivine, which in iron-rich ultramafic pegmatite from the upper critical 

zone is the variety hortonolite (see Chapter 9), usually occurs in anhedral 
grains, although polygonal grains exhibiting a foam-like texture may also 
occur. These occur in a range of grain sizes varying from tiny polygonal 
grains to coarse, granular aggregates (figs. 8.2C-F and 8.3). The large , 
anhedral grains commonly demonstrate undulatory extinction; this is a common 
feature of cumulus olivines in layered intrusions. Large, anhedral gra ins 
often contain minute, orientated intergrowths of an opaque phase (see p. 34). 
Olivine in these rocks is almost always fresh and unaltered , although in 
contact zones or adjacent to relict plagioclase grains it may be altered to a 
red-brown serpentine. Secondary, pale-green amphiboles and magnesite have 
occasionally been observed replacing olivine. The fresh nature of the 
pegmatitic olivine may be contrasted with cumulus olivine in the upper 
critical zone which is u'v~~ serpentinised. 

ACCESSORY PHASES - (1) Fe-Ti-(Cr) OXIDES 

Fe-Ti-(Cr) oxides are a ubiquitous accessory constituent of iron-rich 
ultramafic pegmatite at Amandelbult. Microstructures exhibited by these 
phases, which comprise ilmenite and Fe-Ti-(Cr) spinel, are described in 
Chapter 10; this section describes the textural relationships between oxides 
and silicates. Individual grains of ilmenite may show good crystal form, and 
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textural evidence suggests that they may have crystallized in available 
sites, interstitially to clinopyroxene, but possibly concomitantly with 
olivine. By contrast, composite 
olivine and clinopyroxene (figs. 

spinel grains 
8.3 and 8.4). 

occur interstitially to both 
Composite oxide aggregates 

may form extensive poikilitic grains which enclose a number of clinopyroxene 
grains, and less common ly olivine grains. Oxide grains or composite 
aggregates may be moulded around clinopyroxene which retains its pr imary 
habit (fig. 84 F), or they may exhibit scalloped (replacement?) contacts 
(fig. 8.4D,E). Replacement of both olivine and clinopyroxene by spinel is 
ev ident. Arrested stages of this 
preservation of discrete oxide grains 
the silicate grains (fig. 8AC). 

replacement process result in the 
and tongue-like bodies that penetrate 

They may also form complex silicate-oxide symplectites, although these 
are not common in pegmat!te samples from the upper critical zone. Olivine­
oxide symplectites are the most abundant, although pyroxene-oxide and 
plagioclase-oxide symplectites have also been observed. In olivine 
symplectites, orthopyroxene (hypersthene) is commonly developed as a contact 
feature between the oxide and host olivine (fig. 8.4A,B,C). Symplectites 
observed in these rocks almost always occur adjacent to discrete oxide 
grains. 

(2) AMPHIBOLES AND MICAS 
Amphibole, usually a member of the hornblende group (see Chapter 9), is 

found in iron-rich ultramafic pegmatite in three ma in habits. These are as 
follows: (1) irregular lath-like grains which replace clinopyroxene grains, 
in a process that may be described as amphibolisation; (2) coronas; and (3) 
discrete grains. Amphibole coronas occur around silicate and oxide grains 
where the latter have partially replaced the former (fig. 8.'~B,E). Coronas 
are most common adjacent to irregular oxide layers . Amphibole is on ly 
rarely observed to have replaced olivine. Discrete grains of amphibole are 

u usally restricted to either clinopyroxene-rich pegmatite or to contact zones. 
h 

Mica, essentially biotite (see Chapter 9), is usua lly only observed as 
discrete grains or as intergrowths associated with amphibole. Both 
amphibole and mica are only minor accessory constituents and usually 
represent less than 1 modal percent. 

(3) BASE-METAL SULPHIDES 
The mineralogy of base-metal sulphides is discussed in Chapter 11. They 

are clearly interstitial to the principal silicate phases, but do not exhibit 
any replacement textures. 
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RELICT CUMULUS MINERALS - (1) PLAGIOCLASE 

In iron-rich ultramafic pegmatite in the upper critical zone, plagio­
clase occurs as a very minor accessory constituent, and from evidence 
presented elsewhere (field relationships, mineral chemistry) it is 
interpreted as a relict cumulus mineral. It is usually observed as small, 
anhedral, often s liver-like grains which occur interstitially to the 
pegmatite minerals, or as large, composite aggregates. The latter often 
have dimensions of over 5 cm and average s i zes of between 1 and 3 cm are 
typical. They may consist of either very large, anhedra l grains or fine­
grained mosaics. Both show strong strain extinction. The fine-grained 
mosaics are not twinned, but the large, anhedral grains exhibit coarse albite 
twinning, with curved and bent twin lamellae which normally wedge out towards 
grain boundaries (fig. 8.6F). 8y contrast, cumulus plagioclase in the upper 
critical zone is usually observed as small, tabular laths with well 
developed, regular twinning (fig . 8.6A). Consequently, relict grains in 
pegmatite may readily be distinguished. These textures indicate that 
plagioclase in the pegmatites has completely recrystallized, either due to 
strain annealing or as a result of dissolution (see also Spry, 1969, pp.82 
and 85). 

Relict plagioclase in pegmatite is usually partially replaced by a fine 
-grained to cryptocrystalline intergrowth, referred to as saussurite (fig. 
8.6E). It consists of clinozoisite, epidote and sericite. Saussuritised 
plagiocla se is also characteristic of contact zones. The large, anhedral 
plagioclase relicts may be almost completely replaced by an intergrowth of 
saussurite suggesting that alteration occurred after recrystallization. 
Small, mosaic-like aggregates are rarely saussur itised (fig. 8.6F). 

Pegmatitic clinopyroxene, olivine and Fe-Ti oxides may all be observed 
to have partially replaced relict plagioclase aggregates (fig. 8.6). These 
may exhibit scalloped replacement fronts (fig. 8.6C). In this situation brown 
amphibole and mica are often found, either as coronas between the pegmatitic 
minerals and the plagioclase, or as discrete grains (fig. 8.4E). Olivine in 
the vicinity of relict plagioclase, where a replacement relationship may be 
demonstrated, is often altered to a reddish-brown serpentine. 

(2) ORTHOPYROXENE 
Orthopyroxene is not normally observed here as a pegmatitic mineral, 

other than as exsolution bodies in clinopyroxene. It occurs as a relict 
cumulus mineral, that is usually partially replaced by clinopyroxene or 
olivine. 
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8.2.3 TEXTURAL FEATURES OF THE PRINCIPAL PEGMATITE ASSEMBLAGES 

It is Jeful to summarise the textural features of iron-rich ultramafic , 
pegmatite in terms of the following mineral assemblages, even though they are 
mutually gradational : clinopyroxene-rich pegmatite, olivine-rich pegmatite 
and clinopyroxene-olivine pegmatite. Fe-Ti-(Cr) oxide pegmatite is discussed 
in Chapter 10. 

(1) CLINOPYROXENE-RICH PEGMATITE 
Iron-rich ultramafic pegmatite in which clinopyroxene represents over 80 

modal percent is common at Amandelbult. In this assemblage clinoyroxene may 
A 

occur in three habits. In the first of these clinopyroxene occurs as large, 
subhedral grains that may have maximum dimensions of over 50 mm. These have 
not suffered extensive post-crystallization modification. They are best 
preserved in clinopyroxene-olivine pegmatite, where olivine has crystallized 
interstitially. This variety of clinopyroxene is usuall y amphibolised and 
may exhibit poorly developed polysynthetic or simple twinning. Exsolution 
lamellae of Ca-poor pyroxene and orientated intergrowths of Fe-Ti oxide may 
also occur (figs. 8.1A and 8.2A). Secondly, clinopyroxene occurs as medium 
to coarse, anhedral grains that exhibit extensive mutual interference. 
Exsolution lamellae of Ca-poor pyroxene and orientated intergrowths of Fe-Ti 
oxide are common. They are commonly moderately amphibolised and may exhibit 
polysynthetic twinning (fig. 8.1B). Thirdly, clinopyroxene occurs as sma l l­
to medium-sized, polygonal grains which exhibit sharp, regular contacts. 
Polysynthetic twinning (usually as broad, regular laths) is ubiquitous to 
this variety. They are usually fresh, with only minor amphibole, and only 
occasionally exhibit exsolution lamellae and orientated intergrowths (fig. 
8. 2B) . 

The first variety of clinopyroxene is interpreted as representing 
primary grains that formed during conditions that promoted the development of 
large, euhedral crystals. They are gradational into the second habit as a 
result of continued nucleation, such that individual grain growth was 
arrested by mutual interference . This results in a xenomophic texture. The 
third variety of clinopyroxene is interpreted as an annealing feature (see 
below). 

(2) OLIVINE-RICH PEGMATITE 
Olivine-rich pegmatite is not as common as clinopyroxene-rich pegmatite 

at Amandelbult, although it is the dominant assemblage in the Townlands pipe . 
Typically, both habits of olivine, large anhedral grains and small, polygonal 



- 133 -

grains (see above), may be observed in one thin section. Similar textures 
occur in olivine-rich cumulates in the upper critical zone at Amandelbult and 
in the magnesi an dunite at Oriekop (see pp. 33-34 and 84-86). It may be 
described as a xenomorphic or polygonal granular texture, depending on which 
habit predominates. The fine-grained olivine is interpreted as an annealing 
feature. 

(3) CLINOPYROXENE-OLIVINE PEGMATITE 
Divergence from monomineralic to more complex assemblages influences 

the textural habit of olivine and clinopyroxene, and in particular inhibits 
development of mutual interference textures. Clinopyroxene-olivine (wehrlite 
or olivine clinopyroxenite) pegmatite is characterised by seriate variation 
in grain size. Olivine-clinopyroxene pegmatite in which olivine is distinctly 
subordinate to clinopyroxene exhibits a hypautomorphic texture. Olivine is 
observed as anhedral, often elongate grains which are interstitial to large, 
subhedral clinopyroxene grains (fig . 8.3A). The latter may demonstrate 
extensive mutual interference and polygonisation. Olivine grains are often 
moulded around clinopyroxene grains. Sharp contacts may be preserved and the 
latter retains its primary form - olivine is clearly later than clinopyroxene 
in this assemblage (fig. 8.2A). If olivine is of equal abundance to 
clinopyroxene this texture becomes xenomorphic granular. Again, olivine 
occurs as elongate, anhedral grains, but here they form coarse aggregates 
which may partially, or completely enclose aggregates of clinopyroxene (fig. 
8.3B). Contacts between olivine-rich and clinopyroxene-rich aggregates may 
be either sharp (specifically where polygonal grains are in contact) or 
gradational. In this assemblage these two minerals demonstrate a 
disequilibrium relationship - olivine is evidently later than, and may 
replace clinopyroxene (see also Cameron & Oesborough, 1964). 

The first stage in this replacement process results in the presence of 
small, anhedral grains of olivine (often with maximum dimensions of less than 
1 mm) orientated along cleavage traces in clinopyroxene. Secondly, olivine 
occurs as anhedral grains which cut across both cleavage traces and 
exsolution lamellae. Eventually this may result in the formation of coarse, 
tongue-like masses, often of optically continous grains, that penetrate the 
large clinopyroxene grains. The contact between these olivine tongues and the 
primary clinopyroxene grains usually exhibits a scalloped, very irregular 
"replacement front" (fig. 8.20). It is deduced that replacement is originally 
controlled by crystallographic features (e.g., grain margins, cleavage 
traces), but soon becomes of a pervasive nature. These tongue-like features 
are usually observed connecting with the large, anhedral aggregates of 



FIGURE B.I MICROSTRUCTURES EXHIBITED BY PE(;'IATITIC CLINOPYROXENES 

~ The large, subhedral, grain on the left side exhibits lamellar intergrowths and irregular grains of Fe-Ti oxides and 
some amphibolisation (particularly in the core), whereas the medium to small. polygonal grains on the right side (which 
are partially enclosed by Fe-Ii oxides) are characterised by polysynthetic twinning and lack. of exsolution or 

alteration. Whole has an hypautomorphic granular texture - a reasonable proportion of primary, subhedrai grains remain 
(sample AE-20). b. MedilJTl-sized, characteristically anhedral grains. exhibiting extensive mutual interference and 

amphibolisation. Whole has a xenomorphic granular texture. typical of mononmineralic pegmatite (sample AE·l0) ~ Part 
of a large, subhedral clinopyroxene grain with exsolved , parallel·sided sheets and bleb·like bodies of orthopyroxene and 
exhibiting minor amphibolisation (samp le AE-lO). ~ Two sets of Ca-poor pyroxene lamellae in part of a large . 
subhedral clinopyroxene host (sample AE-lO). e. Cubic grains and 3 sets of lamellae of an opaque Fe-Ti oxide in a 
medium-sized, anhedral clinopyroxene grain . Poor focus is an indication of the plate-like nature of these phases (sample 
PD-32). f. Herringbone texture in medium-sized clinopyroxene grain resulting frOO! combined polysynthetic twinning and 
opaque Fe-Ti oxide lamellae (the twinning strikes up and down and the lamellae form a zig-zag featu re from left to right 
(sample AE-12). 

( OI a" , "b", "c", and "d" in transmitted light with crossed polarisers, and "e" and "f" in plane polarised transmitted 
light; am - amphibole) 



FIGURE 8.2 MICROSTRUCTURES EXHIBITED BY PEGMATITIC CLINOPYROXENE AND OLIVINE 

d. Cross-section of a large. subhedral clinopyroxene grain, exhibiting partial amphibolisation and a simple twin, 

around which is moulded a small, anhedral olivine grain (sample AE-10). .!?..:.. Mediurn- to fine-grained clinopyroxene 

illustrating typical anhedral (Uanhed") and polygonal ("poly") fonns. The former exhibit mutual interference. usually 

contain eX50iution lamellae and are invariably amphibolised. whereas the polygonal grains are fresh. ·unaltered and 

exhibit a characteristic polsynthetic twinning (seen here as a broad. la th-like feature. resembling albite twinning in 

plagioclase) (sample AE-20). £.:.. Fine-grained olivine exhibiting a foam-like texture; note also part of large, anhedral 

olivine grain on left side (sample AD-10). ~ Tongue-like aggregate of olivine (white) penetrating and replacing part 

of a large, subhedral clinopyroxene grain (in extinction) (sample AF-A4). ~ Very fine-grained olivine exhibiting a 

chain-like texture. Note that each chain extinguishes sympathetically (froo position "x" in "d"). f. Extremely fine­

grained olivine observed as anhedral. sometimes skeletal grains (~ith high relief; many of the olivine grains here are 

in extinction) in a matrix ccmprising part of a large clinopyroxene grain (low relief. white or dimpled grey colour) 

(from position "y" in "d"). 

("all , "b". "c" and "d" in transmitted light with crossed poiarisers. and !leU and "f" in plane poia r ised tran smi tted 

light; 01 - olivi ne; cp - clinopyroxene) 



FIGURE B.3 MACRDTEXTURES DF CLINDPYRDXENE- AND DLIVINE- RICH PEGMATITE ASSEMBLAGES 

~ Clinopyroxene-rich pegmatite. Clinopyroxene occurs as large- to medium-sized, subhedral or anhedral grains that 
demonstrate mutual interference and sane polygonisation (see al so fig. B.1A,B) and olivine and Fe-Ti oxides occur 
interstitially. The whole demonstrates an hypautomorphic to xenOOIorphic granular textu re (sample AE-20). 

b. Ol ivine-rich pegmatite . Note coarse-grai ned. anhedral aggregates of olivine that partially enclose and 
clinopyroxene; 

AE-12). 
the latter are usually anhedral. Compare grain size of interstitial Fe-Ii oxides to those in "A" 

(80th in plane polarised tran smitted light; 01 - olivine; cp - clinopyroxene; Fe-Ti oxides are black) . 

replace 
(sample 



fIGURE 8.4 TEXTURAL RELATIONSHIPS BETWEEN OXIDES AND SILICATES 

a,b. Poorly developed olivine-magnet i te sympJectite - note orthopyroxene coronas around vermicular magnetite bodies. 
From a hybrid contact assemblage (sample ML22-Al0), c. Bleb-l ike bodies of magnetite replacing olivine, plus olivine­
magnetite-orthopyroxene symplectite near margin of fresh olivine grain at lower left (as sample "a ll ),.5!..:. Vermicular 

bodies of Fe-Ti-Cr oxi de aligned at right angles to an Fe-Ti-Cr oxide layer. Oxide is rep lacing pegmatitic olivine -

note orthopyroxene corona (sample AH-211. e. Fe-Ti-Cr oxide replac i ng relict, rec rys tallized plagioclase - note 

amphibole corona (sample AE-1S). ~ Subhedral grain of clinopyroxene enclosed and partially replaced by interstitial 

ilmenite. Note ilmenite lamellae in clinopyroxene; here they are probably a replacement feature (as sample "a"). 

(All in plane polarised transmitted light , except "b" which is with crossed polarisers; 01 - olivine; op -

orthopyroxene; am - amphibole; pI - plag iocl ase; oxides are black) 

I 



FIGURE 8.5 REPLACEMENT OF CUMULUS MINERALS - (1) 

~ Orthopyroxenite (cumulus orthopyroxene and intercumulus plagioclase) exhibiting an automorphiC granular texture. 
Merensky pyroxenite (sample AF-At). b. Initial stage in the replacement of the Merensky pyroxenite - the l arge 

pegmat!tic clinopyroxene grains have replaced the intercumulu5 plagioclase and poikilitically enclose the cumulus 
orthopyroxene grains (whi ch are superficially unaffected) (sample AF -P2). £:.. Initial stage in the replacement of 

chadacrysts of orthopyroxene in the Merensky Reef, in this example. by pegmat!t!c clinopyroxene (which is all in optical 

continuity) (sample AF-AA) . .!!:.. Relict, cumu l us orthopyroxene gra in which has been partially replaced by very fine­

grained, pegmatltic olivine and clinopyroxene; whole is enclosed by a large, subhedral clinopyroxene grain (note 

twinning), resulting in an enclave-li ke feature (sample AE-32). e,f. Pegmatitic olivine and spinel observed as very 

fine, disseminated grains in a large, pegmatitic clinopyroxene grain. This texture is probably a pseudomorph afte r 

cumulus orthopyroxene, and is thus a more advanced stage of the replacement process observed in "d"; e.g., the 

orthopyroxene has been completely replaced (sample AE-32) . 

("a", "e" and "f" in plane polarised transmitted light , and "b". "e" and ltd" with crossed polar isers; pI cumulus 

plagioclase; op - cumulus orthopyroxene; 01 - pegmatitic olivine; cp - pegmatitic clinopyroxene; s - pegmatitic spine l ) 



FIGURE 8.6 REPLACEMENT OF CUMULUS MINERALS - (2) 

d. Plagioclase adcumu la te exhibi ting characteristic well-annealed texture (sample AB-3). b. Coarse. recrystallized 

grain Of plagioclase poikilitically enclosing pegmatitic minerals (Ti -magnetite and clinopyroxene - note simple twin) in 
a contact assemblage adjacent to a pegmatite body in the main zone. Compare texture and grainsize of plagioclase with 
that in "a " (sample ML22-A18). c,d. Pegmatitic clinopyroxene that has partially replaced relict cumulus plagioclase; 

note sharp. regular contact in "ell and sharp. scalloped contact i n "d". Nate also coarse grainsize of plagioclase (it 

has evIdently recrystallized - compare with that in "a") and twinning 1n clinopyroxene. Plagioclase in "c" is partially 

saussuritised (samples AE-32 and ML22-A10). e.f. Pegmatitic olivine that has partially replaced relict cumulus 

plagi oclase; note saussurite in plagioclase in lie" and mosaic-like intergrowth of plagioclase grains in "f" that are 

not saussuritised or twinned, but exhibit strain extinction (samples AO-l0 and AE-2S). 

(All in transmitted light with crossed polarisers, except lie" which is in plane polarised t ransmttted light; 01 

oliv ine; cp - clinopyroxene; mt - magnetite; pI - plagioclase) 



em. 

FIGURE 8.7 CONTACT RELATIONSHIPS 

a,h. Sharp, regular contact between pegmatite (left) and anorthosite (right). Pegmatite comprises fine-grained 
clinopyroxene a~d Fe-Ti oxide , and coarse-grained, relict plagioclase and orthopyroxene that have recrystallized to form 
anomalously large grains. Plagioclase in the anorthosite is saussuritised and has also recrystallized; relict grains 

exhibiting some twinning are visible in the top right of "b" (sample AC-6). c ,d. Irregular. diffuse contact beween 

pegmatite (left) and norfte (right). Pegmatite comprises medium-grained, often polygonal clinopyroxene (note 

distinctive twinning) and anhedral grains of olivine and Fe-Ii oxide. Norite consists of saus5uritised and 

recrystallized plagioclase (individual grains not visible) and pegmatitic clinopyroxene grains that pseudomorph cumulus 
orthopyroxene grains (sample AE-33). e,f. Metasomatic contact between pegmatite (right) and feldspathic harzburgite 
(left). latter consists of cumulus, euhedral olivine and intercumulus plagioclase and orthopyroxene (see also fig. 5.5). 
In the metasomatic contact assemblage the intercumu lus minerals have been replaced by pegmatitic clinopyroxene and 
olivine, but cumulus olivine (which is anomalously iron-rich) may still be recognized (sample AC-A; see fig. 9.4). 

("a" , "c" and "e" in plane polarised transmitted light, and "b", "d" and "f" with crossed polarisers; pi - cumulus 
plagioclase; op - cumulus orthopyroxene; fa - cumulus olivine; 01 - pegmatitic olivine; cp - pegmatltic clinopyroxene) 



FIGURE B.B THE PARTIALLY REPLACED MERENSKY REEF 

This hybrid assemblage consists of relict cumulus orthopyroxene (part of a single large chadacryst) and pegmatitic 
clinopyroxene I 01 i vine 

resulting in typical, 

texture. Between the 
has partially replaced 
front (sample 27 - 01). 

and spinel. Intercumulus plagioclase has been completely replaced by the pegmatitic minerals, 
coarse-grained clinopyroxene -olivine - Fe-Ti-Cr oxide pegmatite with a xenomorphic granular 

re l ict orthopyroxene chadacrysts is a zone of fine -grained olivine-c l inopyroxene pegmatite which 
the former along the margins and cleavage traces. Note the irregular and scalloped replacement 

(In transmitted light with crossed poiarisers; ap - cumulus orthopyroxene ; 01- pegmatttic olivine; cp - pegmatitic 
clinopyroxene; rf - replacement front) 
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olivine that occur interstitially to the clinopyroxene, as described above. 
This suggests that it is likely that at least some of the olivine has 
crystallized in intersitial sites and has not all resulted from replacement 
of pre-existing clinopyroxene. 

An intermediate, or possibly separate, stage in the replacement process 
is observed in which olivine occurs as very fine, almost skeletal grains 
(with dimensions of less than 0.1 mm) within the host clinopyroxene (fig. 
8.2F). These skeletal grains may abutt onto the tongue-like olivine masses 
via a gradual increase in the proportion and size of the individual olivine 
grains. Further away from the replacement front olivine replacing the 
clinopyroxene may occur as small, polygonal grains. Occasionally these 
display a chain-like texture in which individual grains are optically 
continuous (fig. 8.2E). A final stage of replacement is reached where large, 
anhedral olivine grains poikilitically enclose a number of small 
clinopyroxenes. It is suggested that some of these large olivine grains may 
have resulted from annealing of the small, mosaic-like aggregates. 
Eventually, an almost monomineralic olivine pegmatite may result. 

A feature of some of these bodies is the presence of small, enclave-like 
features, consisting of very fine-grained olivine and Ti-magnetite, that are 
completely enclosed by large clinopyroxene grains. Often, relict 
orthopyroxene grains can be observed, which suggests that they represent 
partially replaced cumulus orthopyroxene grains (fig. 8.5D,E). If this 
replacement process is further advanced, then fine-grained olivine and Ti­
magnetite are observed as clusters of disseminated grains in a clinopyroxene 
host (fig. 8.SF). 

8.3 DISCUSSION 

8.3.1 MINERAL PARAGENESIS 

Petrographic studies indicate that the pegmatitic minerals fit the 
following paragenetic sequence : 

clinopyroxene -7 olivine ~ ilmenite ~ spinel ~ (sulphide,amphibole,mica) 

Each of these minerals demonstrates disequilibrium textures, and may replace 
those earlier in the sequence. Thus olivine may replace clinopyroxene and Fe­
Ti oxides may replace both olivine and clinopyroxene. Clinopyroxene is 
particularly susceptible to replacement by amphibole, but amphibole is 
usually observed only as coronas around olivine and Fe-Ti oxides. This para-
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genesis conforms with field relationships, including mineralogical zonation 
within individual bodies. Clinopyroxene-rich pegmatite is often found at 
the margins of bodies, whereas Fe-Ti oxide-rich, olivine-clinopyroxene 
pegmatite occurs as central core-like features. Furthermore, large pipe-like 
bodies are often composed of olivine-rich pegmatite with high concentrations 
of Fe-Ti oxides. This zonation is also shown by pegmatite bodies in the main 
zone where massive cores composed almost entirely of Fe-Ti oxide are common, 
particularly in large, pipe-like bodies. Textural studies indicate that 
clinopyroxene, olivine and Fe-Ti oxides may have crystallized directly from a 
magmatic liquid. The characteristic xenomorphic texture is attributed to 
random nucleation and differential grain growth. 

8.3.2 PRIMARY REPLACEMENT MAGMATIC PROCESSES (?) 

Textural relationships in ultramafic rocks indicate that reaction 
Jackson (1961) refers relations exist between many ferromagnesian minerals. 

to this phenomenon as reaction replacement; it may be considered to be the 
reverse of incongruent melting. Reaction replacement of magnesian olivine by 
orthopyroxene and clinopyroxene has been described by Jackson (1961). 
According to Bowe~s reaction series iron-rich olivine will crystallize after 
clinopyroxene, consequently it may be postulated that reaction replacement of 
clinopyroxene by iron-rich olivine could occur. 

The influence of iron on the relations between olivine, Ca-poor 
pyroxene, and s ilica minerals may be investigated in the system MgO-FeO-Si02 
(Bowen & Schairer, 1935; see also Morse, 1980, pp. 325-344). Depending on 
starting compositions it is possible to follow the crystallization path Mg­
olivine - Ca-poor pyroxene - Fe-olivine, such that at some value of iron 
enrichment Fe-olivine is in equilibrium with silica. The point at which the 
reaction relationship between Ca-poor pyroxene and melt breaks down is 
dependent on many factors and a definite composition cannot be fixed. 
Reaction between iron-rich olivine and Ca-rich pyroxene may be simulated in 
the system CaO-MgO-FeO-Si02 (Yoder, 1979, pp. 141-144). This system, 
although considerably more complicated than the CaD-free system, also implies 
that with suitably iron-rich compositions the reaction relationship gives way 
to equilibrium crystallization. Consequently, Ca -r ich pyroxene and olivine 
may coprecipitate. Evidence for this is found in the upper zones of the 
Skaergaard and Bushveld layered series, where cumulus iron-rich olivines 
exhibit equilibrium textures with clinopyroxene (inter alia Wager & Brown, 
1968). 

Analogy with layered rocks thus suggests that the disequilibrium 
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textures between clinopyroxene and olivine in iron-rich ultramafic pegmatite 
cannot be attributed to reaction replacement. Furthermore, these minerals 
may be in chemical disequilibrium (clinopyroxene exhibits an unusually high 
Mg/Fe ratio as compared to olivine; see Chapter 9). However, it is possible 
that the physico-chemical conditions of the pegmatitic liquid resulted in a 
reaction relationship between Ca-rich pyroxene and Fe-rich olivine existing 
at more iron-rich compositions than in the layered rocks. In fact Kushiro 
(1969) found that in simple silicate systems the addition of H20 causes the 
diopside-forsterite cotectic to shift toward the olivine composition. 
Whether this is applicable to more iron-rich compositions is not known. 
Irvine (1980, p. 377) suggests that the loss of H20 from an intercumulus 
liquid that previously had been in equilibrium with both clinopyroxene and 
olivine might have induced the reaction whereby pyroxene is resorbed and 
olivine precipitated in its place (Irvine applies this to the formation of 
transgressive bodies in Duke Island; see Chapter 13). Alternatively, it is 
possible to interpret disequilibrium between clinopyroxene and olivine in 
iron-rich ultramafic pegmatite in terms of magmatic replacement in an open 
system (see also Chapter 13). 

Symplectites in iron-rich ultramafic pegmatite are also interpreted as 
replacement features. They only occur where silicates (usually either 
olivine or plagioclase) are in juxtaposition with large ilmenite and Ti­
magnetite crystals. Secondly, they are usually found as bulbous bodies 
associated with "secondary" minerals, such as hypersthene or amphibole. A 
reaction may be written, for FoSO olivine thus: 

( Zec k et a I ., 1982 ) 

Zeck et al. (1982) also attribute olivine - Fe-Ti oxide symplectites to 
magmatic replacement, and they found that secondary orthopyroxene produced 
during this reaction is more magnesian than the primary olivine. 
Symplectites and scalloped replacement fronts occur both above and below Fe­
Ti-Cr oxide pegmatite layers (see also Chapter 10). These features suggest 
that these oxide layers also develop partly by replacement at the expense of 
adjacent silicates. Orthopyroxene and amphibole coronas are also present. 

8.3.3 LATE-STAGE REPLACEMENT : DEUTERIC PROCESSES (?) 

REVIEW 
Deuteric processes may be defined as those which arise from residual 

solutions which are inherently derived from within a crystallizing magmatic 
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assemblage. They are distinguished from extraneously introduced fluids, 
which result in metasomatic changes. Not infrequently it is impossible to 
distinguish between' metasomatic and deuteric phenomena (Hatch et al., 1975 p. 
178). Deuteric processes occur when a rock is nearly solid and to a large 
extent result in veining and replacement of earlier minerals. 
magma systems deuteric processes may be used to incorporate 
crystallization events, including pegmatitic stages. 

DISCUSSION 

In granitic 
all late-stage 

In the rocks in this study deuteric processes are regarded as those 
which occur after a combination of crystallization and magmatic replacement 
has resulted in formation of the main pegmatitic minerals, as described 
above. This may be confusing as the iron-rich ultramafic pegmatites 
themselves may be related to deuteric processes operating within the 
cumulate pile. This argument, however, has major genetic implications and is 
developed further in Chapter 13. The present section interprets events 
related to late-stage processes operating within the iron-rich ultramafic 
pegmatite system. These are related to late-stage fluids which remain after 
the principal pegmatite minerals have formed. 

Deuteric processes result in incipient amphibolisation of early formed 
clinopyroxene, possibly resulting in the formation of large amphibole grains. 
These themselves may be partially replaced by biotite. This process of 
amphibolisation may be associated with the formation of orientated 
intergrowths of Fe-Ti oxide in clinopyroxene. Serpentinisation of olivine 
may also be described as a deuteric process, as is saussuritisation of 
plagioclase, although in many cases it is a primary feature of wallrock 
alteration attributable to the main pegmatitic liquids. These deuteric 
processes result from interaction between the main pegmatite minerals and 
late- stage fluids. 

8.3.4 DEFORMATION AND ANNEALING PROCESSES 

REVIEW 
Annealing is the process by which residual stresses within minerals and 

polycrystalline aggregates are reduced and eventually eliminated (Stanton, 
1972). Stanton considers annealing as a process which operates totally 
within solids, at temperatures high enough to permit atomic mobility but 
below the solidus. Annealing is closely related to, and may be considered 
the antithesis of deformation. In slowly cooled igneous rocks some degree 
of self-imposed deformation is inevitable, in response to factors such as 
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overburden pressure, removal of interstitial liquid etc. If cooling were 
sufficiently slow annealing might be expected to totally eliminate these 
effects. However, in practice one would expect to find textures that 
reflect a combination of primary crystallization and post-crystallization 
deformation and annealing. These latter two processes would also be 
expected to operate concurrently with processes such as subsolidus 
reequilibration, exsolution and deuteric events. 

Annealing may commence in silicate-oxide rocks at temperatures below the 
solidus of one phase (e.g., a cumulus mineral), but above that of others. 
This is particularly evident in layered cumulates, where many workers, 
including Reynolds (in press), envisage an early annealing process which 
results in the removal of intercumulus liquid. Reynolds describes textures, 
which he interprets as resulting from annealing, in cumulus Ti-magnetite 
layers in the Bushveld Complex. Three stages are recognized: initial neck 
growth, an intermediate stage (in which intergranular pores remain 
interconnected, but are volumetrically reduced due to liquid expulsion as the 
cumulus magnetite grains enlarge) and a final stage. This results in a dense, 
polycrystalline aggregate that is characterised by a foam-like texture (which 
demonstrates equilibrium grain boundary relationships). Similar textures 
are found in polycrystalline aggregates of Fe-Ti-(Cr) oxide in the pegmatites 
(see Chapter 10). This early annealing process is an attractive model for 
explaining the formation of adcumulates (such as Ti-magnetite layers) in 
layered intrusions. It explains two main features (1) the lack of 
intercumulus material i.e. it offers a mechanism for the removal of 
intercumulus liquid; and (2) the coarse grain size and polygonal textures 
present in many adcumulates. 

In an entirely solid polycrystalline aggregate, annealing may be 
considered as a 
recrystallization 

three stage process 
(Stanton, 1972, p. 

recovery, 
285). In a 

subgrain growth and 
slowly cooling rock 

recrystallization is probably the most important annealing event. This may 
be considered in the light of five processes: nucleation, primary recrystal­
lization, normal (or gradual) grain growth, secondary recrystallization and 
differential recrystallization. Grain growth and secondary recrystallization 
are analogous to the early annealing processes which occur in the presence of 
interstitial liquid. They result in a coarsening of grain size and may 
produce a coarse foam-like texture. A polycrystalline aggregate will result 
in a disequigranular texture (Stanton, 1972, p. 299). 

By contrast, primary recrystallization results in a decrease in grain 
size (Stanton, 1972, p. 292). It results from the development of appropriate 
nuclei within a strained grain, which is then replaced by a number of strain-
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free grains. This process of primary recrystallization ends with the 
complete impingement of grains. They may then grow at each others expense, 
if the annealing process continues. Primary recrystallization results in a 
fine-grained foam-like texture. This explains why foam-like textures that 
are both coarser and finer than the primary grains may occur. Finally, 
annealing may produce new textures, such as twinning and extinction features, 
which are similar to, and easily confused with, deformation textures. 

DISCUSSION 
Many of the textures observed in iron-rich ultramafic pegmatite may be 

interpreted as annealing features. In clinopyroxene-rich pegmatite mutual 
interference of individual grains is interpreted as a primary igneous 
texture, but the polygonal grai ns (which characteristically exhibit 
polysyntheti c twinning and do not usually contain exsolution lamellae or 
secondary amphibole) are attributed to annealing. This results in the 
formation of a polygonal granular texture which is f iner-grained than the 
primary xenomorphic texture. Whether the twinning is a feature of deformation 
prior to recrystallization or is a result of annealing is uncertain. They 
do not show features of annealing twins as described by Stanton (1972), but 
the larger grains which have not recrystallized do not exhibit the regular, 
lath-like twinning. This recrystallization process may be responsible for the 
following features : (1) formation of small, polygonal grains; (2) "removal" 
of exsolved lamellae of Ca-poor pyroxene, of Fe-Ti oxide platelets and of 
secondary amphibole; and (3) formation of polysynthetic twinning. 

In olivine-rich pegmatite very fine-grained olivine may also be 
attributed to annealing (primary recrystallization). This results in well­
devel oped foam-like textures, unlike the polygonal aggregates resulting from 
recrystallization of clinopyroxene. This different behaviour during annealing 
is probably a function of anisotropy. Similar textures occur in dunite 
cumulates and it may be deduced that olivine is much more susceptible to 
annealing than pyroxene. 

Primary recrystallization implies that the origina l grains were subject 
to deformation strain. Certainly olivine grains are traversed by numerous 
microcracks and they show undulatory extinction (features which are absent in 
the foam textured grains), but it is difficult to establish clear proof of 
deformation. Foam-like aggregates of olivine are often found either entirely 
within or at the margins of clinoyroxene grains and adjacent to replacement 
fronts. Thi s suggests that olivine that has partially replaced clinopyroxene 
is more suscept ible to strain annealing. It may be postulated that massive, 
or pervasive replacment results in the development of strained crystals, 
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presumably due to controls on crystal growth. 
Fe-Ti-(Cr) oxides, which are much more readily annealed than olivine, 

demonstrate a similar range of annealing textures to those found in cumulus 
magnetite layers, as discussed in Chapter 10. 

8.4 IRON-RICH ULTRAMAFIC PEGMATITE FROM CONTACT ZONES 

8.4.1 REVIEW 

Two main types of contact relationship may be recognized at the margins 
of iron-rich ultramafic pegmatite bodies. Contacts may be either sharply 
discordant and cut across the cumulate layering or they may be locally 
concordant and constrained by the cumulate layering (see Chapter 7). 
Sharply discordant contacts may be found at the margins of large, pipe-like 
bodies (e.g., the Brakspruit and Townlands pipes) and at the lateral margins 
of small, irregular bodies. At Amandelbult discordant contacts have been 
observed where pegmatite bodies cut anorthositic and noritic cumulates. 
Discordant contacts may also be recognized in partially replaced Merensky 
Reef. Pegmatite bodies have not been observed actually cutting harzburgitic 
cumulates, although borehole data provide evidence that this may happen. 
Pegmatite bodies commonly exhibit concordant contacts with ultramafic 
cumulates, such as chromitites, harzburgites and orthopyroxenites. 
Furthermore, pegmatite bodies exhibit different contact features within 
different cumulates; these are all described separately. Contact 
relationships with chromitite layers are a specia l case; these are 
described in Chapter 10. 

Cameron and Desboroug h (1964) have examined contact zones between sheet ­
like pegmatite bodies and orthopyroxene-plagioclase cumulates in the eastern 
Bushveld Complex. They show a definite paragenetic sequence of replacement 
and exhibit different features depending on whether they replace 
anorthositic or pyroxenitic cumulates. In leuconorites the first stage of 
replacement is marked by the formation of clinopyroxene, la rge ly at the 
expense of cumulus orthopyroxene, but also at the expense of plagioclase. At 
this stage clinopyroxene occurs partly as rims on orthopyroxene, partly as 
tiny laths and irregular patches within orthopyroxene grains (these are all 
in optical continuity) and as near-pseudormorphs. In the second stage 
reported by Cameron and Desborough cumulus orthopyroxene is absent and 
pegmatitic olivine is now observed, usually as small grains along the contact 
between clinopyroxene crysta ls. Plagioclase is still a major constituent of 
this contact assemblage. In more advanced stages olivine forms large, 
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ramifying crystals which poikilitically enclose corroded relict plagioclase 
and clinopyroxene. This may result in the formation of dunitic pegmatite. 
In wehrlite pegmatite, olivine is followed by second generation 
clinopyroxene. This develops at the expense of earlier clinopyroxene and 
olivine (Cameron & Desborough, 1964). Arrested stages in this process 
result in the preservation of large, poikilitic clinopyroxene crystals which 
enclose first generation clinopyroxene, olivine and relict cumulus 
plagioclase. The final stages of silicate formation are marked by the 
presence of rims of hornblende on the earlier silicates and local replacement 
of hornblende by biotite (Cameron & Desborough, 1964). This may be summarised 
thus :-

clinopyroxene (1) olivine - clinopyroxene (2) - amphibole - mica 

In melanorite or feldspathic orthopyroxenite the first stage of replac­
ement is marked by the abrupt appearance of olivine (Cameron & Desborough, 
1964) . It forms at the expense of cumulus orthopyroxene, which disappears 
within to 2 mm from the contact. Simultaneously, cumulus chromite is repla­
ced or altered to an Fe-Ti-Cr spinel (see Chapter 10). Clinopyroxene then 
appears at the outer edge of this subzone. Plagioclase is then gradually 
replaced, resulting in typical olivine-clinopyroxene-magnetite pegmatite 
(Cameron & Desborough, 1964). 

B.4.2 CONTACT FEATURES AT AMANDELBULT 

Many of the features described by Cameron and Desborough (1964) are also 
observed in contact zones at Amandelbult; these are discussed for each main 
type of cumulate. 

( 1) ANORTHOS ITE 

Discordant contacts between pegmatite bodies and mottled or spotted 
anorthos i te cumu lates a re common at Amande lbu It. These are either sharp and 
regular (fig. B.7A,B), or irregular and diffuse, forming a hybrid contact 
zone a few millimetres thick. The immediate wallrock is often a pale green 
colour and may be unusually soft, thus forming an alteration halo several 
centimetres thick. Adjacent to large, pipe-like bodies this may be over 5 m 
wide (e.g., the Brakspruit pipe; see sample RB-7). In thin section the 
anorthosite in these alteration haloes can be seen to consist of severely 
saussuritised and recrystallized plagioclase grains. These exhibit similar 
textures to relict plagioclase grains within pegmatite bodies and are more 
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calcic than the original cumulus composition (see Chapter 9). Pyroxene may 
be absent, and pegmatite minerals as such do not usually occur. A mosaic of 
fine-grained clinopyroxene grains, often with planar edges, occurs in the 
pegmatite at the contact. Fe-Ti oxide is also prevalent close to the 
contact, but ol ivine may be absent (fig. B.7A,B). Large , relict aggregates 
of plagioclase are common in the pegmatite for distances of up to 1 m from 
the contact. 

(2) NORITE 
Contacts with norite (including leuconorite and melanorite) cumulates 

are invariably discordant. They are usually irregular and diffuse, being 
gradational over widths of between 1 and 2 cm. Within this hybrid contact 
zone cumulus orthopyroxene may be replaced, often pseudomorphically, whereas 
plagioclase is unreplaced (fig. B.7C,D). This feature accounts for the 
irregular form of the contact, but contradicts the preferential replacement 
of felsic cumulates by pegmatite. 

Cumulus orthopyroxene in this contact zone is replaced by both 
pegmatit ic clinopyroxene and olivine; textures observed here are comparable 
to those described by Cameron and Desborough (1964). In addition, tongue-like 
aggregates of clinopyroxene and olivine, often observed as very fine-grained 
mosaics, may have partially replaced plagioclase grains adjacent to 
pseudomorphs of cumulus orthopyroxene. This is evidently a second stage in 
the replacement process. Plagioclase grains in this zone may be unusually 
large and exhibit strained twin lamellae and undulatory extinction; they have 
recrystallized and may be partially saussuritised. Large grains of 
plagioclase, that poikilitically enclose olivine and clinopyroxene are clear 
evidence of recrystallization. Amphibole and mica are commonly observed in 
these contact zones and clinopyroxene is often amphibolised. Pegmatitic 
olivine may also be altered, or serpentinised, an unusual feature in the main 
pegmatite bodies. Pegmatite adjacent to this contact assemblage may contain 
re I i ct orthopyroxene g ra ins, but these, ev i dent ly , are ""',(, (' j rep I aced. 
Relict fragments and large recrystallized aggregates of plagioclase, however, 
occur in the pegmatite for some distance from the contact. The contact itself 
may be """-,\<.,\ by saussuritised aggregates of plagioclase. 

(3) THE MERENSKY REEF 
At Amandelbult the Merensky Reef, which comprises a pegmatoidal 

feldspathic orthopyroxenite (in which olivine may be an accessory phase), is 
readily replaced by iron-rich ultramafic pegmatite. The contact between 
replaced and normal Reef is transitional, consequently an irregular contact 
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zone, with lateral dimensions of several metres , is present (see pp. 121-
122). This may be referred to as partially replaced Reef. 

Plagioclase is usually absent in partially replaced Reef, thus it is 
ultramafic in character and may be difficult to recognize from typical iron­
rich ultramafic pegmatite. However, it is distinguished by the presence of 
extremely large chadacrysts of (cumulus) orthopyroxene, which typically occur 
in a matrix of finer-grained, pegmatitic olivine and clinopyroxene (fig. 
8.$). Accessory Fe-Ti-(Cr) oxides, base-metal sulphides and rare, sliver­
like grains of relict plagioclase also occur in this matrix. The 
orthopyroxene grains are either fresh, with unmodified contacts, or partially 
replaced. Both olivine and clinopyroxene may be observed to have replaced 
orthopyroxene, in a similar manner to that described before (fig. 8.5 C-F). 

In Merensky Reef which contains cumulus olivine, plagioclase is again 
replaced first. Electron microprobe data indicate that both olivine and 
orthopyroxene in partially replaced Reef may be slightly iron-rich in 
comparison with normal cumulus compositions (see Chapter 9). Eventually, 
cumulus olivine is pseudomorphed by pegmatitic olivine, usually resulting in 
a fine-grained mosaic. 

Hybrid contact zones in replaced 
differences to those described above. 
replaced (by olivine and clinopyroxene) 

Merensky Reef thus exhibit major 
In the Merensky Reef plagioclase is 
in preference to both orthopyroxene 

and olivine, whereas the reverse is true in felsic cumulates. 

(4) THE MERENSKY PYROXENITE 
The Merensky hangingwall pyroxenite, a medium-grained, poikilitic 

feldspathic orthopyroxenite, is only occasionally replaced , and, again, 
gradational contacts are in evidence. This results in a hybrid assemblage in 
which unusually coarse, composite blebs of sulphide (these exhibit both 
cumulus and pegmatitic characteristics; see Chapter 11) and coarse aggregates 
of recrystallized plagioclase are prominent. In other respects this hybrid 
assemblage is mineralogically similar to partially replaced Reef, thus 
pegmatitic 01 ivine and cl inopyroxene, with rare grains of rei ict plagioclase 
form a matrix to unreplaced or partially replaced cumulus orthopyroxene 
grains. Further from the pegmatite body a contact assemblage is observed in 
which small, anhedral grains of clinopyroxene, that mantle unreplaced 
orthopyroxene grains, are the only contact phenomenon (fig. 8.5 A,B). 

(5) FELDSPATHIC HARZBURGITE 
These are not usually replaced and consequently often present concordant 

contacts against pegmatite bodies. However, detailed examination reveals 
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that a gradational contact assemblage, often only a few millimetres thick is 
usually present. Furthermore, even if a chromitite layer delineates these 
contacts the under lying feldspathic harzburgite (e.g., the pseudoreefs at 
Amandelbult) may be partially replaced. In this situation grains of 
pegmat it ic olivine and clinopyroxene project down into the harzburgite 
preferentially replacing intercumulus plagioclase. Oikocrysts of 
orthopyroxene may also be replaced, often pseudomorphically. At this stage 
cumulus olivine (a magnesian variety that is invariably serpentinised) may be 
partially replaced by pegmatitic olivine and clinopyroxene. Cumulus olivine 
may be distinguished from pegmatitic olivine in thin section as the latter 
has higher relief, is fresh, may contain orientated intergrowths of an opaque 
phase and typically shows strong undulatory extinction. Further into the 
harzburgite cumulus olivine remains, superficially, unreplaced, with fine­
grained aggregates of pegmatitic olivine and clinopyroxene in intercumulus 
sites (f i g. 8.7 E, F) . 

Electron microprobe data indicate that cumulus olivine in this contact 
assemblage, even though it may appear unaltered, becomes progressively more 
iron-rich towards the pegmatite body (see Chapter 9). This is convincing 
evidence of contact metasomatism, over a distance of a few centimeters. 

(6) CHROMITITES 
Field relationships suggest that chromitite layers, which present 

concordant contacts against pegmatite bodies, act as fairly impervious 
barriers to the pegmatitic liquids. Compositional changes within these 
chrom itite layers are discussed in Chapter 10. Immediately above or below 
chromitite or 
usua Ily found. 

hybrid oxide layers, 
These exhibit only 

essentially unreplaced cumulates are 
minor development of pegmatite minerals, 

usually at the expense of intercumulus plagioclase, and amphibole and mica 
are unusually abundant. Examination of one particular assemblage, in which 
harzburgite is overlain by pegmatite which passes laterally into anorthosite 
indicates that chromitite layers act as channels for the pegmatitic liquid . 
This conclusion is also evidenced by the alteration and saussuritisation of 
the anorthosite immediately above the chromitite layer for a lateral distance 
of several metres from the contact with the pegmatite body (fig. 10.2). 

(7) CONTACT FEATURES OF SMALL PEGMATITE BODIES IN THE MAIN ZONE 
Pegmatite bodies examined from the lower part of the main zone at 

Amandelbult all occur within noritic cumulates. Pegmatite at this height in 
. the cumulate pile is richer in Fe-Ti oxides as compared with that from the 

upper critical zone. Contact assemblages are invariably gradational, usually 
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over distances of between 0.5 and 2 m; sharp contacts have not been observed. 
In contact assemblages here cumulus orthopyroxene is readily replaced by 
both clinopyroxene and olivine. Plagioclase, however, is less susceptible to 
replacement and often occurs as large, poikilitic grains which enclose 
pegmatitic minerals (including Fe-Ti oxides) and relict orthopyroxene, in 
which circumstance it has clearly recrystallized (fig. 8.68). Ti-magnetite 
and ilmenite are usually observed in these contact assemblages as discrete, 
euhedral to subhedral grains. In comparison, disseminated grains of cumulus 
Fe-Ti oxide in the upper zone of the layered sequence usually occur as 
anhedral grains which are interstitial to silicates. Fe-Ti oxide symplectites 
are also common in these contact assemblages. Fe-Ti oxides are not normally 
observed in contact assemblages in the upper critical zone. 

(8) SU8TLE TEXTURAL FEATURES 
The previous sections describe mineralogical and textural variations in 

contact zones in which pegmatite-derived minerals are evident, suggesting 
that addition of new material has occurred. These contact zones are readily 
recognized as they comprise mineralogical assemblages in which cumulus, 
intercumulus and pegmatite (or postcumulus) minerals occur, and they may be 
associated with cryptic compositional variation. Adjacent to these contact 
zones are essentially normal cumulates which may exhibit subtle textural 
features that are also related to the proximity of pegmatite bodies. Two 
main subtle textural variations are recognized; these have only been 
recognised in the hangingwall of pegmatite bodies. 

Firstly, plagioclase may have recrystallized to form unusually large 
grains, which <kfe~ poikilitically enclose other cumulus minerals. A second 
recrystallization stage then results in formation of a characteritisic mortar 
texture in the plagioclase. Large grains, which have not undergone secondary 
recrystallization, often exhibit curved and deformed twin lamellae and strain 
deformation. The twinning is usually coarse albite twinning, and the twin 
lamellae often taper towards the grain margins. In this situa tion primary 
recrystallization resu lts in a coarsening of the grainsize, and secondary 
recrystallization is responsible for the fine, mortar-texture, whereas in the 
pegmatitic minerals an initial recrystallization stage was postulated to form 
the fine-grained foam-like textures. The latter is attributed to annealing 
during cooling of an essentially crystalline material, whereas plagioclase in 
these rocks is subjected to addition of heat from an extraneous source, e.g. 
a pegmatite body. Conversion of the normal cumulus grains into much larger, 
poikilitic grains in contact zones may be attributed to dissolution and 
subsequent recrystallization, but here there is no evidence of the addition 
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of material, hence an annealing process is called upon. Subsequent to 
"format ion" of these large grains similar annealing events to those that 
affect the pegmatitic minerals during cooling may then occur. Thus it is 
possible that a third recrystallization stage could result in annealing of 
the fine, mortar-textured grains to totally eliminate stress in these grains. 

Secondly, cumulus orthopyroxene in pyroxenitic cumulates may exhibit 
unusual annea ling features, that may be compared with annealing processes in 
cumulus Ti-magnetite layers as described by Reynolds (in press; see section 
8.3.4). Annealing in these rocks is attributed to excess heat (and possibly 
some movement of aqueous fluid) related to an adjacent pegmatite body. It 
results in grain growth, probably by necking and subsequent migration of 
grain boundaries, and expulsion of intercumulus mater ial, essentially 
plagioclase. This results in an unusually coarse-grained orthopyroxenite, in 
which the proportion of intercumulus material is very low. Large 
aggregates of orthopyroxene may exhibit triple junctions and 1200 dihedral 
angles. 
above. 

Intercumulus plagioclase may also have recrystallized, as described 

8.5 MINERALOGICAL CLASSIFICATION 

8.5.1 CLASSIFICATION 

Iron-rich ultramafic pegmatite is characterised by a rather simple 
mineralogy which readily lends itself to a mineralogical classification, 
using accepted plutonic rock nomenclature. A classification is proposed here 
which is based on the weight percent CIPW norm (see Appendix 5). This has 
been selected in preference to a modal scheme, because sampling difficulties 
due to coarse grain size and modal variations are more easily overcome by 
preparing representative samples for chemical analysis, than by petrographic 
techniques. 

Normative olivine, clinopyroxene and Fe-Ti oxide usually constitute over 
90 percent of the weight percent CIPW norm . Normative orthopyroxene is also 
included in this scheme. Plagioclase in these rocks is interpreted as a 
relict cumulus mineral; it is not a pegmatite mineral as such, but as it 
usually represents less than 10 modal percent, these rocks are ultramafic in 
character. The norm calculation used in this study does not include sulphide 
(sulphur was not analysed for). The Fe-Ti oxides are calculted as normative 
magnetite and ilmenite. It is important to realise that some inaccuracies 
are inherent in this system as the CIPW norm is very St"' '\,ve. to the 

Fe20
3

/FeO ratio, the selection of which is rather arbitrary (see Appendix 5). 
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Triangular diagrams of normative olivine-clinopyroxene-orthopyroxene and 
olivine-Fe-Ti oxide-total pyroxene are presented in Figure 8.9. Fields 
defining the relevant plutonic rock nomenclature are superimposed. The scheme 
used here is modified slightly from that of Streckeisen (1976). The 
distinction between olivine-clinopyroxene rocks and those with significant 
orthopyroxene is drawn at 10 normative percent, not 5 modal percent (note 
that much of the orthopyroxene in these rocks is present as exsolution 
lamellae in clinopyroxene). If Fe-Ti oxides comprise more than 10 normative 
percent the prefix Fe-Ti oxide (or magnetite-ilmenite) is applied. If Fe-Ti 
oxides are dominant over silicates the description Fe-Ti oxide pegmatite is 
preferred (see also Chapter 2). 

To illustrate this classification 13 samples from various localities in 
the Bushveld Complex have been selected. Major- element data and the CIPW 
norms for these .samples are presented in Table 8.1. Using this 
classification scheme it can be seen that sample 5, for example, is a dunite 
pegmatite and samples 13 and 10 are wehrlite and olivine clinopyroxenite 
pegmatites, respectively. These samples contain accessory Fe-Ti oxides 
only. Sample 12 may be described as an Fe-Ti oxide-olivine clinopyroxenite 
(it contains significant Fe-Ti oxide, but olivine is of greater abundance). 

This classification does not take into allowance the composition of the 
silicate phases. This may be obtained from whole rock data or mineralogical 
analysis. For example, the 13 samples presented in Figure 8.9. are also 
plotted on a triangular "A.FM' diagram of wt. percent (CaO+Na20+K20 - FeO -
MgO; fig. 12.3; see Chapter 12 for explanation). If mineralogical composition 
is brought into this classification scheme sample 5, for example, may be 
more fully described as an hortonolite dunite pegmatite (it consists of 
olivine in the compositional range F050 _30 ). This is of considerable 
importance as it must be emphasized that an iron-rich ultramafic pegmatite 
that may petrographically be described as a dunite is, obviously, quite 
distinct from a magnesian dunite, or dunite sensu stricto. 

8.5.2 MINERALOGICAL VARIABILITY IN PEGMATITE AT AMANDELBULT 

GENERAL FEATURES 
All pegmatite samples from Amandelbult, including those from the Midde­

Ilaagte pipe, are plotted on triangular diagrams of normative olivine­
orthopyroxene-clinopyroxene (fig. 8.10), olivine-Fe-Ti oxide-total pyroxene 
(fig. 8.11), olivine-plagioclase-total pyroxene (fig. 8.1l) and (olivine + 
clinopyroxene) - (plagioclase + orthopyroxene) -Fe-Ti oxide (fig. 8.13). 
Other combinations of these five main normative components were plotted but 
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did not exhibit any relevant trends. 
Practically all of the pegmatites at Amandelbult may be classified as 

wehrlites or olivine clinopyroxenites. Dunites and olivine-poor clinopyrox­
enites are rare. Orthopyroxene is a significant component of a reasonable 
proportion of pegmatites, which may then be described as lherzolites or 
olivine websterites (fig. 8.10). However, it is possible that the CIPW norm 
exaggerates the proportion of orthopyroxene, as petrographic studies indicate 
that it is less abundant than this. The majority of these pegmatites contain 
significant Fe-Ti oxides, the proportion of which is usually between 5 and 20 
normative percent. Olivine-rich pegmatite appears to contain less Fe-Ti 
oxide than pyroxene-rich pegmatite, but there is no clear-cut trend (fig. 
8.11). 

Most pegmatites contain less than 10 normative percent plagioclase (fig. 
8.12). Pegmatite with more than 10 normative percent plagioclase may be 
considered as a hybrid rock , or partially replaced cumulate. This diagram 
shows that pegmatite rich in pyroxene, and thus poor in olivine tends to be 
richer in plagioclase. Typically, olivine-rich pegmatite contains less than 5 
percent plagioclase, whereas clinopyroxene-rich pegmatite contains between 7 
and 10 percent plagioclase . Pegmatites that contain more than 10 normative 
percent plagioclase should really be referred to as mafic, not ultramafic. 

In Figure 8.13 two trends may be recognized. Firstly, scatter towards 
the (plagioclase + orthopyroxene) apex is demonstrated by hybrid samples in 
which a considerable proportion of relict cumulus mineral s occur. These 
samples do not exhibit any corresponding increase in Fe-Ti oxides. 
Secondly, in pegmatite sensu stricto an increase in Fe-Ti oxides is 
accompanied by an increase in plagioclase and orthopyroxene. 
evident from textural studies and whole-rock chemical data. 

MINERALOGICAL ZONATION IN SMALL PEGMATITE BODIES 

This is also 

Within small pegmatite bodies an increase in the proportion of 
plagioclase and orthopyroxene usually occurs towards the margins. This is a 
contact feature and is not related to pegmatite zonation as such. Secondly, 
small pegmatite bodies in the lower main zone usually have a poorly-defined 
core of Fe-Ti oxide and, of course, large, composite pipe-like bodies in the 
main and upper zones consist of cores of Fe-Ti oxide pegmatite with an outer 
shell of silicate-rich pegmatite. No obvious mineralogical zonation is 
evident in small pegmatite bodies in the upper critical zone at Amandelbult. 
However, one sheet-like body has been examined in detail (see case study (2), 
Appendix 1). 

From a sequence of samples through this body three principal mineralog-
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ical zones may be recognized 
(1) Olivine-rich pegmatite: 
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(see figs. 12.1, 12.2): 
this typically contains less than 10 normative 

percent Fe-Ti oxide and less than 3 normative percent plagioclase. It occurs 
at the top of this sheet-like body. This zone includes samples AE-8 to -12 
(see Table 12.1). It may be described as an (olivine-rich) wehrlite 
pegmatite. 
(2) Clinopyroxene-rich pegmatite: this typically contains over 10 normative 
percent Fe-Ti oxide and between 5 and 10 normative percent plagioclase. It 
occurs below the olivine-rich pegmatite and in the lower portion of this 
body. It includes samples AE-13 to -21 and AE-28 to -33A (Table 12.1). It 
may be described as an Fe-Ti oxide-olivine websterite pegmatite . 
(3) "Mixed" zone: pegmatite in this zone contains varying proportions of 
olivine and clinopyroxene. It is characterised by between 10 and 20 normative 
percent Fe-Ti oxide, between 5 and 10 normative percent plagioclase and 
unusually high levels of incompatible elements (Nb, Zr and V). It occurs as 
a poorly defined core enclosed by the clinopyroxene-rich pegmatite. It 
includes samples AE-23 to -27 (Table 12.1). It may be described as an Fe-Ti 
oxide-olivine websterite or clinopyroxenite pegmatite. 

MINERALOGICAL ZONATION IN THE MIDDELLAAGTE PIPE 
Samples of the Middellaagte pipe-like body all come from borehole core 

(see Appendix 1). These samples may be divided into several groups: 
(1) Borehole ML27 : pegmatite from here is characterised by a relatively high 
content of Fe-Ti oxide (10-24 normative percent). The hole was drilled into 
the magnetic "core" of the pipe (see Chapter 7). The olivine:clinopyroxene 
ratio of this pegmatite is close to 1:1, and the samples lie in the fields 
covered by wehrlite, lherzolite and olivine clinopyroxenite. The plagioclase 
content is very low. Samples from this borehole are also characterised by an 
extremely low concentration of base-metal sulphide (see Chapter 11). 
(2) Boreholes ML24, ML25 and ML26 : two pegmatite varieties are recognized in 
samples from these boreholes. Typical, plagioclase-poor pegmatite consists 
of variable proportions of olivine and clinopyroxene, and contains between 5 
and 10 normative percent Fe-Ti oxide. Secondly, a plagioclase-orthopyroxene 
pegmatite is recognized which probably represents partially replaced 
cumulates (samples ML24-5,6,7 and ML26-8,12; all other samples are of the 
former variety). All of these samples contain fairly high concentrations of 
sulphide. 
(3) Boreholes ML22 and ML29: these intersect pegmatite from the margin of 
the main pipe-like body, and include small, irregular bodies from the lower 
part of the main zone (samples ML22-A3,A10,A18 and ML22-C9,C12) and pegmatite 
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from the upper critical zone (all other ML 22 samples and sample ML 29-1). 
The latter are comparable with pegmatite from small bodies in the upper 
critical zone at Amandelbult. 
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CHAPTER 9 CHEMISTRY OF THE SILICATE MINERALS 

Iron-rich ultramafic pegmatite bodies exhibit convincing evidence of, at 
least in part, a metasomati c origin. 
is assumed that the chemistry of the 

In the ensuing discussion, however, it 
silicate phases is related to liquid 

crystallization trends, unless specific evidence can be presented to the 
contrary. This approach is enforced as most of the relevant literat ure 
relates to crystallization from liquids, and although metasomatism may 
simulate primary igneous features the processes are less well documented. 
The principal silicate minerals in iron-rich ultramafic pegmatite are olivine 
and clinopyroxene; accessory phases include plagioclase, orthopyroxene, 
amphibole and mica. 

9.1 OLIVINE 

9.1.1 PEGMATITE-HOSTED OLIVINE 

ANALYTICAL AND SAr~PLING DETAILS 
Electron microprobe analyses of olivine from iron-rich ultramafic 

pegmatite at Amandelbult are presented in Table 9. 1 (for analytical details 
see Appendix 7). These are all averages of samples that do not exhibit any 
major compositional variation (samples prefixed A-, 27-, and ML-; for 
sampling details see Appendix 1). Analyses of olivines from pegmatite bodies 
other than at Amandelbult have also been completed (Table 9.1). These 
include samples from pegmatite bodies in the upper critical zone at Townlands 
(TLP-), Boschkoppies (BK-), and Lavino (LA-), and from the main zone at Union 
Section (samples A-107, A-115, A-348; for sampling details see Appendix 2). 
Analyses of individual grains from metasomatic contact zones, adjacent to 
pegmatite bodies at Amandelbult are presented in Tables 9.3 and 9.4. 

PARTITIONING OF Mg AND Fe BETWEEN OLIVINE AND SILICATE LIQUID 

REVIEW 
The distribution of Mg and Fe2+ between olivine (oliv) and silicate 

liquid (liq) may be expressed by the distribution coefficient KD, thus ;-

( 1 ) 

where XM90 ' XFeO are mole fractions. Roeder and Emslie (1970) investigated 

values of KD for natural basaltic compositions and found that it was 
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independent of temperature in the range 1150-13000C. They quoted an average 
value for KO of 0.3. If equilibrium conditions are assumed the MgO/FeO ratio 
of a silicate liquid may be calculated from knowledge of the olivine 
composition (see Appendix 13). The effects of changing T, P, f02 and melt 
composition have been investigated by more recent workers, but as these 
effects are small an average value for KO of 0.3100.03 is generally accepted 
(Roeder, 1974 ; see also review by Deer et at., 1982, pp. 70-78). The 
dependence of olivine composition on that of the liquid, and the relative 
crystallization temperatures of different olivine compositions are discussed 
by Roeder (1974). 

DISCUSSION 
The composition of olivine from iron-rich ultramafic 

Amandelbult is invariably between Fo50 and Fo40 (Table 9.1). 
small pegmatite bodies at Amandelbult, which all occur between 

pegmatite at 
Olivine from 
the ' UG-2 and 

Bastard cyclic units, ha s an average composition of F044 , and olivine from 
the "core" of the large Middellaagte pipe has an average composition of F043 
(Table 9.2). Compositional zonation in small pegmatite bodies at 

TABLE 9.2 AVERAGE COMPOSITION OF OLIVINE AND CLINOPYROXENE 

2 3 

OUVINE 

MgO 20.24 (1.3212) 19 . 11 ( .4089) 19.41 ( .6189) 

FeO 44.99 (1.5626) 46.18 ( .2032) 45.83 (1.1052) 

MnO .56 ( .0364) .585 (.0160) .63 ( .0365) 

NiO .044 (.0174) . 035 (.0093) .05 ( .0115) 

Fa 44.5 (2 . 47) 42.3 ( . 047) 43.0 (1.346 ) 

No . of samples 20 8 4 

No. of analyses 58 25 18 

CUNOPYROXENE 

XMg .64 (.0165) . 639 (.0162) .657 (.0162) ~ 

Range .61·.68 . 61- . 67 .64- . 67 

No . of samples 17 7 4 

No. of analyses 54 26 lB 

1. All samples of lron~rich ultramafic pegmatite in upper critical 
zone, Amandelbult (excluding samples from Mlddellaagte pipe). 

2. Individual. 'sheet-l1ke pegmatite body. Amandelbult ("AE" samples. 

case-study (2). "replaCing" Footwall cyclic un i t). 

3. Core of the Mlddellaagte pipe ("HL" samples. case-study (1)). 
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Amandelbult has not been detected. For example, olivine from a pegmatite 
body emplaced in the Footwall cyclic unit (case study (2), "AE" samples; see 
Appendix 1) has an average composition of F042 .3 (Table 9.2 ) . 

The composition of olivine from iron-rich ultramafic pegmatite bodies in 
the upper critical zone at other localities in the Bushveld Complex is 
probably similar. In the Townlands pipe, Rustenburg, however, two 
compositional ranges have been identified, namely Fo50 to F046 and F033 to 
Fo30 (samples TLP-1A and TLP-2, Table 9.1). These results are supported by 
whole- rock data (see TLP- samples in Table 12.3) and by the work of Phillips 
(in prep.) . It is suggested that the magnesian olivine , which occurs in the 
core of the body, is the typical composition and the iron-rich (Fo33 _30 ) 
olivine, which occurs in the margin of the pipe, is atypical. This iron-rich 
olivine may have resulted from post-crystallization replacement of the 
magnesian olivine. 

The composition of olivine in small, irregular bodies of iron-rich 
ultramafic pegmatite from the main zone at R.P.M. Union Section can be 
related to height in the cumulate pile. For example, using the Bastard Reef 
(B.R.) as a datum, compositions of F044 .4 (12.6 m above B.R.), F027 .9 (1399 m 
above B.R.) and F025 .6 (1350 m above B.R.) have been determined (samples A-
107, A-115, A-348, Table 9.1; analyses from Mitchell, in prep . ). 

PARTITIONING OF NICKEL BETWEEN OLIVINE AND SILICATE LIQUID 

REVIEW 
Nickel is an ubiquitious trace element in magnesian olivine but may be 

absent, or present in only very low levels, in iron-rich olivine. The 
concentration of Ni in olivine may be used, in conjunction with the Fo 
content, as an indicator of fractionation. Typically, the NiO and MgO 
contents of olivine decrease with fractionation. The distribution of Ni 
between olivine end silicate liquid has been the subject of a number of 
investigations, many of which have been reviewed by Deer et al. (1982, pp. 
78-88). The partitioning of Ni into Mg-rich olivine is attributed by Burns 
(1970) to its high octahedral site preference energy. More basic magmas have 
a higher proportion of octahedrally co-ordinated sites such that the 
partitioning of Ni may be dependent on bulk liquid composition, as well as on 
T, P and f02. Although this is a controversial subject, such that there is 
no generally accepted value for the partitioning of Ni between olivine and 
liquid the relationship determined by Hart and Davis (1978) has received 
acceptance amongst many workers. They synthesised olivine from a wide range 
of basaltic liquid compositions (T = 1250-1450oC, P = 1 atm) in the system 
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Fo-Ab-An. The partition coefficient (DNi ) is defined thus 

DNi = (Ni in olivine) I (Ni in liquid) . .. (2) 

Hart and Davis found that DNi was dependent on melt composition, thus 

DNi = (124 . 13 I MgO in liq) - 0.897 . .. (3) 

MgO being expressed in wt. percent. Hart and Davis found that DNi was 
independent of the Ni content of the liquid, and that the intrinsic 
temperature dependence is small and may be related to variations in melt 
composition with temperature. This relationship may be used in conjunction 
with formula (1) above to calculate the MgO, FeO and NiO contents of olivine 
and liquid in successive residual magmas which are undergoing olivine 
fractionation (see Appendix 13). 

In the example presented in Appendix 13 it is shown that after 2 wt. 
percent olivine has crystallized the composition of the olivine (initially 
F079 with 0.42 wt. percent NiO) should be F077 with 0.30 wt. percent NiO. In 
this particular example, which starts with a relatively Ni-rich olivine, Ni 
is depleted from the liquid when the olivine reaches a composition of 
approximately F056 . It may be concluded that the Ni content of magnesian 
olivine is a much more sensitive indicator of fractionation than the Mg/Fe 
ratio. 

Mysen and Kushiro (1976) investigated the relationship between DNi and 
f02 in a sample of carbonaceous chondrite. They found that the Ni content of 
silicates, including olivine, increased with increasing f02. However, the 
Ni/Mg ratio of olivine may not itself be dependent on f02. Mysen and Kushiro 
(1979) report that DNi is pressure-dependent and decreases with increasing 
pressure, a function of depolymerization in high pressure melts (10-20 
kilobar range). Mysen (1979) investigated the compositional effect of bulk 
Ni in a silicate melt. 
1000 ppm is dissolved in 

He found that DNi is independent of Ni content until 
forsterite (T = 1300oC, P = 1 atm to 20 kilobars). 

The relationship between DNi and bulk melt composition has been investigated 
by Mysen and Virgo (1980). They found that the ratio of non-bridging oxygens 
to tetrahedral cations is important, such that as this ratio increases DNi 
decreases linearly. Thus, the atomic ratio SilO has an important effect on 
DNi . Mysen and Virgo (1980) also investigated the influence of tetrahedral 
cations such as Fe3

+, p3+etc., but because these are only minor components in 
most silicate melts they have little influence on the value of DNi . However, 

the A1 3+ content may be very significant. Thus the distribution of Ni 
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between olivine and silicate liquid is a complex, and often controversial 
issue, consequently the selection of anyone method for calculating values of 
DNi is open to debate. 

DISCUSSION 
The Ni content of olivine from iron-rich ultramafic pegmatite at 

Amandelbult 
0.044 wt. 

varies between 0.08 and 0.01 wt. percent, with an average of 
percent NiO (Tables 9.1, 9.2) . . Olivine from the "core" of the 

Middellaagte pipe has an average content of 0.05 wt. percent NiO and olivine 
from the "AE" pegmatite body at Amandelbult contains an average of 0.035 wt. 
percent NiO. Olivine from the Townlands pipe appears to be slightly richer 
in Ni compared to that from Amandelbult (sample TLP-l). Extremely iron-rich 
olivine from the Townlands pipe and that from pegmatite bodies in the main 
zone contain less than 0.02 wt. percent NiO. From Figure 9.1 it is evident 
that some Ni depletion occurs as the composition becomes poorer in MgO, but 
in general the accuracy of these data are not sufficient to warrant detailed 
modelling. 
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FIGURE 9.1 Plot of wt . 1 NiD VS. wt. "MgO in olivine. 
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Data points (error bars = plus-minus one standard deviation (d) from the mean (x)) based on averag2s of 
electron microprobe analyses in Table 9.1. All samples are frem iron-rich ultramafic pegmatite bodies at 

hndndelbult. 

DISTRIBUTION OF Mn IN OLIVINE 

REVIEW 
Manganese is an important minor constituent of most ferromagnesian 

minerals. Its distribution may be related ·to that of Fe2+, such that in 
olivine Mn behaves in the reverse manner to Ni. The partitioning of Mn 
between olivine and silicate liquid (DMn ) is not as sensitive as DNi • 
consequently it has not recieved such widespread attention. Watson (1977) 

determined values of DMn at various temperatures for a number of melt 
compositions. In the compositional range 48.9 to 60.4 wt. percent Si02, DMn 
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varies between 0.62 and 0.90 and 0.51 and 0.67 at temperatures of 1350 and 
14500C. respectively . At lower temperatures the partitioning is more 
composition dependent . The data of Duke (1976) and Watson (1977) indicate 
that the effect of iron on the partitioning of Mn is sma ll. at typical 
basaltic liquidus temperatures. 

DISCUSS ION 
The distribution of MnO in olivine from iron-rich ultramafic pegmatite 

at Amandelbult is illustrated in Figure 9.2. In this compositional range the 
MnO content increases approximately linearly as the olivine becomes more 
fayalitic. The MnO content is between 0.43 and 0.52 for olivine with a 
composition of Fo50 , and between 0.57 and 0.66 for olivine with a composition 
of F041 (see also Table 9.2). In even more iron-rich olivines, from other 
pegmatite samples, the MnO content increases rapidly. such that the FeO/MnO 
ratio becomes non-linear (fig. 9.6). For example. olivine with a composition 
of F025 .6 from a pegmatite body in the main zone contains 1.00 wt. percent 
MnO. 
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Data points are individual electron microprobe analyses. Solid circles are samples from iron-rich 

ultramafic pegmatite bodies at .amandelbult. open circles are samples from the Towniands pipe (samples 

TLP·IA. TLP-IB). 

DISTRIBUTION OF Ca IN OLIVINE 

Binary graphs of wt. percent CaO versus molecular percent Fo and weight 
percent MgO (not shown here) exh i bi t a scattered range of data po ints. It 
may be concluded that the distribution of Ca in olivines in this study is of 
little petrogenetic significance. This may partly be a function of limited 
analytical accuracy, as the average CaD content of these olivines is very low 
(see Table 9.1). 
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OLIVINE IN METASOMATIC CONTACT ZONES 

The preferential development of iron-rich ultramafic pegmatite in felsic 
cumulates may result in apparently sharp contacts between olivine-bearing 
ultramafic cumulates and postcumulus pegmatite bodies (see pp. 118, 143). 
Electron microprobe analyses of olivines across two such contacts are 
presented in Tables 9.3 (sample AO-37A) and 9.4 (sample AC-A). Individual 
analyses are labelled alphabetically so that precise sample positions may be 
located in Figures 9.3 and 9.4 - these diagrams represent vertical profiles 
across a thin section. In both cases the average composition of pegmatite­
hosted olivine is based on a range of analyses from within that particular 
pegmatite body. The average composition of cumulus olivine is based on sample 
A-7/8 (Table 6.1). 

Textural evidence suggests that oliv ine in these contact zones is 
related to metasomatism of pre-existing cumulus, magnesian olivine (see p. 
144). Thi s is supported by analytical data, as the composition of these 
metasomatic olivines is part-way between two end-members, the primary cumulus 
composition (Fo81 .3, in these examples) and average pegmatite compositions 
(F050 _41 ). Compositional variation is exhibited by the major elements, 
particularly MgO and FeO (as expressed by the Fo content) and the minor 
elements NiO and MnO. If the NiO and MnO contents are plotted against the MgO 
and FeO contents, respectively, they plot on straight lines (figs. 9.5, 9.6). 
This may be expressed by the following linear regressions (oxide values in 
wt. percent; n = number of analyses; cc = correlation coefficient) 

MgO = (51.78 * NiO) + 21.57 (Sample AO-37A; n = 13; cc = .980) (4) 

MgO = (48 . 12 * NiO) + 20.15 (Samples AC-A,B; n = 7; cc = .996) ... (5) 

Data for these two samples result in slightly different linear regressions 
for NiO (fig. 9.5). The second data set includes an average pegmatite 
composition (sample AC-B), as it is part of the vertical profile (fig. 9.4). 
These linear regressions, however, do not include a value for the average 
cumulus composition, for reasons apparent in Figure 9.5 (see below). 

FeO = (85.89 * MnO) - 1.63 (n = 22; cc = .972) ... (6) 

This equation includes analyses of the metasomatic olivines (samples AO-37A 
and AC-A, n = 19), an average composition of the pegmatite-hosted olivines 
{samples AO-24 and AC-B, averages based on 2 and 5 analyses, respectively; 
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Fe2+ .8813 .8564 . 7206 . 7122 .6990 .5944 .6021 
Mn .0112 .0108 .0086 .0081 .0087 .0080 .0074 
I'q 1.0983 1.1146 1.2654 1.2700 1.2831 1.3724 1.3857 
ca .0012 .0006 .0006 .0003 .0003 .0009 .0002 
Ni .0039 .0030 . 0049 .0050 .0060 .0063 .0065 
TClrAL 2.9979 2.9979 3.0000 2.9976 2.9984 2.9910 3.0011 
1101. % 
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a 5 10 .. r::: - - - - - i "C mm. 

1- 1- 'f ... + "'/-,..,.'1-\ ," 
~.,.j."'""''''1'f.~f:: ". 

X+~1)1:'f.'!c"1-1\ 
_HYBBID _ " j A 

.,. j.. .,. .,.~ ",y. ~ 
,A, 

+ j.jj."t j'l./, " 'I- ';.'.,. .,. 'I. y.. 'I. ... 1-1 ::t A 

G F E D CB A 

50 -------------.-. 
60 ----.~ 70 e-e_ 

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

·1 

·2 

'3 e-e_ 

LEGEND 
'3 

• Hybrid 

. - ._e-
_~_!!.--. ...0-- • 

• "5 _----- -------. 

+ • Average "pegmatite" 

1",,'1 HARZBURGITE ~PEGMATITE 

FIGURE 9.4 Compositional variation in olivine across a metasomatic contact zone· (2) Sample AC-A. 
Based on two probe sl ides cut normal to a transitional contact between the base of the upper 

pseudoreef B and a pegmatite body; the primary layering is preserved (see case-study ~4), AppendIx 1) . Data for 

hybrid olivines from the contact zone are individual electron microprobe analyses (Table 9.4 , lab~lled "A" - "G"), 
the average "pegmati te" ccmposition is fran sample AC-B (Table 9.1). NiO and MnO are in wt. ~ and Fa is in mol. ~ . 



- 158 -

see Table 9.1) and an average of the cumulus oliv ines (sample A-7/8, average 
based on 11 analyses; see Table 6. 1). The validity of including the average 
pegmatite and average cumulus compositions is evident from examining Figure 
9.6, and the above correlation coefficient. 

9.1.2 COMPARISON WITH CUMULUS OLIVINES IN THE BUSHVELD COMPLEX 

SAMPLING DETAILS 
Electron microprobe analyses of cumulus, iron-rich olivines from the 

upper zone of the Bushveld Complex (samples WT-128, TSM, P-5, and IR-64 to 
IR-330) are presented in Table 9.5 . All samples prefixed IR- are from 
Reynolds (in press). Analyses of cumulus, magnesian olivines from the upper 
critical zone are presented in Table 6.1. 

Mg/Fe RELATIONSHIPS 
In the layered sequence of the Bushveld Complex cumulus, magnesian 

olivine is restricted to the lower and critical zones; the highest occurrence 
of magnesium-rich olivine is probably in the Merensky Reef (see Chapter 6). 
Magnesium-rich olivine from the lower and lower critical zones is usually in 
the compositional range F087 to F083 (Cameron, 1978, 1980; see also Botha, in 
prep.), that from the upper critical zone is in the compositional range F082 
to F076 (see Chapter 6). Cumulus olivine appears to be absent in the main 
zone, but iron-rich olivine is an important cumulus phase in the upper zone. 
Wager and Brown (1968) document some of the compositional trends exhibited by 
cumulus olivines in the Bushveld Complex, but as far as the author is aware 
the only published electron microprobe analyses of iron-rich olivine in the 
upper zone are those of Reynolds (in press); optically determined data are, 
however, also presented by Von Gruenewaldt (1973) and Molyneux (1972). 

Sample WT-128 is of particular importance - it poss ibly represents the 
lowest occurrence of cumulus, iron-rich olivine in the layered sequence and 
is thus the first cumulus olivine to crystallize after the "olivine gap" in 
the main zone. This sample, which is from 8 m below the main magnetite layer 
(sample in borehole core, Amandelbult), has a composition of F056 (Table 
9.5). Olivine is then a cumulus phase from this position until close to the 
roof of the complex, and thus defines a compositional range from F056 to 
approximately FoO (Wager & Brown, 1968; Reynolds, in press). These data 
imply that the compositional gap in the layered sequence of the Bushveld 
Complex is restricted to the compositional range F076 to Fo56 . 

Olivine in iron-rich ultramafic pegmatite also defines an upward iron 
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TABIE 9.5 El.a:::TRON MIrnoPRCBE A..~YSES OF an-uWS OLIVINES FRCM 'IRE upprn ZONE 

wr-128 TSM p.-5 IR-]JO IR-266 IR-226 IR-138 IR-1l3 IR-64 
...t., x !! !! ~ !! n 

5i<l2 35.24 .1768 3 34.76 .1725 4 34.93 33.15 32 . 48 31. 78 31.31 31 .12 30.10 
FeD 37 .20 .2616 3 44.08 .1967 4 43 . 95 51.26 54.07 56.23 SB.71 60.65 65.36 
MnO .48 3 .60 4 .60 .76 .81 .90 1.04 1.03 1.48 
MgO 26.73 .5233 3 22.26 .1519 4 21.76 15.29 12.75 10.54 8.77 7.53 2.72 
cao .05 3 .07 .0219 4 .07 
NiO n.d'. n.d . 4 n.d. 
'lQrllL 99.70 101. 77 101.29 100.46 100.11 99.45 99.83 100 .33 99.66 

cations 
5i .9935 .9921 1.0005 1.0000 1.0004 1.0005 . 9966 .9954 1.0019 
F.,2+ .8771 1.0522 1.0528 1.2932 1.3928 1.4805 1.5628 1.6224 1.8195 
Mn .0115 .0145 . 0146 .0194 .0211 .0240 .0280 .0279 .0417 
l'g 1.1230 .9469 .9289 .6874 .SB53 . 4945 .4160 .3589 .1349 
ca .0015 .0021 .0021 
Ni 
'lQrllL 3.0065 3.0079 2.9988 3.0000 2.9996 2.9995 3.0034 3.0046 2.9981 
rrol. \ 
Fe 56.15 47.37 46.87 34.71 29.59 25.04 21.02 18.12 6.90 

Samples prefixed "IR-" from Reynolds (in press). 

enrichment trend 
a given height. 

and they are always more fayalitic than cumulus olivine for 
It may be predicted that postcumulus olivine in pegmatite 

upper zone would lie in the compositional range 
fayal ite. 

bodies in the 
ferrohortonolite to 

NiO-MgO RELATIONSHIPS 
Cumulus olivines (in the compositional range FOB7 to FOB4 ) in the lower 

and lower critical zones usually contain between 0.20 and 0.35 wt. percent 
NiO (Cameron, 197B, 19BO; Botha, in prep.). The NiO content of cumulus 
olivine in the upper critical zone is highly variable (Chapter 6). In 
cumulus, iron-rich olivine from the upper zone, NiO is below the lower limit 
of determination on the electron microprobe used in this study. In Figure 
9.5 a "cumulus" trend, related to a postulated fractionation path (ignoring 
cyclic units and new magma influxes) may be extrapolated between the Ni-rich 
magnesian olivines and the most magnesian of the Ni-poor, iron-rich olivines 
(e.g., sample WT-12B). 

This measured fractionation path may be duplicated using theoretically 
derived data, as discussed above (see Appendix 13). In Figure 9.5 a 
theoretical fractionation path is plotted based on initial liquid composition 
of 15 wt. percent MgO, assuming that it is in equilibrium ~ith olivine with a 
composition of FOB1 .3 and 0.36 wt. percent NiO (sample A71B, Table 6.1) . 
Theoretical fractionation paths over-estimate the NiO content of fayalitic 
olivines as the Hart and Davis equation yields improbably large values for 
DNi as the liquid becomes MgO-poor. Thus, the actual fractionation path 
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probably plots closer to the MgO axis. The paths plotted in Figure 9.5 
(labelled "A ") are thus based on the most Ni-rich path possible for measured 
and theoretical compositions of cumulus olivine in the 8ushveld Complex. 

Postcumulus olivines from the iron-rich ultramafic pegmatite suite are 
clearly unusually rich in Ni relative to these fractionation paths. A 
"pegmatite trend" (curve "8", fig. 9.5) may be inferred from these data. 
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FIGURE 9,5 Plot of wt, ~ NiD vs. wt. ~ MgO in olivine, 

This plot includes electron microprobe data for cumulus, pegmatite-hosted and hybrid olivines. LLO = 
lower limit of determination (.0 . 01 wt. % NiO), CUMULUS SAMPLES - 'A-7/8 is frOOl the upper pseudoreef B (Table 

6, I) and WT-12B is frOOl the base of the upper zone (Table 9,5), PEGMATITE SAMPLES - these data are based on 

averages (error bars = plus-minus one standard deviation (d) from the mean (x)); "pegmatite averagell and the "AEIt 

300 "ML" samples are fran the upper critical zone at .Aroandelbult (Table 9.2), samples TLP-t (typical) and TLP-2 

(unusually iron-rich) are from the Townlands pipe (Table 9.1), and samples A-107, A-115 are from pegmatite bodies 

in the main zone (see Table 9. t). HYBRID SN1PlES - frOOI the metasomatic contact zones presented in Figures 9.3, 

9.4). Pegmatite averages AD and AC are the end-members of these hyhrld samples . TRENO "At" represents the most 
Ni-rich measured fractionation path for cumulus olivine. TREND "P2" is a theoretical fractionation path, using 

sample A-7IB as the initial composition (assuming initial liquid contains 15 wt. % MgO; data points on this trend 

are at intervals of 5 % crystallized - the liquid is depleted In NI after 35 % crystallized). TREND "B" Is the 

pegmatite fractionation path . The hybrid samples plot on separate straight lines, TRENDS "e1" and "C2" (see text); 
note that these trends do not regress back. to the primary cumulus composition (sample A-7/8). 
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Olivines from t he metasomatic contact zones described above plot on 
straight lines ("C1" and "CZ". fig. 9.5). These data suggest that during 
metasomatism of magnesian olivine by iron-rich liquids or fluids (which have 
a much lower MgO/ FeO rati o than the initial liquid in equilibrium with the 
primary olivine) NiO is "replaced" in the lattice less effectively than MgO 
by FeO. This results in olivine with an unusually high NiO/MgO ratio. If 
this metasomatic process is arrested after only a short interval it may 
result in olivine in which the Fo component is decreased by. say. 5 or 10 
mol. percent. but the NiO content is unaffected; thus primary and 
metasomatic olivine may have similar NiO contents. This explains why 
"metasomatic" trends do not regress back to primary composi t ions. 

In the Muskox Intrusion, Irvine (1980, 
which are an essential part of the cumulate 
NiO/MgO ratios. Irvine explains this 

pp.341, 353) reports olivines, 
sequence , with unusually high 

by his model of infi ltration 
metasomatism, in which the cumulus olivines are exposed to upward-migrating, 
iron-rich (nickel-poor), intercumulus liquid. Metasomatism results in 
olivine with a lower Mg/Fe ratio whereas the Ni content is only slightly 
affected (see also Chapter 13). 

Iron-rich olivines from the platin iferous ultramafic pipes also define a 
straight line relati onship, and consequently it is inferred that they too are 
of a metasomati c orig i n (see pp. 50-54) . It is, however, important to note 
that all metasomatic olivines distinguished in this study have resulted from 
replacement of pre-existing magnesian olivine in response to iron-rich 
liquids or fluids. These data do not imply that all of the pipe-hosted 
olivines are of a metasomatic origin, and in fact do not provide any direct 
pOinter to the formation of the bulk of the olivine in these rocks. 

Olivine in iron-rich ultramafic pegmatite is richer in Ni than might be 
expected if t\s compared with similarly iron-rich , cumulus olivines in 
the Bushveld Complex. Field relationships and petrographic studies indicate 
that they only rarely result from metasomatic replacement of pre-existing 
cumulus olivines. Therefore, whether they are of a metasomatic origin or 
have crystallized directly from a liquid, their composition must be directly 
related to that of the putative pegmatitic liquid. This pegmatitic liquid 
may be Ni-rich in comparison with the primary Bushveld magma with a similar 
MgO/FeO ratio. Alternatively, it may be postulated that T, P and fOZ in the 
pegmatitic liquid result in a much higher DNi than in the main magma chamber. 
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MnO-FeO RELATIONSHIPS 
The Mn content of cumulus and pegmatite-hosted olivines in the Bushveld 

Complex is illustrated in Figure 9.6. The cumulus trend is based on 
analyses by the author and by Reynolds (in press, analyses prefixed IR; see 
Table 9.5). No data are available for cumulus compositions from F076 to 
Fo56 . Olivine more magnesian than F081 has not been plotted. For 
compositions between 17 and 54 wt. percent FeO (approximately F081 to Fo30 ) 

the relationship between FeO and MnO is linear and may be described thus :-

FeO = (63.88 * MnO) - 4.1 (n = average of 9 samples; cc = .995) (7) 

With 

more 
compositions more fayalitic than Fo30 the MnO content increases much 
rapidly than the FeO content, consequently the MnO/FeO relationship 

becomes asymptotic. 
Pegmatite-hosted olivine in the compositional range FoSO 

slightly depleted in MnO as compared with the "cumulus" trend. 
metasomatic olivines discussed above plot on a straight 

to Fo40 is 
However, the 
line which 

approximates the cumulus trend. Pegmatite-hosted olivine which is more 
fayalitic than Fo40 is richer in MnO than equivalent cumulus samples, 
consequently a "pegmatite" trend can be constructed which cuts across the 
cumulus trend, becomi ng asymptotic at a lower FeO content (fig. 9.6). The 
asymptotic nature of the MnO/FeO relationship in olivine may possibly be 
explained by a rapid increase in bulk MnO in the liquid or an increase in DMn 
in iron-rich liquids. 
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This plot includes electron microprobe data for cumulus (averages frail the upper critical zon~ (Table 

6.1) .nd upper zono (roDlo 9.5)), pe<Jlllatite-ho,tod .nd hybrid ollvino, (sa"", data as In Figure 9_5) . Note 

differences between U'le cumulus frdctiortation Pdth '"A''' and the pegmatite fractionation path ("8"). The hybrid 

01 ivines define d Single stra ight line "C". 
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9.2 CLINOPYROXENE 

DISTRIBUTION OF Mg, Fe AND Ca 

ANALYTICAL AND SAMPLING DETAILS 
Electron microprobe analyses of clinopyroxene in iron-rich 

pegmatite from Amandelbult are presented in Appendix 8. 
ultramafic 
These are 

individual analyses as, for reasons which will become apparent, averages are 
not representative. These have been recalculated on the basis of six 
oxygens, assuming tota I iron is Fe2+. These ana lyses inc I ude the mi nor 
elements AI, Ti, Mn, Na and Cr. Nickel was determined on a few samples, but 
it is very close to the lower limit of determination. A major problem with 
electron microprobe analysis of coarse-grained pyroxenes is the presence of 
exsolution lamellae. One method of overcoming this is by using a defocused 
beam with a large spot diameter (Buchanan, 1979). However, exsolution 
lamellae in the pegmatitic pyroxenes may be coarse enough to permit the use 
of a small, focused beam positioned between the lamellae. 
an analysis of the host pyroxene, separately from the guest 
other samples exsolution lamellae are very narrow, requiring 
large spot size of approximately 30 to 40 microns. 

DISTRIBUTION OF Mg AND Fe 

This results in 
lamallae. In 
the use of a 

Ca-rich clinopyroxene in iron-rich ultramafic pegmatite at Amandelbult 
is an iron-rich variety of augite with an average XMg (Mg/(Mg+Fe2+)) of 0.64 
(Table 9.2). Similar averages are calculated for samples from one particular 
pegmatite body at Amandelbult ("AE" sample group) and from the Middellaagte 
pipe. All of these averages have low standard deviations, indicating that 
XM9 is constrained within very limited ranges. Zonation, with respect to XMg , 
has not been detected in individual grains. No compositional differences were 
detected between any of the different textural habits of clinopyroxene. This 
may be used as further evidence to support the conclusions reached in Chapter 
8 (cf. p. 139). Clinopyroxene from pegmatite bodies in the main zone exhibits 
an upward fractionation trend, as defined by a gradual decrease in the XMg 
ratio (fig. 9.7; see Mitchell, in prep.). The narrow compositional range of 
clinopyroxenes in iron-rich ultramafic pegmatite from the upper critical 
zone, and the upward iron-enrichment trend match the trends shown by olivine. 

DISTRIBUTION OF Ca 
Compared with the Bushveld trend of Atkins (1969), the 

clinopyroxenes are relatively rich in Ca. Moreover, 
pegmatite-hosted 
they exhibit a 
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considerable range in Ca content (fig. 9.8). This may be a feature of the 
analytical technique used. For example, Buchanan (1979) found that electron 
microprobe analyses with a defocused beam, in comparison with a focused beam, 
were poorer in Ca and richer in Fe and Mg. This is to be anticipated in 
clinopyroxenes which contain exsolved laths of Ca-poor (Mg,Fe) orthopyroxene, 
but many of the pegmatite-hosted clinopyroxenes do not contain exsolution 
lamellae. It may be concluded that they are richer in Ca than cumulus 
samples with an equivalent XMg ratio. This may be related to primary 
liquidus compositions, as in the absence of Ca-poor pyroxene the composition 
of augite is not constrained by the solvus, but simply follows a path 
dictated by the liquid (see Morse, 1980, p. 341). 

9.2.2 DISTRIBUTION OF THE MINOR ELEMENTS 

TITANIUM 
Duke (1976) and Pearce and Norry (1979) quote average values for the 

distribution of Ti between Ca-rich clinopyroxene and liquid, DTi' of 0.34 and 
0.3, respectively. However, data from Karroo basalts has led Marsh (pers. 
comm.) to suggest that DTi for clinopyroxene may be close to unity . If 
fractional crystallization results in enrichment of Ti in the residual liquid 
it might be expected that the concentration of Ti in pyroxene would increase 
as XMg decreases. The composition of clinopyroxenes in the layered sequence 
of the Bushveld Complex has been investigated by Atkins (1969). He analysed 
15 samples, comprising cumulus and intercumulus grains, based on a vertical 
traverse through the cumulate pile (from the critical zone to near the 
roof). These data do not exhibit a smooth increase of Ti as XMg decreases 
(with height), although samples from close to the roof are substantially 
richer in Ti than less fractionated samples ("cumulus trend", fig. 9.9A). 
Clinopyroxenes from the upper critical zone do not exhibit any clear 
relationship between Ti content and XMg , 
(0.84-0.66) is small (data of de Klerk, 

possibly because the range in XMg 
1982 and Kruger, 1984). On a plot 

of wt. percent Ti02 versus XMg these data are widely scattered, such that for 
clarity they have not been shown on Figure 9.9A. 

Clinopyroxenes from iron-rich ultramafic pegmatite at Amandelbult plot 
in a narrow, near-vertical field in Figure 9.9A. These data cluster into two 
groups: (1) unaltered clinopyroxene (containing from 0.50 to 0.70 wt. percent 
Ti02) and (2) clinopyroxenes which are amphibolised (containing from 0.10 to 
0.30 wt. percent Ti02). These samples define a very limited range in XMg 
(essentially from .68 to .61), a\hough it is possible that amphibolisation 

.\ 

results in a slight increase in XMg . Scatter between these two groups is 
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attributable to incomplete amphibolisation. This "amphibolisation trend" is 
not a primary feat ure, and two explanations may be offered. Firstly, Ti may 
be removed from the clinopyroxene during amphibolisation (note that the 
amphibole is Ti-rich), or, secondly, it may be attributed to subsolidus re­
equilibration between clinopyroxene and Fe-Ti oxides. This would result in 
exchange of Ti and Fe for Mg, and thus also explains the slight increase in 
the XMg ratio. It is concluded that the primary clinopyroxene, prior to 
exposure to subsolidus effects, has the maximum Ti02 contents and the lowest 

XMg · 

ALUMINIUM 
In clinopyroxene Al may occur in tetrahedral co-ordination with Si, or 

in octahedral co-ordination with Fe2+, Mg etc. Le 8as (1962) found that the 
distribution of Al in pyroxene reflects the degree of silica saturation, 
rather than the bulk concentration of Al in the magma. The data of Atkins 
(1969) do not exhibit a smooth decrease in Al with decreasing XMg , but iron­
rich samples from near the roof are relatively poor in Al as compared to the 
more primitive clinopyroxenes from the critical zone ("cumulus trend", fig. 
9.98). Cumulus and intercumulus clinopyroxenes from the upper critical zone 
do not exhibit any clear- cut relationships between Al and XMg (data of de 
Klerk, 1982 and Kruger, 1984). 

Pegmatite-hosted clinopyroxenes from Amandelbult are s lightly depleted 
in Al compared to cumulus samples with similar XMg . This may ref lect the 
bulk Al content and silica activity of the residual magma, after 
crystallization of large quantities of cumulus plagioclase. A plot of 
weight percent AI 203 versus XMg exhibits a similar trend to that discussed 
for Ti (fig. 9.98). All of the samples from Amandelbult plot in a near­
vertical field, which is, again, interpreted as a subsolidus trend. 

The relationship between Ti and Al in clinopyroxenes is illustrated in 
Figure 9.9C. In this diagram samples of pegmatite-hosted clinopyroxenes from 
Amandelbult only are plotted. They define a a very narrow range in XMg . Ti 
and Al exhibit a poorly defined, positive, linear relationship. 

MANGANESE 
The distribution of Mn in ferromagnesian silicates is usually related to 

the bulk FeO content, such that a plot of wt. percent MnO versus XMg exhibits 
an increase in Mn with fractionation (fig. 9.10). No differences can be 
established between the cumulus and pegmatite trends. This may be compared 
with a similar plot for olivine (fig. 9.6). Duke (1976) quotes an average 
value for the distribution of Mn between clinopyroxene and silicate liquid, 
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0Mn' of 0.63. 

SOOIUM 
Augite and ferroaugite commonly contain low levels of 

analytical precision at levels less than 1 wt. percent on the 
microprobe do not allow for any reliable assessment of these data. 

Na , but 
electron 

CHROMIUM 
Chromium occurs in substantial amounts in primitive clinopyroxenes but, 

as Cr is rapidly depleted from a basaltic magma undergoing fractional 
crystallization, iron-rich clinopyroxenes rarely contain significant amou nts 
of this trace element. The distribution of Cr between clinopyroxene and 
liquid, OCr ' may be highly vari able; for example, Campbell and Borley (1974) 
quote a value for OCr of 40 and Cox et al. (1979) suggest a more realistic 
value of 10. The data of Atkins (1969) ill ustrate depletion in the Cr 
content of clinopyroxenes with fractionati on. These data suggest that when 
XMg drops below 0.7, Cr is probably below the lower limit of determination or 
present in only very small quantities. In the Merensky and Bastard cyclic 
units the most iron-rich (intercumulus) clinopyroxenes typically contain 
between 0.05 and 0.10 wt. percent Cr203 (X Mg = 0.7-0.55; data of de Klerk, 
1982; Kruger, 1984; and this study). Similar Cr contents were found in 
clinopyroxenes in iron-rich ultramafic pegmatite at Amandelbult. 
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labelled). Pegmatite samples from Amandelbult cluster below the cumulus trend; the HnO content does not appear to 
be influenced by sub-solidus processes. 
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Campbell (1977) found that when Cr3+ substitutes for Fe2+ and Mg2+, 
simultaneous substitution of Si4+ by A1 3+ is required to maintain charge 
balance. This may result in a positive relationship between the Cr and Al 
contents of pyroxenes (see p. 56). As the Cr content of the pegmatite-hosted 
clinopyroxenes is very low, the AIICr ratio is of little consequence in these 
samples (values between 20 and 100 are common). 

9.3 ORTHOPYROXENE 

Ca-poor orthopyroxene is only a minor constituent of iron-rich 
ultramafic pegmatite at Amandelbult. It may occur in two main forms, as 
exsolution lamellae in Ca-rich clinopyroxene and as relict cumulus grains 
(see Chapter 8). Primary grains which are directly related to the pegmatite 
are only rarely observed. Relict, cumulus orthopyroxene is most abundant in 
contact zones, and XMg of these grains is part-way between that of the 
primary cumulus composition and that which would indicate equilibrium with 
pegmatite-hosted olivine and clinopyroxene. Both textural and chemical 
evidence imply that they are in disequilibrium with the putative pegmatitic 
liquid. This is also applicable to partially replaced relict orthopyroxenes 
which occur in the centre of some pegmatite bodies (e.g., sample AE-23, Table 
9.3) . 

9.4 PARTITIONING OF Mg AND Fe BETWEEN OLIVINE AND PYROXENE 

Liquidus and subsolidus relationships between the Mg and Fe2+ content of 
co-existing ol ivines, orthopyroxenes and clinopyroxenes have been the subject 
of a number of investigations. Much of this literature has been reviewed by 
Deer et a I. , (1978, pp. 63-108 and pp. 326-342) and Deer et a I., (1982, pp . 
50-58). The following section presents some of the generally accepted 
partitioning relationships which are applicable to this study. Note that KO 
may be used as a distribution coefficient to describe the distribution of Mg 
and Fe between a mineral and liquid (e.g., between olivine and liquid - see 
equation 1) or it may be used as a partition coefficient to describe the 
distribution of Mg and Fe between two minerals (e.g., olivine and 
orthopyroxene - see equation 8) 

OLIVINE-ORTHOPYROXENE 
The partitioning of Mg and Fe 2+ between olivine and orthopyroxene in 

the temperature range 1300-1100oC is independent of temperature, but 
compositionally dependent (Larimer, 1968). The data of Medaris (1969), based 
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on a run temperature of 9000C, fit the equation :-

Medaris found that KO is not appreciably temperature-dependent over the 
temperature interval 1300-9000C. More recently, Morse (1979) relates XMg of 
olivine and orthopyroxene thus :-

Thi s is a generalised relationship that seems to be applicable to many 
natural and experimental assemblages, but may best be app licable to magnesian 
compositions, e.g., for olivines more magnesian than F060 small variations 
from the Morse equation have little effect on theoretical/measured 
compositions. Compositions of cumulus olivine and orthopyroxene from the 
upper critical zone are presented by de Klerk (1982). These data, together 
with those of the author are plotted in Figure 9.l1A. These suggest minor 
variations from the Morse equation, but more data are required before a 
"Bushveld" trend can be established. 

OLIVINE-CLINOPYROXENE 
The thermodynamic data relevant to the distribution of Mg and Fe2+ 

between olivine and Ca-rich clinopyroxene have been reviewed by Obata et al. 
(1974). They found that (KO)OliV/CPX is strongly temperature-dependent. 
Ouke (1976) investigated the distribution of Mg and Fe2+ between olivine, Ca­
rich clinopyroxene, and mafic liquid and declared that it was not affected by 
temperature, thus :-

Ouke concluded that (KO)OliV/CPX is not constant and varies with composition. 
Thi s equation may be rearranged, to enable direct comparison with equation 
(9),thus: 

Log ((l/XMg ) - 1)0liV = 0.198 + 1.30 * ((l/XMg ) - l)cpx ... (11) 

A plot of XMg for olivine-clinopyroxene pairs from iron-rich ultramafic 
pegmatite does not define a straight line (fig. 9.11B). This may support 
petrographic data that these minerals are not in equilibrium (e.g., magmatic 
replacement of clinopyroxene by olivine). 
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FIGURE 9.~1 Plots of XMg of co-existing pairs of olivine, clinopyroxene and orthopyroxene. 

(A) XMg orthopyroxene (OPX) vs. XMg olivine (OLlY). KO" (XMg)OliV / (XMg)oPx. and "M" is the relationship 
detennined by Morse (1979) - see text. "e" is the cumulus trend determined in this study. thus: 

(XMg)oPx " ((XMg)OliV • 0.96) + 0.05; correlation coefficient" 0.98 . 

(B) XMg clinopyroxene (epX) vs. XMg olivine (OlIY). These data do not fit a straight line. 

(e) !Mg clinopyroxene (epX) vs. XMg orthopyroxene (OP!). For the cumulus sampies in this plot the following 
relationship has been determined (labelled "e") : 

(XMg)cPx " ((XMg)oPx • 0.93) + 0.11; correlation coefficient" 0.99. 
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ORTHOPYROXENE-CLINOPYROXENE 
Hess (1941) observed that tie-lines joining the compositions of 

coexisting Ca-poor and Ca-rich pyroxenes, expressed on a triangular diagram 
of En-Wo-Fs, intersect the En-Wo axis between Wo 70 and Wo80 . This may be 
used to estimate XMg of coexisting pyroxenes. It also indicates that 
(XM9)cPx is greater than (XM9)oPx assuming equilibrium conditions. This tie­
line convergence apparently holds for most natural igneous and metamorphic 
systems. However, partitioning of Mg and Fe2+ is dependent on T, P and 
composition and is best expressed in terms of the distribution coefficient 
KO. This distribution coefficient has been investigated by many workers. It 
usually plots as a curve where KO typically lies between 0.50 and 0.90. 
Values of KO increase with increasing temperature and decrease for more iron­
rich compositions. Fleet (1974) has investigated the chemistry of pyroxene 
pairs from the Skaergaard and Bushveld intrusions. He suggests that the 

distribution of XMgSiO, and XFeSi03 should be considered separately as 
solutions of Mg and Fe in the two pyroxenes are non-ideal. This may 

partly be a feature of different values of aMgSi03 and aFeSi03' rather than 
changes in KO with temperature. It may be concluded that there is no simple 
relationship for the distribution of Mg and Fe between coexisting pyroxene 
pairs. 

Orthopyroxene is only rarely a primary constituent of the iron-rich 
ultramafic pegmatite assemblage, such that this relationship is not of direct 
relevance to this study. However, a plot of XMg of coexisting pairs of, 
cumulus and intercumulus, Ca-poor and Ca-rich pyroxenes from the Bushveld 
Complex is presented in Figure 9.11C . A linear relationship appears to be 
applicable for compositions of clinopyroxene between XMg of 0.9 and 0.5. 

9.5 PLAGIOCLASE 

In this study the composition of plagioclase in iron-rich ultramafic 
pegmatite has not been investigated in detail. The chemistry of cumulus and 
intercumulus plagioclase from the Footwall, Merensky and Bastard cyclic units 
at Rustenburg has been investigated by Kruger (1984) and Kruger and Marsh (in 
press). A problem with electron microprobe analysis of plagioclase in the 
Bushveld Complex is the extreme chemical zonation exhibited by the majority 
of crystals. In the Merensky and Footwall cyclic units the anorthite (An) 
content of cumulus plagioclase lies roughly between AnSO and An 70 ; 
intercumulus plagioclase may have more albitic compositions, An 60 or lower. 
Analyses by the author of cumulus plagioclase from the Merensky and Footwall 
cyclic units at Amandelbult are comparable with the data of Kruger (see Table 



TABLE 9.6 ELECTRON MICROPROBE ANALYSES OF PLAGIOCLASE AND ITS ALTERATION PRODUCTS 

AT-13 AT-13 27-<2 27-E2 "--27 "--27 ~-27 ~26-<'A ~2!H'A ~2!H'A ~26-&\ 27-Al 27-Al 1M-5 1M-5 
.t.S 

Si02 49.63 47.ai 49.97 49.74 46.17 46.47 46. 10 44.ai 45.36 45.53 45.52 49.91 47.81 48.76 45.aJ 
AlzOJ 31.36 32.a! 31.00 31.9:) 32.00 33.71 33.52 34.37 34.32 34.16 33.~ 32.42 32.76 31.52 35.36 
FEO .46 . 41 . 15 .13 .24 .23 .IE .Ill .14 .12 .«l .00 . III .17 .13 
C.:J 15.29 lb.C!i 16.87 17.74 17.C!i 17.15 16.31 17.43 17.16 17.C!i 17.25 15.55 15.54 14.63 lB. 47 
NazO 2.63 2.50 2.a! 1.n 1.18 I.ai 1.99 1.74 2.42 1.76 1.51 2.73 2.53 2.62 .97 
K;P .23 .14 .a! .01 .(13 .a! .12 n. d. .a! .1:2 .01 .C!i .01 .00 .1:2 

TOTIl lID. 01 'E. 93 lID. 12 !!D. 71 IID.C6 99.43 93.92 93.46 99.46 93.f6 93.6B lID. 76 93.76 93. 19 IID.IB 
cations 

si2.2fD 2.221 2.2fD 2.a;o 2.1!l8 2.150 2.146 2.100 2.107 2.123 2.125 2.262 2.214 2.267 2.001 
Al 1.W3 1.7S1 1.674 1.700 1.m 1.638 1.641 1.896 1.87B 1.878 1.896 1.731 1.788 1.727 1.919 
FeZ .00B .016 .!D6 .ms .!D9 .!D9 .(134 .em .ms .ms .016 .em .em .007 .ms 
Ca .750 .198 .626 .634 .637 .850 .814 . 874 . C!i5 .1li2 .8i3 .755 .m .739 .911 
Na .251 .225 .179 .156 .158 .166 .lBl .lSB .218 .159 .137 .240 .227 .254 .006 
K .013 .008 .IDI .002 .002 .001 .007 .001 .001 .002 .em .• 002 .ms .001 

TOTIt 5.!D6 5.Cl!O 4.~9 4.~5 4. 'l36 5.014 5.Cl!5 5.ml 5.t:!i4 5.01B 5.011 4.894 5.!D6 4.999 5.004 
M 73.9 n.4 1'2.1 64.1 64.0 83.6 81.3 64.7 79.6 64.2 ai.l 75.7 n.l 74.0 91.2 
Ab 24.8 21.8 17.8 15.7 15.8 16.3 16.0 15.3 aJ.3 15.7 13.6 24.0 22.7 25.5 8.7 
Or 1.3 .8 .1 .2 .2 .1 .7 .3 .2 .5 .1 

lESaUPTllli" partially 
- curulus--- - - ~laced -- ------ re:;natitic ------- J;BJTIati tic -- - corulus - C1IIlJlus ~titic 

27-01 Z7-E1 27-£1 Z7-£1 27-£2 Z7-£2 1Il-13 1<l-12 ~-27' "--27' /(-27' ~26-S<\' ff.-tf/ 1£-26" f.H.-131' 

wt.% 
36.11 5102 46.97 49.5 50.26 49.C!i 50.39 46.85 44.26 43. 46 39.40 39.33 4O.C!i 42.42 39.:Il 37.36 

AlzOJ 33.85 33.44 32.99 32.(J/ 32.76 32.23 33.73 34.00 32. 16 32.97 31.62 34.60 29.22 31.15 ll.12 

FeD .64 .<5 . 21 .17 .15 .12 .51 .32 2.39 .36 2.n .<5 9.37 5.91 4.23 

ceO 17.21 16.99 17.60 17. 49 17.m 16.92 17.63 17. IE 23.74 24.76 24.13 16.46 22.55 19.51 23.52 

NazO 1.C!i 1.1E .22 1.81 1.99 2.01 1.52 1.5 n.d. .00 .C6 .76 n.d. .23 .07 

K;P n.d. .C!i .01 .01 .01 .(13 • 01 n.d . n.d. n.d. n.d. . (13 n. d. .36 .01 

TOTIt 101. 92 102.<5 101.29 100.58 1(J/.42 100.19 97.69 97.31 97. 71 97.51 93.62 ~.52 100.49 91.59 9I.C!i 

catioos 
5i2.aJl 2.223 2.258 2.236 2.<51 2.234 2.!lJ6 2.C69 1.932 1.920 2.m5 

Al 1.794 1.765 1.747 lorn 1.725 1.737 1.002 1. !Ill 1.8S0 1.897 1.956 

FeZ .ffi2 .!D9 .008 .!D6 .006 .ms .(20 .013 .D!IB .016 .010 

Ca .1'29 .1ll5 .1l1I .855 .818 .1'29 .894 .912 1.247 1.295 .919 

Na .002 .163 .019 .100 .172 .161 .140 .152 .!D6 .071 

K .em .001 .002 .1ll2 .002 .002 .002 

TOTIt 4.917 4.978 4.879 4. !l33 4.974 4. !l38 5.(134 5.C!i3 5.138 5. 135 5.1:23 

M 'D. I 63.1 97.7 64.0 1'2.4 81.9 ai.3 85.7 !!D.O 93.4 92.9 

Ab 9.9 16.6 2.2 15.8 17.4 17. 9 13.5 14.3 .6 6.9 

Or .3 .1 .2 .2 .2 .2 .2 

lE5aU PTllli" IEQ'Mtitic 

p:gnatitic partially replaced ~titic clirmoisite - - ",loote ---

* Analysis excludes H20 and l . O.I. 

** See text for details . 
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9.6). It may be deduced that at this height in the sequence cumulus and 
intercumulus plagioclase is more albitic than AnSO ' 

Partially replaced plagioclase grains in iron-rich ultramafic pegmatite 
at Amandelbult have compositions which vary between AnSO and An 9S (Table 
9.6). Note that due to zonation these analyses are not necessarily 
representative of complete grains. However, grains which may be partially 
replaced by pegmatitic minerals or almost completely saussuritised do not 
appear to show any marked chemical zonation. Electron microprobe analyses of 
clinozoisite and epidote from saussuritised plagioclase grains are also 
presented in Table 9.6. 

9.6 AMPHIBOLES 

According to Deer et al. (1963) and Ernst (196S) amphiboles may be 
divided into three groups, based on the identity of the X cations, assuming 

the structure is described by the following formula: WO_1X2YSZS022(OH,0,F)2 
which represents one half the atoms in the unit cel l . W represents 10 -1 2 
fold co-ordinated cations (large cations, Ca, K etc.), X represents 6 or S 
fold co-ordinated cations (Ca, Na, K,etc), Y represents 6 fold co-ordinated 
cations (Fe, Mg, AI, etc.), and Z refers to tetrahedrally co-ordinated 
cations in Si 3 and Si 2 sites (Si, AI). In many amphiboles the W structural 
site is unoccupied. Minor elements, which have been analysed in this study, 
include Mn (which may occur in both X and Y sites) and Fe3+, Ti, Cr and Ni 
(in Y sites). This classification is as follows: 

(1) X position occupied by (Mg,Fe2+): anthophyllite-cummingtonite subgroup 
b (2) X position occupied by (Ca) Ca-amphibole or hornblende sugroup , 

(3) X position occupied by (Na): alkali amphibole subgroup. 

In this study, the majority of amphiboles recognized in iron-rich 
ultramafic pegmatite at Amandelbult can be classified within the Ca­
amphibole, or hornblende subgroup. These occur in two textural habits, as a 
result of incipient (deuteric) alteration of Ca-rich clinopyroxene, and as a 
primary pegmatite phase. Anthophyllite-cummingtonite may occur associated 
with serpentinised olivine and orthopyroxene (usually in metasomatic contact 
zones) and occasionally at the margins of pegmatite bodies. It is not a 
primary pegmatite mineral and has only been observed as an alteration product 

The chemical classification of amphiboles has recently been revised by 
Leake (197S), who presents a scheme based on recalculated analyses. 
However, analyses in this study have been recalculated using the procedure 



TABLE 9.7 ELECTRON MICROPROBE ANALYSES OF AMPHIBOLE ANO MICA FROI~ IRON-RICH ULTRAMAFIC PEGMATITE 

II'·aJ It-aJ It·'" It-'" 11'-'" It-'" 11'-32 It·32 11'·32 11'·32 ~s~l~ ~ .... 1').<) .... 1').<) .... 1').<) 

.... s x d n , d n 
510l 42.87 42.43 46. 74 43.39 'l . ffi 46.50 41.8' 42.TI 42.46 43.21 43:-42 1.781810 lUJ );.69 );.&5 );:55 .2146 3 
TlOz 2. 12 2.00 2. >l 1.81 3.29 .99 2.69 2.31 2.SS 2.ffi 2.SS . .oro 9 •• a; 4.45 • • a; •• a; .1950 3 
AlzOJ 11.78 11.25 6.43 11.>1 10.&5 9.29 10,92 10.ffi 1O.m 10.SO 10.72 .7l5O 9 13.«l 14.17 13.lIl 13.;'; .:!l8l 3 
FezOJ '.)1 '.!B '.44 '.42 '.99 '.46 '.ffi '.ffi 4.82 '.82 '.68 .>159 10 6.32 5.64 6.25 6.07 .3740 3 
FOJ -10.15 12 .. 45 11.10 11.a; 12.47 11 . 14 12.12 11.63 12.a; l2.lO 11.70 .6132 10 15.l!l 1'.10 15.63 15.lE .- 3 
MIO .1' . 1' .19 .12 . 17 .23 .15 . 14 .15 .m .lD .(!l3J 9 .11 .1' .11 .12 .mn 3 
M<P lLlI 9.99 12.lD 11.63 9.!B 12.SS 10.68 ·l1.aJ 10.'" 10.15 11.01 .9173 10 10.91 11.70 10. 69 11.11 .5250 3 
c.o 12.14 11.87 13.lO 11.68 IUD l1.n 11.&5 11.70 11.SS U.61 11.111 . 44D 10 .01 .01 .CI! .en .m15 3 
HozO 1.!B 1.76 I.lE 2.m 1.69 1. a; 1.75 1. !II 1.75 1.82 1.69 .3166 10 .a; .29 .); .11 .lO13 3 
KzO .?l .13 .l1 .21 1.21 .CI! 1.07 .99 . 1Il 1.13 .61 .4195 8 8.$ 9.D 9.41 9.?l .2346 3 
crzOJ .1Il 1.43 .11 .'ll . 25 .23 .lD .D .'ll .12 .21 .0735 8 .a; -. 25 .23 .<5 .0152 3 

rorA. !B.lIl 99.23 !B.42 97.ffi !B.ll !B.48 97.iIl ~.47 !B. 91 !B.lE !B. 64 $.48 $.TI '17.31 $.15 
cationslz~ ax~ 

5i 6.2910 6.2761 6.&177 6.3978 6.2528 6.7658 6.52ffi 6.l112 6.«:07 6.4240 6.3913 5.7382 5.7521 5.99); 5.7J62 
Ti .ZJ4Z .3115 .'5)74 .an8 .);97 .1011 .D27 .2572 .2891 .2963 . Z834 .4827 .5222 • !l:eB .!l:eB 
Al 2.0395 1.%14 1.1101 1.ffi3S 1.8756 1._ 1.9256 l.!l13l 1.77[>; 1.&000 1.g;99 2.4~ 2.0052 2._ 2.5454 
Fe3+ .48l2 .SS43 .- •• OC/l .5WJ .4869 .5457 .5lID .5469 .5397 .Slal .7523 .&525 . 7656 .7174 
Fe2+ 1.00 1.5402 1.3597 1.li39 1.$8S 1.3528 1.5164 1.4J9I 1.5156 1.49ffi 1.4J9I 2.am I.BI07 2.1383 1.993Z 

'" .017' .0175 .Cl!36 .00SO .CI!15 .Cl!83 .01<:C .m75 .m92 . ro12 .0199 .0147 .01g; .0153 .0160 
Hg 2.'912 2. aJ22 2.&5SO 2.5557 2.= 2.nss 2.3912 2.4i'1l3 2.m 2.2489 2.4153 2.5773 2. 72lB 2.0054 2._ 
C. 1.9107 1.0013 2.0186 1.6454 1.1Il39 1.8217 1.g;76 l .ffi58 l .ffi73 1.6495 1.B7:Jl .COOl .lll67 .CD.JS .(1)50 

H. .5581 .5047 .3lDB .5746 .- .3547 .S076 .SS39 .511' .5246 .4823 .0797 .mT/. . 11'1 .roJl 
K .Cl!SS .m52 .(617 .0l!E .2Di .lD37 .<!l4Z .Ja;9 .1711 .2143 .11'5 1.a:68 I.ffi12 1. g)3~ 1.11059 
C, .1b68 .a;se .0127 .am .(l295 .CI!64 .mB9 .a151 _ .(!J22 .m.l .CI!44 .lB5O .03fJJ .a197 .ano 
TUTA.. 15.4716 15.3993 15 .9121 15.4497 15.ll93 15. 2519 15._ 15.46SS 15.ll70 15.)151 15.3652 15. 1770 15.1468 15.1923 15.1649 

~eT .579 .513 .589 .579 . 512 .596 .536 .ssa .531 .52. .552 •• 76 .521 .'73 .489 
_FeZ' .&51 .588 .&51 .f62 .588 .E67 .611 .632 .fIT> .(iIJ .~7 .552 .596 .~9 . 566 

M..27-lO. K.27-JA M..27-JA 11..27-38 M...27-3B M..27-38 1'\.27-38 /127-3 ,,-,"9-<) .... 1').<) .... 1').<) .... 1').<) .... 29-0 .... 1').<) 

'U x d n x d n 
510/ 41.9:t 42.49 41.65 '1.l!l 44.29 42.'" 43.00 43:-SJ .'ll77 7 47.37 44.54 48. g; 43.83 49.10 46-:-74 2.4377 5 
TlOz 3.CI! 2.52 2.69 3.43 2.29 2.&5 2.lE 2.BI .4295 7 1.53 1.!Il 1. 11 2.83 .79 1.61 .7831 5 
AlzOJ 10.1' 9.g; 10.93 10.37 B.<:C 10. a! 10.)1 1O.11 .62CO 7 8.70 9.52 6.15 10.00 5.$ 7.58 1.7970 4 

FezOJ 5.(6 5.12 '.50 5.01 5.m '.69 '.60 '.00 .ZJS6 7 '.75 5.m '.82 ' .!II '.70 '.ffi .l5(!j 5 
FOJ 12.~ 12.!Il 1l.SO 12.59 12.n 11.n 11.51 -12.21 .5979 7 11.B3 12. 58 12.lO 12.31 11 .76 12.11 .)111 5 
"'l . lE .1' . 17 .211 . 211 .15 .1' .17 .Cl!61 7 .18 .'ll .'ll .21 .>1 .23 .al9l 5 
H<Il 10.11 9.92 11.01 9.g; 10.75 11.07 11.65 1O.!il .6812 7 11.38 10.19 12.58 10.25 13.00 11.SO 1.3217 5 
c.o 11.35 11 .31 11.«J 11.29 11.31 11.49 11. SO 11 .38 .m73 7 11.B3 11.<18 11.71 11.31 11.'" 11. 55 .2173 5 

HazO 2.05 lSI 2.48 2.n 2.00 2.66 2.SJ 2.51 .2141 7 1.44 1.78 .!II 1.!II 1.01 1.42 . 4439 5 
KzO .69 .~ .'1 .57 .64 .37 .)1 .52 .1431 7 .70 .87 .43 .93 .43 .61 .22lIS 5 
C'zilJ .m .(6 .lO .07 .m . m .(!l .07 • Cl!07 7 .lD .24 .?l .11 .lE .211 .007 5 

rorlt 97.63 97.39 97.05 !B.OJ <B. 29 97.00 97.97 !B.69 91.87 !B. 35 99.12 se.87 !B.SS !B." 
caticml13 QI()2!OS 

51 6. D9l 6.«l2Il 6.a;27 6.21)79 6.5761 6.3364 6._ 6.4296 6.~7 6.5874 7.0791 6.4632 7.1319 6.ffiBB 
TI .)117 .al56 .])11 .H>7 .2557 .2978 .2431 . 2977 .lB59 .m .l209 .31ll .fJJ63 .1777 
Al 1.7<Hl 1.7'95 1.9'314 1.8324 I.SS76 l.l!lm 1.1[1;9 1.76Cl! 1.4783 1.&S56 1.a;m 1.7'ilJ I.Cl!04 1.3111 
Fe3' .5714 .SllI .5201 .5681 .5679 . 5273 .5136 .5427 . 5157 .5742 .5256 .5464 .5141 .5379 
Feb 1.5876 1.6126 1.4460 1.5785 1.5700 1.4651 1.4270 1.5C83 1.432B 1.59SS 1._ 1.5182 1.42&S 1.4~ 

'" .Cl!29 .0179 .CI!16 .Cl!54 .Cl!54 .01<:C .0176 .CI!13 .Cl!2O .(Il.J8 . lD3l • Cl!62 • (l295 .1l!ffi 

'" 2.Z866 2.?l78 2.4734 2.aJ9I 2.3788 2.46SS 2.5740 2.3000 2.4449 2.2461 2.n64 2.2526 2.1D37 2.5150 
C. 1.8295 1.8262 1.8363 1.l!l36 1. 7'J9I 1.B399 1.8268 1.!Il11 1.8273 1.l!l93 1. l!l79 1.78/1) l.n43 1.8!61 ... .m5 .7!Il! .7228 .BlDI .0016 .7707 .n72 .7llIl .«l2' . 5104 . a;12 .54B9 .2B44 .«l4O 
K .132' .11!11 .0786 .- .1212 .0l06 .(643 .!lI'D .1287 .lB41 .0795 .lD!II .0797 .1254 
CI' .0l95 .0);0 .ron .am . an; .(1)'95 .ma; .lDl2 .mat .Cl!!IJ .Cl!52 .lB5O .ID!l2 .CI!32 
TOTIt 15.5170 15.5191 15.5651 15.5435 15."'" 15.5773 15.5669 15.'765 15.= 15. 3366 15.W 15.32!B 15.1521 15. ?l95 

~eT .512 .!DI . 557 .sa; .526 .5531 .570 . 533 . $7 . 509 .578 .522 .593 .SS3 
~e2+.:m . !Ill .!ill .5B3 .rol .~73 .643 .600 .!ill . Sffi .&SO .597 .(65 . ~7 
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of Allen and Boettcher (1983) which is based on a "dry" analysis, assuming 
23 oxygens (see Appendi x 9). Comparison with the classification scheme of 
Leake is, however, still valid. Recalculated electron microprobe analyses 
of amphiboles analysed in this study are presented in Table 9.7. All of 
these samples are of "hornblendes" from iron-rich ultramafic pegmatite at 
Amandelbult. In these analyses Mg/Fe ratios are presented as atomic 
Mg/(Mg+Fe2+) and Mg/(Mg+Fe T) where FeT = Fe2+ + Fe3+. 

They may be classified as calcic amphiboles, according to the scheme of 
Leake (1978) as the cations (Ca + Na)ose greater than 1.34 and cations Na is 
less than 0.67. In calcic amphiboles cations Ca is typically greater than 
1.34 (usua lly greater than 1.8 in this study). Furthermore, atomic Fe3+ is 
less than 0.75 such that the prefixes ferri or ferrian are not applicable, 
and other minor constituents (such as Ti, Mn, K) are too low to warrant 
prefixes. Using this classification scheme the following amphiboles are 
recognized - magnesian hastingsitic hornblende and edenite (in both. of which 
(Na+K) is greater than 0.5, Ti is less than 0.5 and Fe 3+ is greater than 
AI VI (see Table 9.8). 

Edenite is restricted to one occurrence, at the margin of the large 
Middellaagte pipe. Samples here (from borehole ML29) are unusually rich 
in hydrous ferromagnesian silicates. 

Table 9.8 CLASSIFICATION OF AMPHIBOLES IN THIS STUDY 

--------- -- ------------------ ------- ----- -------------------
cations 2 3 

----------------------------------------------- -------------
Na + K .5968 .8168 .5294 

Ti .2834 .2977 .1777 
Fe3+ .5181 .5427 .5379 
Al VI * .2512 .1898 . 1698 

Si 6.3913 6.4296 6.8588 
(X ) 1 .627 .608 .627 Mg 
(X )2 .552 .533 .553 Mg 
------------------------------------------------------------

.645 

1.47 

1.08 

.658 

1.69 

1.24 

------------------------------------------------------------
1. "AE" samples (n = 10) : Magnesian hastingsitic hornblende 

2. ML27-3 (n = 7) : Magnesian hastingsitic hornblende 

3. ML29-0 (n = 5) : Edenite 

Note that AI VI = Total Al - (8-Si) 

(X
M9

) 1 = (Mg/(Mg+Fe2+)) and (X
M 

)2 = (Mg/(Mg+FeT)) 

K = ratio of (X ,amp to (X )~px 
o Mg Mg 



In contrast, magnesian hastingsitic hornblende is the 
amphibole found in typical iron-rich ultramafic pegmatite, 
Amandelbult and in the core of the Middellaagte pipe. 
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ubiquitous 
both at 

No maj or 
compositional differences have been recognised between discrete grains and 
those resulting from alteration of clinopyroxene. It is a relatively iron­
rich hornblende, as might be expected. In comparison with the host clinopyr­
oxene, this amphibole is enriched in Ti, AI, Na, K and possibly Cr, at the 
expense, essentially, of Si and Ca. The ratio of {X )amp/{X )cpx is 

T Mg Mg 
estimated at between 1.08 and 1.24 {1.47-1.69, if Fe is used instead of 
Fe2+ to calculate (X lamp) Mg . 

9.7 MICAS 

Phlogopite and annite form a solid solution series 
(cations Mg/{Mg+FeT) of phlogopite is greater than 0.66 . 

in which XMg 
Biotite is a 

member of this series with XMg less than 0.66. In addition, in biotites 
further substitution of Al in both tetrahedral and octahedral sites occurs 
(Deer et al., 1962). Phlogopite is typical of ultrabasic and basic igneous 
rocks whereas biotite is widely distributed in many igneous rocks. This may 
be illustrated on a ternary diagram of {Fe203+Ti02)-{FeO+MnO)-MgO (see Engel 
& Engel, 1960). Mica from this study, which is biotite (X Mg = .566, 5 
analyses on one sample only - see Table 9.7) plots within the field 
designated "diorites" on Engel and Engel's diagram. 

The relationship between XFe2+ and XFeT of coexisting 
pyroxene, mica and hornblende has been investigated by De Vore 

pai rs of 
(1957) . 

According to De Vore biotite has a lower XFeT value than coexisting 
hornblende, although the differences are small. In this study values for 
{KD)mica/amPh (calculated as XMg ) are 1.29 (using Fe2+) and 1.52 (using FeT) . 
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9.8 SUMMARY OF XM9 RELATIONSHIPS 

Average values of XMg for silicates from iron-rich ultramafic pegmatite 
at Amandelbult are presented in Table 9.9 

TABLE 9.9 AVERAGE XMg VALUES 

2 3 

Clinopyroxene .645 .658 
Amphibole .627 .608 .627 
Biotite .566 
Olivine .423 .430 

* Orthopyroxene .50 .52 

1. "AE" samples (small pegmatite body, Amandelbult) 
2. ML27-3 ("core" of the Middellaagte pipe) 
3. ML29-0 (margin of the Middellaagte pipe) 

* Theoretical composition calculated from ol ivine-orthopyroxene 
relationship of Morse (1979). 

These may be summarised thus ;-

(X )cpx> (X lamp /> (X )mica /' (X )opx /" (X )oliv 
Mg Mg Mg Mg Mg 



- 174 -

CHAPTER 10 Fe-Ti-Cr OXIDE MINERALOGY AND CHEMISTRY 

Disseminated Fe-Ti-Cr oxides are ubiquitous accessory constituents of 
typical, silicate-rich, ultramafic pegmatite (see Chapter 8). However, 
these phases may predominate over silicates such that they form rocks which 
are best described as Fe-Ti oxide pegmatite. A distinction between normal 
Fe-Ti oxide pegmatite and Cr-rich Fe-Ti oxide pegmatite was made in Chapter 
2. Within these two groups, disseminated Cr-rich and Cr-poor Fe-Ti oxides 
are also recognized. This chapter discusses the mineralogy and chemistry of 
both massive and disseminated Cr-rich, and Cr-poor, Fe-Ti oxides. Much of our 
knowledge of Cr-rich spinels in these rocks is based on a comprehensive study 
by Cameron and Glover (1973). 

10.1 INTRODUCTION 

REVIEW 
The term "spinel" refers to a group of oxide minerals that crystallize 

with a face-centered cubic crystal structure. The unit cell of this 
structure, which may accommodate up to 30 different cations, consists of32 
oxygens. Within this framework the cations occupy 8 tetrahedrally and 16 
octahedrally co-ordinated sites. The generalised formula may be written as : 
XY204 (or X8Y16032 per unit cell) where X and Y represent cations of 
different valence states. Two types of spinel are recognized, "normal" and 
"inverse" types. In normal spinels the 8 X cations occupy 8 tetrahedral 
sites and the 16 Y octahedral sites., so that the formula can be written 
X(Y2)04 where the brackets denote the octahedral sites. In inverse spinels 8 
of the 16 Y cations occupy the tetrahedral sites, yielding a structure of the 
type Y(YX)04 (Deer et al., 1962; Lindsley, 1976; Reynolds, 1982). 

The composition of naturally occurring chromites, or Cr-rich spinels, 
may be depicted on a prism (see Stevens, 1944). The following important end­
members are recognized: chromite (FeCr204), picrochromite (Mgcr204), spinel 
sensu stricto (M9AI 204), hercynite (FeAI 204), magnetite (Fe304), and 
magnesioferrite (MgFez04). Either partial or complete solid solution occurs 
between these end-members such that naturally occurring chromite grains 
contain variable proportions of Al and Mg, in addition to Cr, Fe3+ and Fe2+. 

In addition, variable amounts of ulvospinel (Fe2Ti04) are often present in 
naturally occurring chromite. The presence or absence of miscibility gaps in 
this solution series has been the subject of many investigations. 

In magmatic ores or rocks Fe-Ti spinels are usually intermediate members 
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of the magnetite - ulvospinel solid solution series. Unexsolved members of 
this series are referred to as titanomagnetite. However, in slowly cooled 
magmatic rocks members of the magnetite ~ulvospinel series become unstable 
with decreasing temperature and decompose to form "composite" Fe-Ti oxide, 
usually referred to as Ti-magnetite. This normally shows a much more 
restricted compositional range than Cr-rich spinels, and only contains minor 
amounts of Cr, Al and Mg. However, these composite Ti-magnetite grains may 

contain a wide range of intergrown phases, often including ilmenite, 
ulvospinel and pleonaste. 

The end member composition of ilmenite is essentially FeTi03. It 
exhibits trigonal symmetry and may thus be distinguished optically from Fe-Ti 
spinels. Minor amounts of Mg and Mn may substitute for Fe2+ (Deer et al., 
1962). Because ilmenite forms a solid solution series with hematite at high 
temperatures minor proportions of Fe3+ may be present in the ilmenite 
structure. According to Lindsley (1976), the composition may be expressed as 

3+( 2+ ") Fe Fe ,T1 X03' where X is the mole fraction of ilmenite. The value of X is 
usually calculated from the atomic proportions of chemical analyses. 

RECALCULATION TECHNIQUES 

In this study electron microprobe analyses of Fe-Ti-Cr oxides have been 
recalculated in terms of cations on an oxygen-free basis using the following 
techniques. Cr-rich spinels, in which Cr203 comprises over 2 wt. percent 
have been recalculated on the basis of 24 cations using an in-house computer 
program developed by H.V. Eales. Using this technique the proportion of 
Fe3+ is calculated from total iron, assuming stoichometry. Cr-poor spinels 

(with less than 2 wt. percent Cr203) and ilmenites have been recalculated 
using the technique of Stormer (1983). For specific comparison purposes Cr­
poor spinels have also been recalculated using the former method. Full 
details of these procedures are given in Appendix 10. 

10.2 Cr-RICH Fe-Ti OXIDE PEGMATITE 

FIELD EXPOSURES AT AMANDELBULT 
In the critical zone of the layered sequence at Amandelbult bodies of 

magnetic spinel were first reported by Wasserstein (1936). In two of these 
occurrences massive Fe-Ti-Cr oxides form cores within much larger, probably 
pipe-like bodies of silicate-rich pegmatite. They also form irregular veins 

and sheet-like bodies which cut both the silicate-rich pegmatite and the 
cumulate wallrocks. Outcrop is very poor, but two of these bodies are 
postulated to occur at the extrapolated position of the LG and MG chromitite 
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layers. A third body of massive Cr-rich Fe-Ti oxide pegmatite occurs at 
Amandelbult as a thin (1-2 m thick), sheet-like feature which crops out over 
a strike length of several hundred metres. It occurs at the extrapolated 
suboutcrop of the UG -1 chromite layer. Silicate-rich ultramafic pegmatite 
float, defining an ellipsoidal feature, is found in the hangingwall of this 
body. In general the poor outcrop at Amandelbult is such that surface 
exposures of these rocks cannot be examined in detail. 

In mine exposures at Amandelbult thin Fe-Ti-Cr oxide stringers and 
layers may readily be observed. They invariably occur at the contacts 
between either unreplaced, or partially replaced cumulates and sheet-like 
bodies of iron-rich ultramafic pegmatite. They can be related to the 
presence of primary, cumulus chromitite layers. At Union Section, de 
Klerk (pers. comm.) observed similar Cr-rich Fe-Ti oxide pegmatite adjacent 
to the UG-1 chromitite layer. Unfortunately, exposures at Amandelbult are 
restricted to thin chromitite layers. In compar ison, Cameron and Oesborough 
(1964) and Cameron and Glover (1973) examined relatively thick chromitite 
layers. 

Cameron and Glover (1973) observed that Cr-rich Fe-Ti oxide pegmatite is 
present in two main modes of occurrence. In the simpler, magnetic spinel 
forms a 
chromitite 
(which is 

layer along either the upper or lower surface of a pre-existing 
layer which is in contact with a pegmatite body. This layer 

usually 0.5 - 20 cm thick) may be even and regular or may project 
into the chromitite in an irregular manner. In the second mode of occurrence 
chromitite layers are brecciated and patchily replaced by magnetic spinel. 
With in the same layer sheet-like replacement may have occurred resulting in 
alternating layers of granular (unreplaced?) chromitite and hybrid magnetic 
spine l . This latter process is clearly fracture controlled (Cameron & 
Glover, 1973). 

Large-scale fracture-controlled replacement of chromitite layers has not 
been observed at Amandelbult. However, where very thin chromitite layers (1 
- 5 mm thick) are "replaced" fracture control may play an important role. 
The primary cumulate layering is usually preserved and Cr-rich Fe-Ti oxide 
pegmatite is laterally transitional into unreplaced chromitite. Replacement 
of the Merensky chromitite layers is illustrated schematically in Figure 7.9 
(see pp. 121-122). The Merensky lower chromitite layer is often 
unrecognizable, but the upper chromitite layer, where it overlies replaced 
Reef, is usually intact. In this situation the partially replaced upper 
chromitite layer (or hybrid Fe-Ti-Cr oxide layer) may be traced laterally, 
with no disturbance, into areas where "normal" chromitite overlies "normal" 
Reef. The "normal" Merensky upper chromitite layer is approximately 15-20 mm 
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thick and contains an appreciabe proportion of intercumu lus silicate material 
(highly variable, but estimated at 30-50 modal percent; fig . 10.lA). The 
replaced oxide layer is often in excess of 50 mm thick and contains only 
trace amounts of interstitial material (fig. 10.lC) . The replaced oxide layer 
is thus characterised by a thicker and more massive nature . Bulk increases 
in oxide components of four to five times are typical. Locally the replaced 
Merensky upper chromitite layer may be cut and veined by pegmatitic material. 

The chromitite layer above the upper pseudo reef A at Amandelbult is 
usually only a few millimetres thick and consists of very loosely packed 
grains. This layer typically consists of clusters of half a dozen grains 
which are separated by 1 to 2 mm of silicates and is overlain by a mottled 
anorthosite (fig . 10 .2A). A pegmatite body may conformably overlie this 
chromitite layer, such that the harzburgite below the chromitite is not 
replaced (fig. 10.4). The contact between the pegmatite and unreplaced 
harzburgite is roughly conformable to the primary layering. It is marked by 
the development of a thin Cr-rich Fe-Ti oxide layer, which varies between 5 
and 10 mm in thickness, but may locally exceed 30 mm in thickness. This oxide 
layer may be massive or may contain bew~en 5 and 10 modal percent • 
interstitial silicate material (fig. 10.2). This represents a bulk increase 
in oxide components approaching 20 times, as compared with the primary 
chromitite . The thicker parts of this oxide layer are very irregular and may 
project down into the overlying harzburgite. When this layer is traced along 
strike, past the discordant lateral margin of the pegmatite body (i.e. to the 
west of position "X" in Figure 10.4) it becomes thinner and less massive. 
Eventually, at a lateral distance of 1.2 m from position "X" it shows a step­
like form and thins out rapidly (sample AH-19; fig. 10.2B). At a lateral 
distance of 1.5 m from position "X" this oxide layer is indistinguishable 
from the normal cumulus chromitite layer. 

From a study of the field relationships it may be concluded that 
(1) Hybrid oxide layers result from addition of material to the primary 

chromitite layers. 
(2) Removal or replacement of intercumulus silicate material has occurred. 
(3) The pegmatitic liquids were channelled along chromitite layers, 

resulting in replacement of the same for some lateral distance away from 
pegmatite bodies, as well as vertically above or below them. 

TEXTURAL FEATURES 

The hybrid Fe-Ti-Cr spinel is readily distinguished from primary 
chromite by its purple-grey colour, coarser grain size, metallic lustre and 
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magnetic properties. limen i te 
silvery-grey grains that exhibit a 

may 
high 

be observed in 
metallic lustre. 

this assemblage as 
The main textural 

features apparent in hand-specimen are the high degree of compaction and lack 
of interstitial silicate material. 

Some of the progressive textural changes associated with the formation 
of hybrid Fe-Ti-Cr oxide layers are observed in the "AH" range of samples 
(fig. 10.4) and are illustrated in Figure 10.2. Sample AH-20B is the 
typical chromitite cumulate; sample AH-14 is the most Cr-rich composition 
found in the hybrid oxide layers; it is less well annealed and contains a 
considerably higher proportion of interstitial material than the other 
samples. 

In 
chromite 
Glover, 

reflected light Fe-Ti-Cr spinel may be distinguished from 
by its higher reflectivity (Cameron & Desborough, 1964; 

1973). Grains which are compositionally closest to the 

cumulus 
Cameron & 

primary 
cumulus composition are usually optically homogeneous and contain no silicate 
inclusions (compare to samples from Driekop - pp. 59-60). These features 
are similar to the optical properties exhibited by cumulus chromite. 

However, an Fe-Ti-Cr spinel containing less than 10 wt. percent Cr203 more 
closely resembles Ti-magnetite. These are usually coarser-grained than the 
Cr-rich spinels and typically host a complicated range of microinterg rowths 

(see below). Ilmenite, which is not observed as discrete grains in 
chromitite cumulates, is an ubiquitous constituent of these hybrid oxide 
layers. Locally it may constitute in excess of 30 modal percent. It occurs 
both as discrete grains and as intergrowths in spinel. 

CAPTION FOR FIGURE 10. 1 "REPLACEMENT" OF THE MERENSKY CHROMITITE LAYERS 

!.:.. Section through the normal Merensky upper chromitite layer (sample AA-4). 

b_ Section through the normal Merensky lower chromitite layer; underlain by mottled anorthosite, overlain by the 
Merensky Reef (compare proportion of fntercumulus material with that in "a" (sample AT-14) . 
£:.. Section through the basal contact of the replaced Merensky upper chromitite layer (or Fe-Ti-Cr oxide pegmatite), 

overlying replaced (olivine-rich) Reef. Compare massive nature of this layer (which in this sample is 50 mm thick) with 
that in the primary layer in "a" (sample 27-C1). 

~ Microtexture of the normal upper chromitite, consisting of cumulus chromite (light grey) and intercumulus silicate 

(black) (as sample "a"). 

~ Microtexture of the replaced upper chrcxnitite. consisting of granular Fe-Tf-Cr oxides. This sample, which is from 

the middle of the replaced layer. consists of Cr-rich spinel; the paucity of ilmenite and the poorly developed foam 

texture distinguish it frern the well-annealed Cr-poor spinels in fig. 10.6a.b (as sample "C"). 

f.:.. Duplex aggregate of Cr-poor Fe-Ti-Cr spinel ("s ") and ilmenite (lIil") with minor interstitial sUlcate (black.) in a 

"xenolith" of replaced lower chromitite. The abundance of ilmenite in this sample may reflect the greater proportion of 

intercumulus sites in the lower chromitite layer, as compared to the more massive nature of the upper chromitlte layer 

(sample 27-Fl). 

~ Irregular upper contact of the replaced upper chromitite layer (grey) . The overlying hangingwall pyroxenite (black) 

Is partially replaced. Note minor sulphides (white) (sample AG-l). 

("a". "b", "c" in plane polarised transmitted light. and lid" - ""g" in plane polarised reflected light; arrow indicates 

way up) 
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FIGURE 10.2 STAGES IN THE PROGRESSIVE FORMATION OF A Cr-RICH Fe-Ti OXIDE LAYER 

a. Thin chromi ti te stringer at contact between a harzburgite (the upper pseudoreef A - below) and an anorthosite 

(above ) . Norma} sequence (sample AH-208). !.:.. Step-like feature in early development of Cr-rich Fe-Ti oxide layer. 

which has formed, essentially at the expense of the harzburgite. Compare grain size of oxide here with primary chromite 
in "a" and note saussuritisation of plagioclase in the anorthosite (sample AH-19). £.:.. Well-fontled Cr-rich Fe-Ti oxide 

1 dyer (wh ieh pseudomorphs the prima ry layeri n9) at contact between re 1 iet body of anorthos i te (saussuri t i sed) and 

partially replaced harzburgite. Note scalloped edges of both upper and lower contacts and compare proportion of 

interstitial silicate material with that in "b" (sample AH-21). d. Massive Cr-rich Fe-Ti oxide layer with pegmatite 

(which has replaced anorthosite) above and partially replaced harzburgite below. Note replacement of silicates by the 

oxide (sample AH-14). 

(All samp les here are vertical sections from the same stratigraphie position - see fig. 10.4; All in transmitted light 

with crossed polar i sers; arrow indicates way up) 
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These hybrid oxide layers usually exhibit a characteristic foam-like 
texture with well developed 1200 dihedral angle triple junctions. This 
texture is attributed to annealing (see pp. 137-140). The development of 
perfect foam-like textures is arrested by the presence of interstitial 
silicate and granular ilmenite (see fig. 10.6A-D). Ilmenite is less readily 
polygonised than Ti-magnetite and duplex aggregates of these two minerals do 
not show well developed foam-like textures (fig. 10.6F). Many of these 
textural changes may be observed in Figure 10.1 (D-G). These Fe-Ti-Cr 
spinels exhibit similar microstructures to those described by Cameron and 
Glover (see below). 

The presence of granular ilmenite in Cr-rich Fe-Ti oxide pegmatite is 
of particular interest. It may have crystallized directly from the putative 
pegmatitic liquid (the most likely explanantion) or it may be of a 
metasomatic origin. It is also considered likely that some Fe-Ti spinel 
also crystallized directly from the putative liquid, probab ly due to 
preferential nucleation on pre-existing chromite grains. The format ion of 
these hybrid oxide layers must also imply dissolution of the intercumulus 
silicate material. 

SAMPLING AND ANALYTICAL DETAILS 
1. AZ-1, AZ-2 Cr-rich Fe-Ti oxide pegmatite associated with the LG and 

MG chromitite layers, respectively, Amandelbult (surface). 
2. AS-A1, AS-A2: Cr-rich Fe-Ti oxide pegmatite associated the with UG-1 

chromitite layer, Amandelbult (surface). 
3. LA-3, LA-3A: Cr-rich Fe-Ti oxide pegmatite from the pegmatite body on 

Grootboom-Annex Grootboom, Levino chromitite mine, eastern Bushveld 
Complex. (surface - see fig. 2.5) 

4. 27-F1,F2 Cr-rich Fe-Ti oxide pegmatite associated with the replaced 
Merensky lower chromitite layer, Amandelbult (underground). 

5. 27-C1,C2 Cr-rich Fe-Ti oxide pegmatite associated with the replaced 
Merensky upper chromitite layer, Amandelbult (underground). 

6. "AH-samples": Cr-rich Fe-Ti oxide pegmatite associated with the chrom­
itite layer above the upper pseudoreef A, Amandelbult (underground). 

Large, silicate-free 
analysed using standard 

samples of Cr-rich Fe-Ti oxide p:matite , 
X-ray fluorescence techniques (see Appendix 

were 
5) • 

These samples were hand sorted for purity, although in general this was 
hardly necessary. To ensure that suitable standards were available, and to 
overcome possible mass absorption problems, samples were diluted with roughly 
two thirds "specpure" Si02' The exact proportions of sample and Si02 were 



- 180 -

then used to recalculate the analysis to the original total. The results are 
presented in Table 10.1. Because of the Cr-rich nature of these samples, 
even after dilution with Si02, suitable standards for XRF analysis of Cr were 
not available. For this reason Cr203 was determined by electron microprobe; 
it is presented in Table 10.1A on a normalised, loss-on-ignition free basis. 
Electron microprobe analyses of Cr-rich Fe-Ti spinels and ilmenite from these 
samples are presented in Tables 10.1 , 10.2 and 10.3. For analytical details 
see Appendix 10. 

WHOLE-ROCK CHEMISTRY 
Some of these samples exhibit fairly consistent Ti02 contents (note that 

this includes granular ilmenite, ilmenite and ulvospinel exsolution bodies 
and Ti02 in solid solution in the spinel), that may be only marginally higher 
than those determined by spot analyses of discrete spinel grains (compare 
samples AZ-1 and AZ-2; Table 10.1). Other whole-rock samples are relatively 
rich in Ti02, an indication that granular ilmenite is a major constitutent 
(samples AS-A1, AS-A2, LA-3; Table 10.1). The Al 203 and Cr203 contents of 
these rocks may be attributed almost entirely to spinel, whereas a 
significant proportion of MgO is present in both spinel and ilmenite. 
Variability in the A1 203 and Cr203 contents may be attributed to primary 
cumulus compositions and to the proportion of new (pegmatitic) material, as 
compared to the primary chromitite layer. These data reflect the high V203 
content of these oxides (see Chapter 12). The Cr-rich oxides are richer in 
V203 than are Cr-poor, Fe-Ti oxide pegmatites. 

COMPOSITIONAL VARIATION - ELECTRON MICROPROBE DATA 
Compositional variation in the chemistry of Fe-Ti-Cr spinels in these 

hybrid oxide layers has been clearly demonstrated by Cameron and Glover 
(1973). In this study this feature has been documented using electron 
microprobe analyses. The compositional variations found by Cameron and Glover 
(1973) are substantiated here. Two main sections have been studied 
vertical profiles through the replaced Merensky upper chromitite (samples 27-
C1/2; sample positions in fig. 10.3 ; analyses in Table 10.2) and a strike 
section along part of the replaced chromitite above the upper pseudoreef A 
(all "AH" samples; sample positions in fig. 10.4; analyses in Table 10.2) . 

Compositional variation in the replaced Merensky upper chromitite layer 
is illustrated in Figure 10.3. In this section pegmatite occurs both above 
and below the hybrid oxide layer, such that, not unexpectedly, the most Cr­
rich compositions occur in the middle of the layer (e.g . , sample 27-C1, 
analysis 3). Evidently, the chromitite layer has been exposed to pegmatitic 
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liquids from above and below. In a section in which the replaced chromitite 
layer is overlain by the normal hangingwall pyroxenite the the most Cr-rich 
compositions are furthest away from the pegmatite (results of an electron 
microprobe contour map - not presented here). 

Compositional variation along a strike section of the replaced 
chromitite above the upper pseudoreef A is illustrated in Figure 10.4. These 
data are also plotted against the Mg/(Mg+Fe2+) ratio (fig. ' 10.5). Most of 
these samp les have re-equilibrated and do not show any variation relative to 
their position in the layer (unlike in the sequence illustrated in fig.10.3) . 
The exception to this are samples AH-14 and AH-19. This is a function of 
the thickness of the oxide layer at these particular positions (see fig. 
10.2). In the thick oxide layers re-equilibration has not resulted in 
complete homogenization, whereas in the thin layers it has modified primary 
compositions to produce an average composition. In Table 10.2 additional 
data for disseminated cumulus chromite grains from the harzburgite below the 
hybrid oxide layer are presented (sample AH-21B, nos. 1-4; compare with 
sample AH-21A which is of the actual layer). 

Electron microprobe analyses of ilmenite from Cr-rich Fe-Ti oxide 
pegmatites are presented in Table 10.3. All of these samples are of discrete 
grains. Compared with disseminated ilmenite from pegmatite at Amandelbult 
(see below) they generally contain a higher percentage of the ulvQspinel 
molecule. Secondly, they are consistently richer in Mg which is possibly a 
function of subsolidus re-equilibration with adjacent spinel. 

DISCUSSION 
The composition of Cr-rich Fe-Ti oxide pegmatite may be explained by 

metasomatic exchange between cumulus chromite and pegmatitic liquid or 
subsolidus re-equilibration between cumulus chromite and Fe-Ti oxides (which 
are Cr-poor) that have crystallized directly from the pegmatitic liquid. 
Field relationships indicate that considerable addition of material has 
occurred. Evidence from disseminated spinels (their microstructures and 
chemistry) indicate that Ti-magnetite and ilmenite have crystallized from a 
liquid probably at magmatic temperatures. Evidently, pre-existing cumulus 
chromitite layers or disseminated cumulus chromite grains have acted as 
highly efficient nuclei. 

Although some metasomatic exchange may have occurred the compositional 
variation within these hybrid oxide layers is best explained by subsolidus 
re-equilibration. This presumably occurs at relatively high temperatues 
during the early stages of cooling and is concomitant with . exsolution and 
contemporaneous oxidation-exsolution processes. These processes are all 
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Based on electron microprobe analysis of spinel grains tn two probe sections, 27-C1 and 27-C2; individual analyses 

are presented In Table 10-2 (27-Cl, nos. 1-11; 27-C2"nos.I'-I7) . The canposltlon of cumulus chromlte fran the 

nonnal (unreplaced ) Merensky upper chromltite layer is presented in the break between the two probe sections 

(average data, sample AA-4, Appendix 10) . Iron-rich ultramafic pegmatite Qccurs both above and below the oxide 

layer , consequently the most Cr-rich spinel (i.e. with a ccrnpositlon closest .to that of the primary cumulus 

chromlte) is found in the centre . For sample location see case-study (7). Appendix 1. 
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~x 

~ ~ Feldspathic harzburgite 
(upper pseudoreef A) 
Chrcmit1te 

Mottled anorthosite 

~ Fe-Ti-Cr oxide pegmatite 

~ Iron-rich ultramafic pegmatite 

~ Sample positions 

west .. 

Compositional variation exhibited by Fe-Ti·Cr spinels along a strike section of the replaced 
chromitite layer above the upper pseudareef A - plot of lateral distance (In metres) against wt. % 

oxide. Based on electron microprobe analysis of spinel grains in the "AH" sample group presented in Table 10.2 
(sampies AH-4. -20B, -19. -14. -21. -21A, -3; all samples cut nonnal to the layering. across the chrcmitite or Fe­

Ti-Cr oxide layer - see case-study (5). Appendix I) . Samples AH-4 and AH-20B are of the nonnal (unreplaced), 

cumulus chromitite layer (fig. 10.2A); samples AH-17C. AH-21. AH-2IA and AH-3 are of the typical Fe-Ti-Cr oxide 

layer (fig. 10.2C); sample AH-19 Is of a step-like feature in the early development of the Fe-Ti-Cr oxide layer 

(fig. 10.2B); and sample AH-14 is of an unusually thick section of the Fe-Ti-Cr oxide layer (fig. 10.20). All 

these data, with the exception of sample AH-14. are averages of a number of analyses across the chromitite or Fe­
TI-Cr oxide layer; note th.t sample AH-19 consists of two sets of dat., that for the thick (analyses 2.3.4) and 

thin (analyses 5.6.7) parts of the oxide layer. In sample AH-19. however, the oxides have not re-eQul11brated; 
these data are thus presented as a compositional range: the typical pegmatitic spinel is probably represented by 
the most Fe-Ti-rlch and Cr-AI-Mg-poor analysis. Note that the hybrid oxide layer continues past the contact with 
the pegmatite body (e.g .. w the west of position "X"). 
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FIGURE 10 .5 Plot of cations (FeZ., Fe3., Cr, Mg, AI , TI) against the Hg I (Hg. F.z·) ratlo, 

Based on e lectron microprobe analysis of Fe-Tl-Cr spinel grains from the II ,4,HU sample group (see 
Table 10.2) . These data Inc l ude analyses of nonnal, cumulus chromlte (frOOl the chrOOlltlte layer above the upper 

pseudoreef A) and pegmatlt i c Fe-TI-Cr ' spinel frOOl this roplaced oxide layer (same samples as in fig. 10 . 4). Note 

that the ri, Cr and Al content of the typical Fe-ri-Cr oxide plot In small fields In th IS diagram, in which it is 

not possible to distinguish individual analyses . Variatlon in the c""Position of the cumulus chromite may be 

attributed to whether the samples occur In the layer or as disseminated grains in"the harzburgite ; the latter are 
relatively Cr-poor. Var i ation in the cOOlposition of the Fe-Ti-Cr spinels (which are all in the oxide layer) is 

evident from examining Figure 10 .4 - it 1s related to their proximity to the main pegmatite body. 
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accompanied by annealing. If subsolidus re-equilibration is responsible for 
these compositional variations then these data (which might suggest that Al 
and Mg are more readily replaced than Cr) suggest that Cr and Fe3+ are more 
readily re-distributed during subsolidus reequilibration, whereas (AI and Mg) 
and (Ti and Fe2+) are less mobile (see also Cameron & Glover, 1973). 

SUt·1~1ARY 

All the above data r<'fleet <IAe compositional variation. This may be 
summarised as follows 
(1) The pegmatitic, hybrid spinels are enriched in Fe3+, Fe2+, Ti and V and 

depleted in Cr , Al and Mg compared to the primary cumulus chromite. The 
Mn content shows littl e variation. 

(2) The composit ional break between cumulus chromite and the most Cr-rich 
pegmatitic composition is sharp, but an overal l gradational transition 
from Cr-rich to Cr-poor spinel does occur. 

(3) These compositional variations show that Cr and Fe3+ and (Mg and AI) and 
(Ti and Fe2+) act as mirror-image pairs. 

(4) Compositional variation in thick layers (e.g., 40 mm, or greater) is 
preserved, even though subsolidus re-equilibration has modified end­
member compositions. 

(5) Subsolidus re-equilibration in thin layers (e.g., 5 to 20 mm) modifies 
primary compositions, resulting in average compositions. 

(6) When a thin chromitite layer in contact with pegmatite is examined along 
strike, a similiar compositional var iation to that found in a thick 
layer is preserved reflecting lateral distance from the pegmat ite 
body. 

(7) Strike sections illustrate that pegmatitic liquids are channelled along 
chromitite layers, resulting in the formation of hyb rid spinels over a 
late ral distance of several metres beyond the margins of a pegmatite 
body. In contrast , cumulus chromite grains only a few millimetres 
below the oxide layer may be unaltered. 

(8) Chromitite layers act as impervi ous barriers to the pegmat itic liquids, 
but reaction with these liquid s (metasomatism) or reaction with oxi des 
which have crystallized from these liquids (subsolidus re-equilibration) 
results in the formation of hybrid layers. They consist of spinels 
intermediate in composition between chromite and Ti-magnetite. 
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10.3 DISSEMINATED Fe-Ti-Cr OXIDES 

Cameron and Glover (1973) report that the Fe-Ti-Cr oxide content of 
iron-rich ultramafic pegmatite may vary from less than 1 to nearly 100 modal 
percent. Disseminated oxides are an ubiquitous constituent of silicate-rich 
pegmatite at Amandelbult. The Fe-Ti-Cr oxide mineralogy of pegmatite at 
Amandelbul t is essentially comparable to that documented by Cameron and 
Glover (1973). 
unlikely that 

However, as the previ ous authors observe, "it 
all oxide mineral relationships in these (pegmatite) 

have been discovered". 

DISTRIBUTION 

is very 
bodies 

The oxide mineral content of pegmatite at Amandelbult is usually less 
than 25 modal percent, and average contents of 5-15 modal percent are 
characteristic; this (; ,e~\e it<o.. ~ by the CIPW norm (see Chapter 8). The 
proportion of ilmenite may be assessed from whole rock Ti02 data, but the 
proportion of spinel is less readily determined. Ilmenite may be of greater 
abundance than spinel, and in specific samples may be the only oxide 
component, but in pegmatite from the upper critical zone ilmenite and spinel 
are usually of equal abundance. However, in pegmatite in the main zone Ti­
magnetite is much more abundant than ilmenite; the oxide assemblages of 
large, pipe-like bodies are comparable to cumulate Ti-magnetite layers in 
which the relative abundance of granular ilmenite is usually less than 10 
modal percent (Reynolds pers. comm.). 

In pegmatite from the Middellaagte pipe, the modal proportion of 
disseminated oxide shows wide variation and tends to form specific (magnetic) 
cores. A similar pattern is found in small pegmatite bodies in the upper 
critical zone at Amandelbult. Here, the proportion of oxide may locally 
attain 25 modal percent. However, in the lower main zone, small pegmatite 
bodies containing a "core zone" of massive oxide and massive Fe-Ti oxide 
pegmatite, with only minor amounts of silicate are found. 

10.3.1 GRANULAR ILMENITE 

Ilmenite in iron-rich ultramafic pegmatite at Amandelbult is observed in 
two main forms: as discrete grains, or clusters of grains, and as oxidation­
exsolution bodies in spinels (see below) and clinopyroxene (see Chapter B). 
Granular ilmenite typically represents between 1 and 5 modal percent (whole­

rock Ti02 contents range from 0.5 to 3 wt. percent). It occurs as subhedral 
to anhedral grains (diameters of 1 - 5 mm are common). These {erM as 
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primocrysts or grains that are interstitial to the silicates, as clusters of 
large polygonal grains (often with diameters in excess of 2 cm) and as 
composite aggregates associated with spinels. The latter are the most 
common; these usually occur as elongate forms that are interstitial to 
silicates, or as large masses (often with dimensions of over 10 cm) that may 
replace silicates. The granular aggregates typically show polygonal grain 
boundary relationships. Ilmenite in the pegmatites commonly shows 
rhombohedral or polysynthetic twinning. 
annealing feature (figs. 10.6F, 10.7A). 

This may be either a deformation or 

Fe-Ti oxides are usually later than silicates in the pegmatites (see 
Chapter 8), but the paragenetic relationship between ilmenite and spinel is 
difficult to assess . The occurrence of small, subhedral primocryst ilmenite 
grains suggest that at least some of the ilmenite crystallized at the same 
time as the silicates. Spinel may be moulded around subhedral ilmenite in 
small aggregates (which have not annealed to polygonal bod ies), suggesting 
that some ilmenite predates the spinel. Cameron and Glover (1973) report 
simi lar relat ionsh ips (see also fig. 10 .7C,O). 

The granular i lmenite is optically and compositionally homogeneous. 
The results of electron microprobe analyses are presented in Table 10.4. 
These include samples from small pegmatite bodies at Amandelbult (samples AD­
S, AE-12,2S,28; AG-13A) and from the oxide-poor part of the Middellaagte pipe 
(samples ML22-11; ML24-7A) and the oxide-rich part of the Middel laagte pipe 
(samples ML27-3A,S; GM-4). Magnesium is a significant component (typically 
within the range 1 to 2 wt. percent). Compositionally they are comparable to 
granular ilmenites analysed by Cameron and Glover (1973). 

10.3.2 SPINELS 

REVIEW 
Cameron and Glover (1973) recognized three varieties of disseminated 

spinel in iron-rich ultramafic pegmatite: 
(1) Optically homogeneous Cr-rich Fe-Ti spinel, which occurs as euhedral­
subhedral grains in pegmatite and in partially replaced cumulates adjacent to 
pegmatite bodies. These latter are pseudomorphous after cumulus chromite and 
represent various stages of partial metasomatism in response to Fe-Ti-rich 
fluids. They have variable compositions, but are Cr-rich in comparison with 
other spinels in these rocks. Compared with primary (cumulus) chromite they 
are enriched in Fe, Ti and V, and depleted in Cr and Mg (i.e. sim i lar 
compositional trends to those recorded in replaced oxide layers). They are 
described as titanian aluminian chromites (Cameron & Glover). The composition 
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of these optically homogeneous, Cr-rich spinels exhibits a progressive 
increase in Ti and Fe and decrease in Cr, Al and Mg with increasing distance 
from the contact of a pegmatite body (Cameron & Glover). Thi s, to the 
present author, represents convincing evidence that these spinels are 
pseudomorphous after cumulus ch romite . 

A feature unique to one specimen described by Cameron and Glover is the 
presence of optically heterogeneous spinels, consisting of 3 separate phases, 
which include AI-poor and AI-rich varieties. Needles of rutile may be 
present and these samples all exhibit selvages of amphibole (hornblende). 
Chromium does not exhibit a sympathetic relationship (as it does in the 
hybrid oxide layers). Cameron and Glover suggest that the breakdown of Ti­
rich chromite into AI-rich and AI-poor spinels is related to the presence of 
amphibole. These heterogeneous spinels have not been observed at 
Amandelbult, but a parallel may be drawn with the heterogeneous "complex" 
spinels found at Driekop (see Chapter 4). Amphibole is often common as a 
selvage around discrete oxide grains, and replaced layers, but does not 
appear to influence oxide compositions at Amandelbult. 
(2) The second type of spinel reported by Cameron and Glover (1973) occurs 

ulvQsp inel (Ti-as anhedral 
magnet i te) . 

grains that are intergrowths of magnetite and 
Compositionally they may be compared with cumulus magnetite in 

the Bushveld Complex, with moderate to high TiD2 contents and low contents of 
Al and Mg. The Cr content is, however, rather high. They may contain, 
other than UlvDspinel exsolution, intergrowths of ilmenite, possibly 
resulting from oxidation (Cameron & Glover). 
(3) The third variety of spi nel recognized by Cameron and Glover (1973) IS 

referred to as "complex spinels". The basic spinel "components" are 
magnetite and UlvDspinel, but intergrowths (possibly exsolution) of hercynite 
and ilmenite are also common. Cameron and Glover supply detailed 
descriptions of the intergrowths exhibited by these complex spinels. Their 
analytical data, however, do not suggest significant differences between 
these spinels and those in group (2). The presence of hercynite (which may 
be Mg- and Cr-rich) may suggest that the original spinel was more AI-rich. 

DISSEMINATED SPINELS AT AMANDELBULT 
In pegmatite studied by the author, disseminated Fe-Ti-Cr spinel s may be 

subdivided into two groups: 
(1) Cr-rich Ti-magnetite which contains over 2 wt. 
(2) Normal, Cr-poor Ti-magnetite, which contains 

Cr203 and usually less than 1 wt. percent Cr20
3

. 

percent Cr203; and 
less than 2 wt. percent 
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(1) Cr-RICH Ti-MAGNETITE 
This is the characteristic spinel of the oxide assemblage in pegmatite 

at Amande Ibu I t. It occurs both as discrete gra ins and as la rge aggregates . 
The former are usually small (diameters of less than 2 mm are typical) and 
form extremely anhedral, often sinuous grains, that are interstitial to, and 
partially enclose early-formed olivine and clinopyroxene. Large, poikilitic 
aggregates of spinel and ilmenite (often with minor sulphide) also enclose, 
and replace, early formed silicates (see Chapter 8). Large, composite oxide 
aggregates, with dimensions in excess of 15 cm are common. The larger 
aggregates consist of polygonal, well annealed grains and are texturally 
similar to the hybrid oxide layers (fig. 7.6). 

Microstructures exhibited by disseminated and layered Fe-Ti-Cr spinels 
are simi liar. They are most readily observed in coarse-grained polygona l 
aggregates, where individual grains are commonly 1-2 mm in diameter. The 
most common intergrowths are as follows: trellis - like exsolution lamellae of 
ilmenite (fig. 10.7A) and coarse, bladed lamellae of ilmenite (which 
themse lves are usually associated with granules of ilmenite along grain 
boundaries; fig. 10.70). A very fine-grained set of trellis - like ilmenite 
lamellae may also occur. Ulvospinel lamellae may occur between the trellis­
like ilmenite lamellae, but this is at the limit of optical resolution. 
Relatively coarse-grained lamellae of pleonaste occur parallel to (100) in 
some grains. These may be replaced by diaspore (Reynolds, pers. comm; f ig. 
10.7E). Exsolved bodies of a transparent spinel (pleonaste 7) are commonly 
observed as quite large granules and vermicular bodies along the margins 
of grains or along the boundaries with coarse bladed i lmenite lamellae (fig. 
10.8). These often form complex intergrowths with ilmenite. Many of these 
textures are described by Reynolds (1982) for typical magmatic Ti-magnetite, 
but the pleonaste-ilmenite intergrowths are evidently unusually well 
developed (these are described in the caption to fig. 10.8). 

Disseminated Cr-rich Ti-magnetite grains from the fo l lowing samples were 
analysed on the electron microprobe (Table 10.5) : AE-12,20,25,28; AD-5;AG-
13A (small pegmatite bodies at Amandelbult) and ML24-7A (from the 
Middellaagte pipe). Significant compositional differences occur between each 
sample. For example, the Cr content varies between 2.7 and 10.5 wt. percent 
Cr203. The Al and Mg contents are unusually low - compared to the Cr 
contents, they vary between 1.23 and 6.32 wt. percent AI 203 and between 0.18 
and 1.39 wt. percent MgO (excluding one sample). The Ti content varies 
between 5.33 and 12.37 wt. percent Ti02 (excluding one sample). Compositional 
variation is similar to that documented for Fe-Ti-Cr spinels from Cr-rich Fe­
Ti oxide pegmatite. Usual ly Fe2+, Fe3+ and Ti behave sympathetically, and 



FIGURE 10.6 MICROSTRUCTURES IN Fe-Ti-Cr SPINEL - ILMENITE AGGREGATES 

a. Granular aggregate of Fe-Ti-Cr sp ine l and ilmenite with only scattered inclusions of silicate (sample AS-Al). b. 

Granular Fe-TI-Cr spinel with 5-10 modal % siLicate inclusions. mostly as tricuspate bodies in interstitial sites 
(sample AH-21) . . c. Granular aggregate of Fe-Ti-Cr spinel with 20-30 modal % Silicate inclusions. exhibiting a 

distinctive anhedral form (sample AH-19). ~ Disseminated Ti-magnetite exhibiting anhedral form and interstitial to 
sillcate in typical. silicate-rich, pegmatite (sample M127-3A). "a" through to lid" ill ustrate progressive stages in 

the formation of an annealed, granular aggregate of spinel with a gradual decrease in the proportion of silicate 
material. ~ Granular aggregate of Fe-Ti-Cr spinel, ilmenite and sulphide (sample AH-14). ~ Granular, coarse-grained 
ilmenite (an isotropic) and Fe-Ti-Cr spinel (isotropic), typical of disseminated aggregates in silicate-rich pegmatite. 
The presence of ilmenite also inhibits annealing and t he subsequent development of a foam-like texture (sample AD -4 ). 

(Al l in plane polarised reflected light with partially crossed polarisers; s - Fe-Ti-Cr spinel; mag - Ti-magnetite; il 
- ilmenite; sil - silicate; bms - base-meta l sulphide) 



FIGURE 10.7 MICROTEXTURES IN Fe-T!-Cr RICH SPINEL 

~ Granular aggregate of spinel and ilmenite. Spinel exhibits 3 sets of well-formed, coarse, trellis-like ilmenite 
lamellae parallel to (111). Note also twinning of ilmenite and the well-developed foam-like texture (sample AH-14). ~ 

Depletion zone (paucity of exsalution bodies) at margin of spinel grain, adjacent to a pyrrhotite grain (sample AH-14). 
~ Anhedral bodies and coarse lamellae of ilmenite in spinel I possibly resulting from replacement of granular ilmenite 
(sample AW-I). d. Bladed ilmenite lamellae in spinel - these represent an earlier (higher temperature) exsolution 

event than that resulting in the tre lli s- l ike lamellae in "a" (sample 27-Cl). !..:.. Two sets of pieonaste lamellae, 

partially altered to diaspore (which has plucked during polishing), exsolved parallel to (100) in spinel. Third 

generation ilmenite (?) exsolution lamellae are just visible cutting the pleonaste lamellae at 450 (sample AH-14). f. 

Feathery intergrowth of ma r tite along grain boundaries of Fe-Ti-Cr oxide, a typical feature of surface samples (sample 

AZ-I) • 

(All in reflected light with partially crossed polarisers; s - Fe-Ti-Cr spinel ; il - ilmenite; al - AI-spinel 

(pleonaste); mt - martlte; bms - base-metal sulph ide ) 



FIGURE 10.8 EXSOLVEO INTERGROWTHS OF ILMENITE ANa AL-SPINEL IN Fe-Ti-Cr SPINEL 

~ Exsolved intergrowths of transparent Al~spinel, possibly p!eonaste. and ilmenite along margins of spinel grains; note 
1200 dihedral a~gles and granular ilmenite in upper right which has a well developed rim of AI-spinel: ilmenite exsolved 
from the spinel has migrated into the granular ilmenite. h Intergrowth of AI-spinel and ilmenite along spinel-ilmenite 

grain boundary. First generation ilmenite lamellae (coarse blades) have a rim of AI-spinel; ilmenite here has migrated 

into the lamellae. c,d. Ilmenite exsolved from the spinel has migrated into external granules and coarse lamellae of 
ilmenite (these have well developed rims of AI-spinel). whereas complex AI-spinel - ilmenite intergrowths occur at 

spinel-spinel grain boundaries. Note also pure ilmenite and AI-spinel rim around sulphide grain. e. Symplectite-like 

intergrowth of ilmenite and AI-spinel adjacent to spinel host. f. AI-spinel rim around coarse ilmenite lamellae and 

intergrowt h of AI-spinel and ilmenite in an adjacent lamella - addition of material to this lamellal is evident. 

(Sample 27-Fl; all in reflected light with partially crossed polarisers; s - Fe-Ti-Cr spinel; il - ilmenite; al - AI­

spinel (pleonaste); bms - base-metal sulphide) 
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anti-pathetically to Cr, Al and Mg. The Mn content shows little variation. 
Individual grains do not usually show any compositional heterogenerity. 

Small differences may occur but this is related to exsolution features, not 
primary zonation. Samples with high Cr (and accordingly higher Al and Mg, 
and lower Fe2+, Fe3+ and Ti) contents are almost always from very small 
grains. Larger grains show lower Cr contents and the much larger, often 
massive aggregates of annealed grains are usually Cr-poor; they consist of 
Ti-magnetite and ilmenite. 

(2) NORMAL, Cr-POOR Ti-MAGNETITE 
Texturally, normal (Cr-poor) Ti-magnetite is similar to Cr-rich Ti­

magnetite, except that the complex pleonaste-ilmenite intergrowths are not 
usually observed, and pleonaste lamellae (exsolved on (100)) are much finer­
grained. 

Cr-poor Ti-magnetite usually contains between 0.45 and 1.25 wt. percent 
Cr203. Compared with Cr-rich spinels they are poor in Cr, Al and Mg and 
rich in Fe2+ and Fe3+ (Table 10.6). The proportion of Ti may not be any 
higher than in Cr-rich spinels because of the exsolution of large quantities 
of ilmenite and their association with granular ilmenite. 

10.4 NORMAL Fe-Ti OXIDE-PEGMATITE 

Normal Fe-Ti oxide pegmatite does not occur in the critical zone and is 
thus absent from the main field area at Amandelbult (for literature review 
see Chapter 2). However, Fe-Ti oxide pegmatite occurs as core-like features 
within small pegmatite bodies from the lower main zone at Amandelbult and has 
also been sampled from typical, pipe-like bodies in the upper zone of the 
northern sector of the Bushveld Complex. 

In comparison with pegmatite in the upper critical zone at Amandelbult, 
small pegmatite bodies from the lower main zone (samples ML22-A, Band C; see 
Appendix 1) are unusually rich in Fe-Ti oxides. This results in the 
formation of practically monomineralic oxide cores, which are composed of 
granular ilmenite and Ti-magnetite. They exhibit a similar range of 
microstructures similar to those found in normal (Cr-poor) Ti-magnetite from 
pegmatite in the upper critical zone. 

Microtextures of Fe-Ti oxides in large, pipe-like bodies of massive 
Fe-Ti oxide pegmatite have been described by Reynolds and Scoon (1983). They 
may show considerable differences compared with Fe-Ti oxides in cumulate 
layers in the Bushveld Complex. The main conclusions reached here are that 
exsolution and contemporaneous oxidation-exsolution processes have proceeded 
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to a much greater extent than in cumulus Ti-magnetite grains of the upper 
zone of the Bushveld Complex. This is reflected by the abundance of granular 
ilmenite, the paucity and modified nature of larger ilmenite intergrowths in 
the magnetite, the absence or paucity of fine -gra ined ilmenite or ulvospinel 
intergrowths and the low residual Ti-contents of the magnetite hosts. 

Massive Fe-Ti oxide pegmatite from a pipe-like body on the farm 
Leeukoppie , near Northam, was sampled (samples LEU-3, 4). This pipe-like 
feature, which has a poorly exposed outer shell of silicate-rich pegmatite, 
cuts magnetite layer number 6. This layer was sampled roughly 1 km from the 
pipe (samples LEU -l, 2). The main magnetite layer was also sampled for 
comparative purposes. (samples MAG-l, 4, Magnet Heights, eastern Bushveld 
Complex ). The results of these analyses are presented in Table 10.1. 

Cumulus Fe-Ti oxide layers in the Bushveld Complex show upward 
fracti onation trends (becoming poorer in V and richer in Ti; see Molyneaux, 
1970, 1972; Reynolds, in press), such that Fe-Ti oxide pegmatite should be 
compared with Fe-Ti oxide cumulates at the same height in the cumulate pile. 
The major element chemistry of the pipe-hosted Fe-Ti oxide from Leeukoppie is 

to that from the adjacent cumulate magnetite layer (note, 
Cr, Al and Mg contents in comparison to samples of massive 

almost 
however, 
Cr-rich 

identical 
the low 

Fe-Ti oxide pegmatite from the critical zone). Minor differences 
may, however, occur in the trace element chemistry, but more data are 
required before any definitive conclusions can be drawn. The pegmatite, or 
pipe-hosted, oxide is clearly enriched in V (compared to an Fe-Ti oxide 
cumulate at the same height) and may be slightly richer in Zr, Y, Cu, Co and 
Zn, but poorer in Sc and Cr. Note that the Kennedy 1 s Vale body, which 
occurs relatively low in the main zone is considerably enriched in V, 
compared to the lowermost cumulate magnetite layers (see p. 21). 

10.5 SPINEL CHEMISTRY - DISCUSSION 

Considerable variation in the chemistry of spinels from iron-rich 
ultramafic pegmatite was documented in the preceding sections of this 
chapter. Chemical variation is apparent in diagrams in which the major 
cations are plotted against the ratio of cations Mg/(Mg+Fe2+) (fig. 10.9A-D). 

In these diagrams the fol lowing sample populations are recognized: (1) 
disseminated normal (Cr-poor) Ti-magnetite; (2) disseminated Cr-rich Ti­
magnetite (or Fe-Ti-Cr spinel); (3) Cr-rich Fe-Ti oxide layers from surface 
samples; 
samples 

and (4) Cr-rich Fe-Ti oxide layers from underground samples. All 
plotted in these diagrams are from Amandelbult. In each diagram a 

"mixing line" can be drawn which relates the two end members, cumulus 
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chromite and pegmatite, Cr-rich Ti-magnetite. These mIxIng lines are only 
linear over that part of the compositional range closest to the Ti-magnetite 
end-member. Furthermore, it is apparent that the various cations show 
different trends (as discussed above). 

From Figure 10.9A it can be seen that the Al content of these spinels 
falls within four, poorly defined, fields. The disseminated Ti-magnetite 
grains are depleted in AI, compared to the Fe-Ti-Cr oxides. Differences 
between Cr-rich Fe-Ti oxides from surface and underground layers at 
Amandelbult may be explained by primary differences between cumulus chromite 
compositions and the nature of the cumulate layers. These well-defined 
fields are not duplicated by the distribution of Cr (fig. 10.9B). The 
disseminated Ti-magnetites exhibit a low Cr-content (ranging from 0.1 - 0.5 
cations), but show a slight spread in the Mg/(Mg+Fe2+) ratio (0.015 - .038). 
As expected, the disseminated Fe-Ti-Cr spinels show considerable variation in 
Cr content, as do spinels from the hybrid oxide layers. The distribution of 
Cr in these spinels is best portrayed in terms of individual oxide layers 
(see fig. 10.5). From Figure 10.9C it is evident that if Fe3+ is plotted 
against the Mg/(Mg+Fe2+) ratio a similar trend, but mirror-image to that for 
Cr, is obtained. 

The distribution of Ti and Fe2+ with respect to the Mg/(Mg+Fe2+) ratio 
is illustrated in Figure 10.90. These two cations show a positive linear 
relationship. This can be illustrated further by plotting (Fe2+ + Ti) against 
trivalent cations, such as Cr and Al (fig. 10.10). Some analyses of cumulus 
chromite are also included in this diagram. Cumulus chromite shows a 
negative relationship between Cr and AI, and both define opposing trends with 
respect to (Fe2+ + Ti). In the case of Al this trend may be extrapolated to 
connect with that found in Fe-Ti-Cr spinels in the pegmatites. Chromium, 
however, shows a positive relationship with (Fe2++Ti) in cumulus chromite, 
whereas in the pegmatite spinel Cr is depleted at the expense of Fe2+ and Ti. 
This may partly explain differences in the behaviour of Cr and Al during 

v 
subsolidus re-eqilibration. 

~ 

In summary, the overall effect of interaction between cumulus chromite 
and the pegmatitic liquids or the pegmatitic oxides is to produce hybrid 
spinels which are relatively rich in Fe2+, Fe3+ and Ti and poor in Cr, Al and 
Mg, as compared to the original cumulus compositions. Al and Mg show 
negative linear relationships with Fe2+ and Ti, whereas Cr shows a negative 
linear relationship to Fe3+. Al and Mg are less readily redistributed than 
Cr. 
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10.6 MICROSTRUCTURES - DISCUSSION 

The development of microstructures in magmatic Ti-magnetite has been 
discussed by numerous workers; in this study the reviews of Haggerty (1976) 
and Reynolds (1982) have been used extensively. The nature and development of 
these microstructures may be related to primary features such 
of crystallization, f02, initial composition, cooling rate and 
during cooling. The nature of adjacent grains may also 

as temperature 
changes in f02 
influence the 

microstructures, due to subsolidus re-equilibration processes. Initial 
composition and subsolidus re-equilibration with primary chromite are 
probably largely responsible for the differences in microstructures that are 
observed between disseminated Cr-rich and Cr-poor Ti-magnetites in the 
pegmatites. Cooling rate and changes in f02 during cooling are probably 
responsible for the development of the different microstructures in Ti­
magnetites in Fe-Ti oxide pegmatite and those in cumulates in the upper zone 
of the layered sequence. 

Reynolds (1978, 1982) has modelled the development of microstructures in 
magmatic Ti-magnetites in terms of cooling rate and f02. According to this 
modelling, the presence of coarse ilmenite lamellae and external ilmenite 
granules is a feature attributable to high f02 during subsolidus cooling. 
The formation of this exsolved ilmenite presumably occurred prior to 

t exsolution of the fine trellis networks of ilmenite . The later may be 
A 

attributable to moderate f02 at a later stage in the cooling history. In 
spinels studied here ulvospinel is on ly observed as very fine-grained 
intergrowths . Exsolution of these probably occurred at a very late stage in 
the cooling history. According to Haggerty (1976) this results from 
intersecting the magnetite-ulvospinel solvus and probably reflects a drop in 
f02. Buddington and Lindsley (1964) accounted for the coarse ilmenite 
exsolution by a contemporaneous oxida~on-exsolution mechanism, in which , 
ulvospinel 
paucity of 

is exsolved and then oxidised to ilmenite and magnetite. The 
exsolved ulvospinel and the abundance of ilmenite in these spinels 

may suggest that relatively high f02 conditions prevailed in their early 
cooling history. At a later-stage, f02 decreased enabling exsolution of 
ulvospinel without oxidation to ilmenite to occur. 

The crystallization of a magnetite-ulvospinel solid solution probably 
occurs at temperatures above 10000C, but at any rate must occur above 8000C, 
during typical magmatic conditions. Exsolution-oxidation of ilmenite 
probably occurs at temperatures of ~ 6000C, whereas exsolution of the typical 
cloth-like ulvospinel may occur at temperatures between 450 and 5500C 
(Reynolds, 1978). 
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Exsolution of other phases is probably dependent on composition. 
example, excess Al in magnetite may be exsolved as pleonaste, usually 

For 
along 

the margins of ilmenite grains or lamellae or as tiny lamellae orientated 
parallel to (100) (Haggerty, 1976; Reynolds, 1978). In Cr-poor Ti-magnetite 
in pegmatite at Amandelbult, disc-shaped lamellae of pleonaste are often 
present parallel to (100). These lamellae are relatively fine-grained and 
probably exsolved after the coarse-grained ilmenite lamellae and granules, 
but before the ulvospinel. Similar features are exhibited by cumulus 
magnetite in the layered sequence (Reynolds, pers. comm.). 

The complex pleonaste-ilmenite intergrowths found in Fe-Ti-Cr spinels in 
pegmatite at Amandelbult probably developed as a result of the AI-rich nature 
of these spinels. During exsolution of ilmenite an AI-rich spinel may be 
exsolved contemporaneously. This results in the formation of bodies of 
pleonaste and ilmenite at the margins of spinel and ilmen ite grains and at 
the margins of ilmenite lamellae. Arrested stages in this process are 
represented by vermicular or emulsoid intergrowths of ilmenite and pleonaste . 
When this process goes to completion a rim of pleonaste (ilmenite-free) is 
found around granular or lamellar ilmenite; the ilmenite exsolved 
contemporaneously with the pleonaste has been incorporated into the primary, 
or early-exsolved 
occurs is probably 

ilmenite. The temperature range at which this 
between that at which exsolution-oxidation of 

process 
coarse-

grained ilmenite and exsolution of ulvospinel occurs. In the Fe-Ti-Cr oxides 
pleonaste is also observed as lamellae parallel to (100). They are 
distinctly coarser-grained than those in Ti-magnetite, a feature which may 
also be attributable to composition, rather than cooling rate. 

10.7 CRYSTALLIZATION TEMPERATURES 

Buddington and Lindsley (1964) investigated experimentally the system 
FeO-Fe203-Ti02 and concluded that the composition of co-existing pairs of 
ilmenite and Ti-magnetite are determined by temperature and f02 at the time 
of crystallization. Spencer and Lindsley (1981) have produced a revised 
ilmenite - Ti-magnetite geothermometer which relates 
co-existing phases to both temperature and f02. 

encountered in apply ing this calculation . Firstly 
(blocking) temperatures in slowly-cooled samples 

the composition of these 
Two main problems are 
it only produces minimum 

and does not give any 
indication of liquidus temperatures and, secondly, the primary composition of 
Ti-magnetite cannot be obtained accurately using the electron microprobe due 
to exsolution features. 

This calculation has been applied to a number of ilmenite-Ti-magnetite 
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in which the latter is the Cr-poor variety (i .e. analyses in Table 
for ilmenite analyses see Table 10.4) . These give temperatures and f02 o -21 -23 in the range 700-550 C at Log 10 10 - 10 . These values lie very 
to the QFM (quartz -fayalite-mag netite) buffer, as might be expected for 

magmatic oxide minerals. It must be stressed that these are minimum re-
equilibration temperatures and are not representative of liqu idus conditions. 

10.8 SUMMARY 

Cr-rich Ti-magnetite appears to be restricted to pegmatite in the 
critical zone, where cumulus chromite may be an important constituent of the 
pre-existing cumulates (note that the pegmatite bodies examined by Cameron 
and Glover occur adjacent to the MG-chromitite layers where disseminated 
chromite is a major accessory constituent). These spatial relationships may 
suggest that this sp inel in the pegmatite results from replacement of the 
pre-existing chromite. A parallel with the hybrid oxide layers is 
applicable . However, whole-rock data does not support this conclusion as 
often pegmatite contains higher Cr203 than the felsic cumulates they are 
purported to replace (see Chapter 12). It must therefore be concluded that Cr 
is an intimate component of the pegmatite liquids. Moreover, the Cr content 
of the majority (if not all) of the pegmatitic spinels is related to that of 
the putative liquid. From the data and arguments presented in this chapter 
the following conclusions may be drawn 

(1) Some of the Fe- Ti-Cr oxides in iron- (ic\\ ultramafic pegmatite have 
originated by crystallization from pegmatitic liquids , such that an 
entirely metasomatic origin for these rocks is untenable. 

(2) Cumulus chromite from replaced layered cumulates may be incorporated 
into pegmatite as xenocrysts, but there is no direct evidence for this. 

(3) Fe-Ti-(Cr) oxides preferentially nucleated on, and around, cumulate 
chromitite layers. 

(4) Subsolidus re-equilibration between cumulus chromite and pegmatitic 
Fe-Ti-(Cr) ox ide overgrowths resulted in the formation of hybrid Fe-Ti­
Cr oxide pegmatite. This process would only operate in the critical 
zone, where cumulus chromite is found. 

(5) Granular ilmenite and Cr-poor Ti-magnetite in pegmatite bodies in the 
main zone, which 
cumulus oxides in 

are texturally and compositionally comparable with 
the layered sequence implies that the pegmatitic 

at magmatic temperatures, probably comparable to 
in the cumulate pile during crystallization of 

liquids were 
temperatures found 
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cumulus Ti-magnetite layers of the upper zone. 
(6) Microstructures in the spinels indicate that they cooled slowly, under 

"pegmatitic" conditions, with associated changes of f02. 
(7) Disseminated spinel in pegmatites in the upper critical zone is a Cr­

rich Ti-magnetite; with progressive decrease in the Cr content this is 
replaced by normal (Cr-poor) Ti-magnetite in pegmatites in the main 

zone. 
(8) In pegmatites in the upper critical zone Fe-Ti-oxides rarely represent 

more than 25 modal percent and ilmenite may be more abundant than diss­
eminated Ti-magnetite. In the main zone, however, cores of Fe-Ti-oxide 
pegmatite and pipe-like bodies of massive Fe-Ti oxide pegmatite are 
common. An upward increase in the Fe-Ti oxide content of the pegmatites 
is inferred. 
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CHAPTER 11 BASE-METAL SULPHIDE AND PLATINUM-GROUP ELEMENT MINERALDGY 

Notable concentrations of PGE in the Bushveld Complex are found in 
layered cumulates (e.g., the Merensky, UG-2 and Plat Reefs) and to a lesser 
extent in transgressive ultramafic bodies (e.g., the platiniferous ultramafic 
pipes). Because economic concentrations of PGE are usually associated with 
disseminated base-metal sulphides, there is significant production of Ni and 
Cu as by-products of platinum mining. Although the relationship between 
concentrations of PGE and base-metal sulphides may be over-stressed (see 
Chapter 6), it is useful to discuss the mineralogy of these phases, together. 
All electron microprobe analyses of base-metal sulphides and PGM in this 
study have been performed at J.C.I. laboratories (see Appendix 12). 

11.1 INTRODUCTION 

Magmatic sulphide ores usually have a simple mineralogy and composition 
(Naldrett, 1981). Pyrrhotite, pentlandite, chalcopyrite and lesser amounts 
of pyrite are the main sulphide minerals with Fe, Ni, Cu, S, and very small 
amounts of PGE and Au being the most important constituents. Magnetite 
occurs in variable amounts and its presence is attributed to either the 
original oxygen content of the immiscible sulphide liquid or to oxidation of 
the ore after crystallization (Naldrett, 1981). The partitioning of Ni, Cu, 
Co, Fe and Zn between an immiscible sulphide liquid and the host silicate 
melt in the system FeS-FeO-Si02 at 11500C has been investigated by Maclean 
and Shimazaki (1976). Their results showed the following preference for the 
sulphide liquid: Ni > Cu > Co > Fe > Zn. In magmatic platinum ores PGE are 
often associated with unusual concentrations of base-metal sulphides 
(inter alia Naldrett & Cabri,1976; Crocket et al., 1976; Crocket, 1979; 
Cabri, 1981; Campbell et al., 1983). PGE also show an affinity for 
concentrations of chromite in peridotite-hosted ores (Wagner, 1929; Razin, 
1976) and for chromitite cumulates in layered complexes (inter alia Wagner, 
1929; Kinloch, 1982; see also Chapter 5). 

The stratigraphic distribution of base-metal sulphide mineralization in 
the layered sequence of the Bushveld Complex may be governed by the relative 
chalcophile nature 
(1976). Thus, Ni 

of base-metals, as determined by Maclean and 
sulphides are essentially restricted to the 

Shimazaki 
lower and 

critical zones, Cu sulphides to the critical, main and lower upper zones and 
Co - Fe sulphides occur towards the roof of the layered sequence (see 
detailed review by Von Gruenewaldt, 1979). Sulphide mineralization in the 
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layered cumulates of the Bushveld Complex is restricted to minor 
disseminations; concentrations of Ni or Cu sulphides to warrant exploitation 
without the presence of PGE are not known. The abnormally high ratio of PGE 
to (Ni+Cu+Fe+S) of platinum ores in the Bushveld Complex is a characteristic 
feature, which cannot be accounted for by present theories of magmatic 
sulphide liquids (Naldrett et al., 1979; Campbell et al., 1983; Lee, 1983; 
see also Chapter 6). 

The mineralogy of cumulate-hosted base-metal sulphides in the Bushveld 
Complex has been studied by Schneiderhohn (in Wagner, 1929), Cousins (1964, 
1969), Liebenberg (1970), Vermaak and Hendri ks (1976), Brynard et a I. (1976) 
and.Von Gruenewaldt (1973, 1979). The mineralogy of PGE in these rocks has 
been stud ied by a number of authors, including Kingston (1966), Cousins (op. 
cit.), Vermaak and Hendriks (op. cit.), Brynard et al. (op. cit.), Cabri 
(1981) and Kinloch (1982). 

11.2 SULPHIDES AND PGE IN TRANSGR ESSIVE ULTRAMAFIC BODIES 

Many of the different types of discordant bodies of ultramafic rock that 
transgress the layered sequence of the Bushveld Complex contain subeconomic 
concentrations of base-metal sulphides and PGE (see Wagner, 1929) . These 
include the platiniferous ultramafic pipes, the Vlakfontein nickel bodies and 
the main class of iron-rich ultramaf ic pegmatite. The sulphide mineralogy of 
many of these discordant bodies, including the iron-rich ultramafic pegmatite 
suite, have been studied in detail by Liebenberg (1970). This, and other 
studies will be referred to where relevant in the ensuing discussion. 

11 .2. 1 IRON-RICH ULTRAMAFIC PEGMATITE - SMALL BODIES AT AMANDELBULT 

DISTRIBUTION 
Base-metal sulphides typically represent between 1 and 2 modal percent 

(although locally this may increase to over 10 modal percent) of iron-rich 
ultramafic pegmatite assemblages at Amandelbult. Sulphides occur as fine 
disseminations, coarse blebs (with diameters of 0.5 - 5 mm) and massive 
segregations (with dimensions of over 30 cm). These consist of both discrete 
and composite grains that usually occur interstitially to, and moulded 
around, early-formed silicates. They are often attached to Fe-Ti-(Cr) oxide 

po.s'io\b~ 

grains (this is a common feature of mafic sulphide ores and maY, oe explained 
by the positive relationship between the solubility of S in a mafic magma and 
the Fe2+ content, as determined by Haughton et aI., 1974). Emulsoid 
intergrowths of Ti-magnetite and chalcopyrite are also commonly observed in 
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pegmatite samples at Amandelbult (f ig . 11.10; Naldrett, 1969, reports that in 
an O-rich system the pyrrhotite-magnetite cotectic results 
precipitation of magnetite and monosulphide solid solution. 

BASE-METAL SULPHIDE MINERALOGY 

in co-

The dominant phase is pyrrhotite, which typically constitutes over 95 
modal percent of the sulphide assemblage. Other major phases, which thus 
usually constitute less than 5 modal percent are cubanite, pentlandite and 
chalcopyrite. Cubanite is slightly more abundant than pentlandite, but the 
relative abundance of chalcopyrite is difficult to assess. This is because 
cubanite and pentlandite are almost invariably associated with pyrrhotite in 
the form of composite grains. A rough modal estimate suggests that composite 
sulphide grains in these rocks consist of 95 modal percent pyrrhotite, 3 
modal percent cubanite and 2 modal percent pentlandite. Pyrrhotite in these 
grains is always an intergrowth of troilite and hexagonal pyrrhotite (fig. 
11.lA). Pentlandite may occur in well formed, often cubic grains (fig. 
11.lB; a characteristic feature which is not duplicated by the cumulate­
hosted sulphides), but cubanite typically forms very irregular grains. These 
two phases usually occur in composite intergrowths within the host pyrrhotite 
(fig. 11.lA). Mackinawite is commonly observed in these composite sulphides, 
usually as tiny, vermicular bodies in cuban ite or pentlandite (fig. 11.18). 
Other minor phases include sphalerite, pyrite and very rare PGM . The latter 
are usually observed only in compOSite sulphide Fe-Ti oxide grains or in 
Cr-rich Fe-Ti - oxide pegmatite (fig. 11.2). 

In contrast, chalcopyrite usually occurs in discrete grains, and is only 
occasionally observed in composite intergrowths. Locally, chalcopyrite may 
be quite common. although it is usually found only in small grains (typically 
less than 1 mm in diameter). The proportion of chalcopyrite may increase in 
proximity to coarse segregations of composite sulphide grains. 

Microstructures and microtextures of these sulphides are comparable to 
those described from other occurrences of iron -rich ultramafic pegmatite by 
Liebenberg (1970). The presence of only 4 ma in phases - pyrrhotite, cubanite, 
chalcopyrite and pentlandite is characteristic. 

The compOSite sulphide grains probably resulted from the breakdown, 
during cooling, of a monosulphide solid solution (Mss) that crystallized at 
magmatic temperatures, as described by Kullerud et al. (1969) and Craig and 
Kullerud (1969). Discrete grains of chalcopyrite may represent material 
whi ch has been leached from the cumUlates or it may have resulted from the 
segregation of a Cu-rich solid solution early in the crystallization history 
of the Mss (see Yund & Kullerud, 1966). 
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The exceptionally high FeS/NiS ratio (the pyrrhotite: pentlandite ratio 
is probably over 50), the high FeS/CuS ratio, and the predominance of 
cubanite over both pentlandite and chalcopyrite are the most significant 
features. This is probably typical of magmatic sulphides derived from an 
highly fractionated, iron-rich silicate liquid. 

11.2.2 REPLACED MERENSKY REEF AT AMANDELBULT 

DISTRIBUTION 
Small, transgressive bodies of iron-rich ultramafic pegmatite which cut 

or replace part of the Merensky cyclic unit have long been known. Wagner 
(1929) described several hortonolite dunite-wehrlite bodies form Doornspruit 
and Kookfontein in the Rustenburg area (fig. 2.7). The pegmatite at these 
occurrences is enriched in PGE, whereas at other localities it contains only 
trace amounts of PGE. Furthermore, the adjacent unreplaced or partially 
replaced Merensky Reef is depleted of PGE. Wagner concluded that the PGE 
content of the combined pegmatite body and partially replaced Merensky Reef 
at Kookfontein was equivalent to that of the normal unreplaced Merensky Reef. 
Wagner attributed these localised concentrations of PGE in pegmatite to 
leaching of pre-existing, platiniferous cumulates. Transgressive bodies of 
iron-rich ultramafic pegmatite which replace the Merensky Reef (the replaced 
Reef) are particularly abundant at Amandelbult (cf. pp. 121-122). 

PGE MINERALOGY 
The PGE mineralogy of normal Merensky Reef at R.P.M. Amandelbult has 

been investigated by Kinloch (1982). In samples from the western section of 
the mine Kinloch reports the following PGM (in modal percent) : pt-Fe alloys 
(31.3), Pt-Pd tellurides (19.6), Pt-Pd sulphides (19), laurite (17.5), 
sperrylite (9.2) and Pd alloys (3.2). pt-Fe alloy usually occurs as 
intergrowths with other phases and only a small proportion is found as Pt3Fe 
crystals. It is important to realise that the PGE mineralogy of the Merensky 
Reef is not consistent throughout the Bushveld Complex (Kinloch, 1982); the 
proportions above are thus peculiar to the western section of Amandelbult. 

In replaced Reef at Amandelbult the dominant PGM (in modal percent) are 
pt-Fe alloy (82) and laurite (17), with less than 1 modal percent platinoid 
bismuthotellurides (Peyerl, 1978). Kinloch (1982) considers Pt-Fe alloys and 
laurite, as well as Pd alloys (all of which occur in the platiniferous 
ultramafic pipes) to be indicative of formation during volatile-enriched 
conditions with high f02 and low t., 



- 198 -

BASE-METAL SULPHIDE MINERALOGY 
Base-metal sulphides in normal Merensky Reef at Amandelbult are typical 

of the Merensky Reef in the western Bushveld Complex (see pp. 98-99). In 
partially replaced Reef (see pp. 142-143) the total sulphide content is much 
higher than usual, as both pegmatite-related sulphides and relict cumulate­
derived sulphides can be recognised. Composite grains of pegmatite- related 
sulphide consist essential ly of pyrrhot ite (an intergrowth of troi l ite and 
hexagonal pyrrhotite), with only minor cubanite, pentlandite and 
chalcopyrite (i.e. as described in section 11.2.1). Relict, cumulate­
derived sulphides consist of hexagonal pyrrhotite with abundant pentlandite 
and chalcopyrite (i.e. as described in section 6.7). The presence of troilite 

IS . 
and cubanite (also mackinawite) ~a useful indication of pegmatite-related 
sulphides in a hybrid sulphide assemblage. 

In completely replaced Reef the sulphide mineralogy is comparable to that 
of typical iron-rich ultramafic pegmatite. 

DISCUSSION 
At Amandelbult it is almost the norm to find that the Merensky upper 

chromitite and the hangingwall pyroxenite remain intact above replaced Reef. 
This presumably implies that they formed an, essentially, impervious barrier 
to the upward-streaming pegmatitic liquids (fig. 7.9). Coarse segregations of 
sulphide (often over 10 cm in diameter) are typically found above the 
Merensky upper chromitite layer, in the lower part of the Merensky pyroxenite 
above replaced Reef. Again, these sulphides are a hybrid mix of cumulate and 
pegmatite minerals. 

The replaced Reef at Amandelbult is normally platiniferous. Typically, 
the PGE appear to be concentrated in a layer 10-20 cm thick above, and 
including, the Merensky upper chromitite layer. Although the Reef at 
Amandelbult is normally top-loaded (Kinloch, 1982) this suggests that, as 
iron- rich ultramafic pegmatite is normally non-platiniferous, the cumulate­
hosted PGE and sulphides have been leached from the Merensky Reef and 
redistributed during the replacement process (see also Wagner , 1929). 

11.2.3 IRON-RICH ULTRAMAFIC PEGMATITE: LARGE, PIPE-LIKE BODIES 

THE MIDDELLAAGTE PIPE 
In a detailed study of the ore mineralogy of the Middellaagte pipe, De 

Bruyn (1944) observed that base-metal sulphides are restricted to the olivine 
-rich parts of the pipe (see also pp. 112-116 and 149-150). The sulphide 
mineralogy is simple and, in order of decreasing abundance, the major phases 



- 199 -

are pyrrhotite, pentlandite, cubanite and chalcopyrite. Valleriite (probably 
mack i naw i te) and spha ler i te a I so occur . De Bruyn quoted an average "ore­
grade" analysis of 0.46 wt. percent Ni and 0.47 wt. percent Cu. Recent 
investigations do not support these high values and the average sulphide Ni 
and Cu contents are extremely low. The base-metal sulphide mineralogy of 
this pipe is consistent with that of small bodies of pegmatite at 
Amandelbult. The distribution of the sulphide is extremely irregular; in 
borehole core pyrrhotite may locally comprise over 20 modal percent, whereas 
in other samples it may be less than 0.1 modal percent (see Table 11.5). The 
proportion of pentlandite , cubanite and chalcopyrite is extremely low and 
this body is of little economic interest . PGM have not been observed. 

THE TOWN LANDS PIPE 
A wide range of precious and base-metal minerals occurs in this body 

(Peyerl, 1981; Viljoen et al., 1983). This is atypical of the iron-rich 
ultramafic pegmatite suite in general, 
unusual (see also pp. 19-20, 123-124 and 

and it is evident that this pipe 
153) . 

is 

The dominant base-metal 
(Phi II ips, pers. comm.). The 

sulphide is pyrrhotite, usually troilite 
, 

intergrowth of trolite and hexagonal pyrrhotite • 
which is character istic of pegmatite at Amandelbult is not present here . ... .,. 
The following discussion is summarised from the work of Peyerl (1981). 
Common sulphides, other than troilite, are pentlandite, cubanite, 
chalcopyrite and mackinawite. Valleriite co-exists with mackinawite (as at 
Mooihoek). An extensive range of Cu-Fe sulphides is recognized, incuding the 
rare minerals haycockite and mooihoekite. Secondary, probably low­
temperature deuteric or possibly hydrothermal, minerals include chalcocite, 
cuprite, digenite, bornite and native copper. Native copper is commonly 
observed as fine stringers in serpentinite veinlets. Ilvaite is often 
associated with these sulphides; it has not been observed in other pegmatite 
bodies. Native silver, galena, niccolite, altaite and a number of 
unidentified Cu-Fe-Ni (?) sulphides also occur. In the peripheral parts of 
the pipe the mineralogy is similar, except that native copper and other 
secondary copper minerals are rare or absent. Additional minerals observed 
here are galena, clausthalite, native bismuth, froodite, graphite and nickel 
arsenides. PGM only occur in sparse amounts, except in the vicinity of the 
partially replaced UG-2 chromitite layer, where over 534 individual PGM 
grains were recognized in samples from borehole core (see also pp. 123-124). 

Although this body is characterised by an exotic base-metal 
the total sulphide-contained Cu and Ni is still low (see Table 

mineralogy 
11.5). A 

detailed investigation of the are mineralogy of the Townlands pipe is being 



0.5 mm. 

FIGURE 11.1 PHOTOMICROGRAPHS OF BASE-METAL SULPHIDES 

!.:.. Typical, flame-like intergrowth of hexagonal pyrrhotite (dark) and troilite (light). Pyrrhotite encloses a 

composite grain, consisting dominantly of cubanite with minor pentlandite and chalcopyrite. Part of a typical. composite 
sulphide grain (sample AG-6). £:.. EuhedraJ grain of pentlandite within a large pyrrhotite grain (euhedral fonn of 

pentlandite is a characteristic feature of this sulphide assemblage - see also "J"). Note also small, vermicular bodies 

of mackinawite (anisotropic) (sample AG-8). £.:.. Composite sulphide grain, consisting of pyrrhotite. cubanite and 

pentlandite, within a coarse aggregate of spinel-ilmenite. Note also PGM (sample AG-1). ~ Fine-grained intergrowth 
of Fe-Ti-Cr spinel and chalcopyrite. Inset shows a single chacopyrite inclusion in the spinel - note reaction rim. 
Composite sulphide grain in main photograph consists of pyrrhotite (exhibiting typical flame-texture) and chalcopyrite 
( sample AG-6). 

(all in reflected l ight with partially crossed polarisers; hex - hexagonal pyrrhotite; tr - troilite; pt - pentlandite; 
cub - cubanite; chal - cha lcopyrite; rna - mackinawite; 5 - Fe-Ti-Cr spinel) 



FIGURE I1.Z PHOTOMICROGRAPHS OF PGM 

d. Composite, and unusually coarse PGM grain within large pyrrhotite grain. Whole is interstitial to spinel (note 
exsolution lamellae and well developed rims). Upper frame is a close-up of the PGM grain; here pyrrhotite is black 

(note relative reflectivities) (sample AH-14). £.:. Part of the composite PGM grain in "a". Consists of 3 main phases 

- Pd(AS,Hg)Z (dark grey - "x"), PtAsZ (light grey - "y"), and PdH9Z (white - "z"). Latter occurs dominantly as a rim to 

the composite grain (see "an). Note also inclusions of pyrrhotite (black) and irregular replacement contact between PGM 

and pyrrhotite (as sample "a"). £:.. Composite sulphide grain with tiny PGM grain (consists of 2 phases, PdPb telluride 
and a Pt,Fe(Cu,Pd,Te) alloy (sample AH-Zl). <!..c Composite PGM grain consisting of (Ru,lr)S and (Pd,Fe)Hgz (dark 

phases) and Pt,Fe alloy (white). latter also occurs in microfractures in the host pyrrhotite (sample AG-1). e . Pt 

sulphide grain (white) attached to pentlandite. Dark grey is spinel (sample AK-1D). 

(all in reflected light with partially crossed poiarisers; po - pyrrhotite; pt - pentlandite; s - Fe-Ti-Cr spinel) 
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undertaken by Phillips (in prep.). 

11.3 MINERAL CHEMISTRY 

11.3.1 PYRRHOTITE-GROUP 

REVIEW 
Naturally occurring pyrrhotite-group minerals can be represented by the 

formulae M1_xS, where x = 0 in the pure stoichiometric form and M = Fe, with 
minor Ni, Co, Mn, Cu, etc. Three common low temperature phases are 
recognized troilite (atomic ratio of MIS close to 1) with a hexagonal 
structure; hexagonal pyrrhotite (MIS = 0.91-0.99) and monoclinic pyrrhotite 
(M/S<0.90). Hexagonal and monoclinic pyrrhotite are the common varieties, 
but troilite is relatively rare in terrestrial occurrences. Stoichiometric 
troilite was long considered to be rare in terrestrial occurrences, but 
recent publications report a number of findings in which pyrrhotite consists 
of an intergrowth of troilite and hexagonal pyrrhotite. These phases may be 
distinguished optically, by etching, or by allowing the specimen to tarnish 
(troilite tarnishes most readily). They can also be identified by X-ray 
diffraction or electron microprobe analysis; the latter technique was used in 
this study. Typically only very minor substitution of Fe by Ni, Co, Zn etc. 
occurs, consequently the atomic FelS ratio accurately reflects the pyrrhotite 
polymorph (see also Power & Fine, 1976). 

CHEMISTRY AND DISCUSSION 
Averages of electron microprobe analyses of pyrrhotite are presented in 

Ta ble 11.1 (for complete analyses see Appendix 12). In normal Merensky Reef, 
pyrrhotite is the hexagonal variety or an intergrowth of hexagonal and 
monoclinic pyrrhotite (Liebenberg, 1970; Vermaak & Hendriks, 1976; analysis 

( 
7, Table 11.1). Troilite, a}hough reported from the Merensky Reef, is only 
rarely observed. However, as discussed above, in iron-rich ultramafic 
pegmatite and replaced Reef at Amandelbult pyrrhotite-group minerals usually 
comprise a fine-grained intergrowth of troilite and hexagonal pyrrhotite 
(analyses 3-6, Table 11.1). Troilite in these samples has a MIS ratio (M = 
Fe+Ni+Co) of greater than 0.98 (it is usually between 0.99 and unity). Cobalt 
and Ni are noticeably poorer in troilite compared to hexagonal pyrrhotite 
(compare analyses 3-6, Table 11.1). Hexagonal pyrrhotite from iron-rich 
ultramafic pegmatite exhibits few chemical differences to that in normal 
Merensky Reef (analyses 4,6 and 7, Table 11.1). 

In comparison, pyrrhotite from the Vlakfontein nickel pipes is normally 
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TABLE 11.1 ELECTRON MICROPROBE ANALYSES OF PYRRHOTlTES 

1 2 3 4 5 6 7 
wt. % x d x d x d x d x d x d x d 
S 38.04 .181 38 . 37 1.266 36.40 .450 38.41 .325 36.97 .240 39.11 . 071 37.9 .69 
Fe 62.33 .177 61.37 1.118 62.80 .404 60.51 .509 63.33 .085 61.10 .099 59.9 .54 
Co .06 .063 . 07 .057 n.d. . 09 .1 
Ni n.d. .12 . 075 n.d. .16 . 035 .2 
'!UrAL 100.37 99.75 99.26 99.11 100 . 30 100.46 98.1 
at. % 
S 51.53 52.13 50.22 52 . 44 50.42 52.61 52.37 
Fe 48.47 47.87 49.74 47 . 42 49.58 47.20 47.45 
Co .04 .05 .07 .06 
Ni . 09 .12 .12 

M:S . 941 .918 .991 .907 .983 .901 .909 
Phase ? Hexagonal Troilite Hexagonal Troilite Hexagonal Hexagonal 

n 4 12 6 6 2 2 3 
- not analysed; n.d. not detected; x- rrean; d- standard deviation; n- number of sampl es; 
M: S - ratio of (Fe + Co + Ni) I S. 

1. Core of the Mcoihoek pipe 5,6. Typical iron-rich ultramafic pegmatite, Amandebult. 
2. Vlakfontein nickel pi pes 
3,4 Replaced Merensky Reef, Amandelbult. 

7. Normal Merensky Reef, Rustenburg (cputed in 
Vermaak & Hendriks, 1976) 

an intergrowth of the hexagonal and monoclinic varieties (Liebenberg, 1970); 
this was confirmed by analyses on samples collected by the author (analysis 
2, Table 11.1). Similarly it was confirmed that pyrrhot i te from the 
platiniferous core of the Mooihoek pipe is the hexagonal variety (analysis 1, 
Table 11.1). 

11.3.2 PENTLANDITE 

REVIEW 
Knop et al. (1965) showed that pentlandite, which had previously been 

considered t o be (Fe,Ni)9S8' is a natural (Fe,Co,Ni,S) phase in which the 
the relative proportion of Fe, Ni and Co may vary within wide limits. The 
crystal structure does not require a fixed ideal value for the M/S ratio, 
although it is conventionally taken as 9:8. In typical, low-Co pentlandite 
the Ni/Fe ratio usually varies between 1.00 and 1.15, although a much wider 
range can be accommodated into the structural field (see fig. 11.3A). Iron 
and Ni can be completely substituted by Co such that Co-rich pentlandite, in 
which the composition may approach synthetic C09S8 is known. 
ratio varies between much wider limits, from 0. 70 to 1.29, 
usually close to unity . 

Here the Ni/Fe 
although it is 

Knop et al. (1965) observed that the M/S ratio cannot be fixed 
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accurately because of analytical problems in determining S. Rajamani and 
Prewitt (1973) investigated this further and conc luded that the structural 
formulae for Ni-rich pentlandite is M9_xSS' and for Fe-rich pentlandite is 
M9+xSS; as the M/S ratio decreases the Ni content increases. Kouvo et al. 
(1959) first described Co-rich pentlandite in the literature (from the 
Outokumpu mine, Finland), in which up to 49.33 wt. percent Co may occur. They 
reported that the optical properties were unchanged. Petruk et al. (1969) 
report cobaltian pentlandite (54.1 wt. percent Co) from the Cobalt district, 
Ontario, which is associated with an assemblage of low-temperature Co-Ag 
sulphides and arsenides. The physical properties of Co-rich and cobaltian 
pentlandites have been investigated by Rajamani and Prewitt (1973) . Harris 
and Nickel (1972) found that the composition of pentlandite is dependent on 
the sulphide assemblage in which it occurs. They recognized a number of 
assemblages, including the fo ll owing: 
(1) Pentlandite - troilite, in which pentlandite has the lowest Ni/Fe ratio 
and contains greater than 3.0 atomic percent Co (in this group they include a 
sample from Mooihoek); 
(2) Pentlandite - pyrrhotite, in which pentlandite commonly has less than 3.0 
atomic percent Co and has higher Ni/Fe ratios than those in group -(1). The 
composition varies with that of pyrrhotite (hexagonal or monoclin ic); 
(3) Pentlandite - monoclinic pyrrhotite - pyrite/smythite; 
(4) Pentlandite - pyrite/millerite; 
(5) Pentlandite - heazlewoodite, in which the highest Ni/Fe ratios occur; 
(6) Cobaltian pentlandite (10 - 20 atomic percent Co) and cobalt pentlandite 
(over 21 atomic percent Co) - heazlewoodite/awaruite. 

Misra and Fleet (1974) investigated the phase relations of synthetic 
pentlandites and concluded that the composition of natural pentlandite varies 
sympathetically with the mineralogy of the host assemb lage. Their findings 
support those of Harris and Nickel (1972). 

CHEMISTRY 
Averages of electron microprobe analyses of pentlandite are presented in 

Table 11.2 (for complete analyses see Appendix 12). Pentlandite from normal 
Merensky Reef 
than 0.5 wt. 

at Amandelbult is a Co-poor variety (it usually contains 
percent Co ) with low Ni/Fe ratios (analyses 6 and S, 

less 
Table 

11 .2 ). It is comparable to pentlandite in group (2) of Harris and Nickel's 
classification (it is associated with hexagonal or monoclinic pyrrhotite), 
athough the Ni/Fe ratio may be unusually low (fig. 11. 3). 

Pentlandite from iron-rich ultramafic pegmatite and replaced Reef at 
Amandelbult is invariably a Co-rich variety (usually containing 7-9 wt. 



- 203 -

TABLE 11.2 ELEI:TRON MICROPROBE ~YSES OF PEN1'I.ANDIT"'..s 

1 2 3 4 5 6 7 8 9 
wt. , x d x d x d x d x d x d 
s 34.14 .338 33.93 .790 33.79 .433 33.lJ .607 33.33 .445 33.59 .314 32.0 31.85 36.73 
Fe 39.38 1.019 34.26 1.807 lJ.55 .806 30.81 1.087 31.91 .064 34 .48 .847 JB.4 32.95 54.99 
Co 4.79 .337 1.75 .591 2.82 .247 8.25 .712 7.16 .106 .28 .180 4.3 .90 5.13 
Ni 22.71 .717 31.09 2.018 30.27 .899 28 . 12 .444 28.07 30.78 1.162 23.7 33.55 3.98 
IDrIlL 101.02 101.03 100.43 100.18 100.46 99.13 98.4 99.25 100.83 
at. %; 

S 47 .58 47.44 47.52 46.79 47.03 47.75 46.2 45.81 50.14 
Fe 31.51 27.50 27.08 25.08 25.84 28.14 31.8 27.16 43.09 
Co 3.63 loll 2.16 6.36 5.50 .22 3.4 .69 3.81 
Ni 17.28 23.74 23.24 21.77 21.63 23.89 18.6 26.34 2.97 

Ni/Fe* .55 .86 .86 .87 .84 .85 .59 .97 
Ni/Ni +Co .83 .95 .92 .77 .80 .99 .85 .97 
M,S 8.81 8.87 8.84 9.10 9.01 8.75 9.32 9.40 .995 
n 5 5 9 13 2 9 2 
x mean; d - standard deviation; n - number of samples; * - atomic ratios; 
M : S - ratio of (Fe + Ni + Co) / S, ass~ng S = 8. 

1. Core of the M:::oihoek ~ipe. 6. Normal. Merensky Reef, _odelb.Jlt. 
2. Magnesian dunite, Driekop. 7. Cobalt penatlandite, M::::oihoek (Harris & Nickel, 1972). 
3. Vlakfontein nickel pipes. 8. Normal Merensky Reef, Rustenburg (Vermaak & Hendriks, 1976) 
4. Replaced Reef, _ndelb.Jlt. 9. Mackinawite, iron-rich ultramafic pegmatite, Amandelbult. 
5. Iron-rich ultramafic pegmatite, Amandelbult. 

percent Co; analyses 4 and 5, Table 11.2). This is typical of pentlandite in 
group (1) of Harris and Nickel's classification (it is normally as sociated 
with an intergrowth of troilite and hexagonal pyrrhotite). Cobaltian and 
cobalt pentlandites and rare Ni-Co sulphosa lts have not been observed in the 
pegmatite suite at Amandelbult. 

Mackinawite, a characteristic exsolution phase in pentlandite, cubanite 
and chalcopyrite in iron-rich ultramafic pegmatite at Amandelbult, is also a 
Co-rich variety (analysis 9 , Table 11.2). These samples occur as 
exsolution laths in Co-rich pentlandite. 

Pentlandite from the the magnesian dunite unit at Driekop is a Co-poor 
variety, but that from the core of the Mooihoek pipe, where it is associated 
with pyrrhotite (usually an intergrowth of troilite and hexagonal 
pyrrhotite), is a Co-rich variety simi lar to that found in iron-rich 
ultramafic pegmatite at Amande·lbult (analyses 1 and 2, Table 11.2) The 
Ni/Fe ratio is, however, quite different. Pentlandite from the Vlakfontein 
pipes is a Co-poor variety, which may be typical of an assemblage in which 
the pyrrhotite pentlandite ratio is much lower than that for the more 
highly fractionated iron-rich ultramafic pegmatite suite (analysis 3, Table 
11.2). It is similar to cumulus pentlandite in the upper critical zone. 
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DISCUSS ION 

These different sample groups are readily distinguished on a triangular 

diagram of FegSS - COgSS - NigSS (fig. 11.3A). Analyses from Harris and 
Nickel (1972) are incorporated in Figure 11.38 . Cobaltian and cobalt 
pentlandite have Ni/Fe ratios approaching unity. indicating that Co 

partitions equally between the Ni and Fe sites at high concentrations of Co. 
At lower concentrations, Co parti t ions preferentially into Ni sites, such 
that pentlandite with 5 to 10 wt. percent Co has low Ni/Fe ratios. 

Samples from this study and from Harris and Nickel's groups 1 and 6 are 
plotted on graphs of Co vs. (Ni + Fe) and Co vs. Ni/Fe (fig. 11.4). A plot 
of Co vs. (Ni + Fe) gives a straight line, within analytical error, indicat­

ing that with increasing Co content the M/S ratio remains unchanged. 
Pentlandites from iron-rich ultramafic pegmatite scatter along this line 
depending on the percentage of Co. 

® 

@ 

I 
I 
I 
I 
/ 

Cobalt-rich samples 
A> Mooihoek (core of the pipe) 
~ Harris and Nickel's Group 1 
o Harris and Nickel's Group 6 

Cobalt-poor samples 
.Driekop (magnesian dunite) 

D Vlakfontein 

Figure 11.3 Pentlandite composItions plotted as at. ~ FegSS - C0958 - NigSS" 
A: fran Harris and NIckel (1972); dashed lines represent the solid solutIon limits defined by Knop 

and Ibrahim (1961). Open circles and crosses represent cobalt pentlandltes from Outokumpu , stars represent cobalt 

pentlandltes from Cobalt, Ontario and solid circles are pentlandltes with less than 12 at. S Co. 
B : data in the present study; cobalt-rich pentlandites from the iron-rich ultramafic pegmattte suite 

plot 1n field "1" and cobalt-poor pentlandttes from the Merensky Reef plot In field "2". Also includes samples 

from Harris and Nickel's Group 1 (samples from Mooihoek, Pefkos. Muskox and Del Norte Co.) and Group 6 (samples 

from Dumont and Univex). 
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If Co substitutes equally for both Fe and Ni a plot of Co vs. Ni/Fe 
should give a straight line . parallel with the Co-axis. From Figure 11.48 it 
can be seen that Co-poor pentlandite from the cumulates define an entirely 
separate field to that of Co-rich pentlandite from the pegmatites. The 
latter samples scatter along a straight line which indicates that for every 1 
atomic percent increase in Co the Ni/Fe ratio increases by 0.11 atomic 
percent. Samples from Harris and Nickel's group and of cobaltian 
pentlandites from Dumont (group 6) also define this trend. At moderate 
concentrations (3 to 11 atomic percent). Co preferentially occupies Fe sites 
in place of Ni sites at a rate of roughly 3 to 2. This does not hold true for 
low and high concentrations of Co. 
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Cobalt-rich samples 
• Iron-rich ultramafic pegmatite 

A> Maaihoek (core of the pipe) 
h. Harris and Nickel' 5 Group 1 

() Harris and Nickel's Group 6 

Cobalt-poor samples 
"V Merensky Reef 

.. Oriekop (magnesian dunite) 
o Vlakfanteln 

Figure 11 .4 Pentiandite compositions plotted as : (A) at. % Co vs. at . % (Ni.Fe); and (B) at. % Co vs. at. % Ni/Fe. 
In (A) all samples plot on a straight line which reflects a constant M:S ratio (H = Fe+Ni+Co). but 1n 

(8) the cobalt-rich samples lie on a straight lIne (indicating that In this composItional range Co preferentially 
occupies Fe sites at the expense of Ni s i tes) and the cobalt-poor samples define a separate field. 
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TABLE Ll.l EI..a"TIC~ .'UCRCPRCBE ANALYSES O~ OlAIaJPYRIT"...5 ,\W aJIWIIT"...5 

L l 4 5 6 7 
wt. , 

S 34.36 34. 'J5 35. L7 35.68 35.35 35.21 35.71 
~~ 30.53 40.69 30.47 40.96 41.10 31.08 41. 90 
Cu 33.77 22.85 )) . 65 22.67 22.34 33.34 22.50 

'IUr1\L 98.06 98.49 9? 21J 99. Jl 98.79 99.75 100.11 
dt . '\ 

S 49.85 50.05 50.50 50.52 50.35 50.35 50.21 
Fe 25.43 33.45 25 . 12 33.29 33.60 25.51 33.62 
CU 24.72 16.51 24.38 16.19 16.05 24 . 14 15 . 96 
M:S 1.006 .996 .960 .986 .986 .986 .991 
CU/ CU+Fe . 49 .33 .49 .33 .32 .49 .32 
M:S Ratio of I Fe+Cu I / S 
1,2 . Chalcopyrite, Replaced Merensky Reef, Amandelbult. 
J ,4. Chalcopyrite, typical iron-rich ultramafic pegmatite, ~andelbult. 
5. CUbanite, Middellaagt2 pipe, Amandelbult. 
6,7. Chalcoovrite, normal ~rensky Reef, PIMndeltult. 

11.3.3 CUBANITE AND CHALCOPYRITE 

Selected microprobe analyses of chalcopyrites and cubanites from iron­
rich ultramafic pegmatite and the cumulates at Amandelbult are presented in 
Table 11 .3. The M/S and Cu/(Cu + Fe) ratios indicate that they lie very 
close to ideal compositions and no chemical trends have been recognized. 

11.3.4 PLATINUM-GROUP MINERALS 

Iron-rich ultramafic pegmatite at Amandelbult is normally depleted in 
PGM, with the exception of the replaced Reef sequence discussed above. 
However, during analysis of sulphide phases by J.C.!. a number of PGM were 
located in pegmatite samples (see Table 11.4). 

TABLE 11.4 EL!X:TRQN MICROPROBE ANALYSES Q~ R;M IN IRON-RICH ULTRAMAFIC Pa:;.'lATlTE AT AMANJELIlOLT 

1 2 J 4 5 6 7 8 

wt.' 
~e .18 n.d. .20 2.48 2.48 S 32.19 29.70 36.62 
Ni .43 n.d. n.d . n.d. n.d. Fe .80 1.44 63.68 
As 13.84 40.63 n.d. n.d. n.d. 1\:1 n.d. n.d. .19 
Pd 63.95 n.d. 36.11 37.72 37.78 Pt n.d . n.d. .66 
Pt n.d. 54.64 n.d. n.d. n.d. Ru 59.08 53.37 n.d. 
IICJ 14.67 n.d. 64.30 63.86 61.05 lr 8.87 11.62 n.d. 

'IUrAL 93.08 95.32 100 . 61 103.11 101.31 'IUrAL 100.94 96.14 101.16 
1,2,). COmposite qraln ()SO *150 ~crons) (2.-sperrylite,Pt,As; .a-Fd,Hg alloy; 1-(I\:l,IICJ)As. 
4,5. Discrete grains of Pd,Hg alloy . 
6,7. Laurite. 8. ~rrhot1 te 
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TABLE n.5 WHOLE-ROCK ANALYSES Of SULPHIDE-RICH SAMPLES 
Of IRON-RICH ULTRh"1AF'IC PEr,,'1ATITE 

27-Hl AE-14 AE-16 ML24-9 TLP-IA ML27-5 
wt.% 

Si02 53.47 24.74 32.99 35.30 35.85 32.42 
Ti02 2.57 1.14 3.36 3.35 .24 6.21 
A1203 .48 .35 1.28 1.65 .17 .52 
Fe203 3.97 2.72 4.84 4.88 1.80 7. 71 
FeO 33.73 55.23 36.42 32.24 38.50 32.17 
MnO .18 .32 .38 .44 .55 .60 
MgO 4.20 12.61 15.06 13.70 20.05 15.39 
cao .36 2.85 5.59 7.88 2.70 4.83 
Na20 .03 .04 .07 .28 .03 .10 
K20 n.d. n.d. n.d. . 07 n.d. n.d . 
P205 n.d. .01 .02 .22 .12 .04 

TOTAL 100.00 100.00 100.00 100.00 100.00 100.00 

~ 
Cr 4075 124 530 838 101 324 
V 3170 250 910 1146 315 1330 
Co 1178 893 403 319 323 255 
Ni 5574 3815 1247 972 1263 322 
Cu 6600 11367 2277 1521 2174 21 
Zn 160 118 148 216 355 209 
n.d.: not detected; - rot detennined; % Fe203 = % Ti02 + 1.5 
27-Hl,AE-14 & AE-16 TYPical, small body, Amande1bu1t; 
ML24-9 Midde11aagte pipe; TLP-1A Town1ands pipe; 
ML27 5 Sulphide-poor pegmatite, Midde11aagte Pipe. 

11.4 WHOLE-ROCK CHEMISTRY 

The distribution of Ni, Cu and Co in iron-rich ultramafic pegmatite is 
obviously influenced by sulphi'des. Although sulphur has not been analysed 
for, whole rock data in conjunction with mineralogy enables the distribution 
of Ni, Cu and Co between co-existing silicate and sulphide phases to be 
described qual itatively (see also Chapter 12). Three analyses of sulphide­
rich pegmatite (with greater than 10 modal percent su lphide) are presented 
in Table 11.5. The proportion of sulphide Ni, Cu and Co can be estimated by 
comparison with a sulphide-poor sample of similar bulk silicate composition. 
Typical analyses of sulphide-rich (disseminated ore) and sulphide-poor 
pegmatite from the Middellaagte pipe are also presented in Table 11.5. The 
Cu-poor nature of the sulphide in the Middellaagte pegmatite is evident in 
comparison with samples of sulphide-rich pegmatite from the Townlands pipe. 
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11.5 CO-EXISTING OLIVINE AND SULPHIDE 

The distribution of Fe2+ and Ni between olivine and sulphide has 
impications in determining the genesis of magmatic Ni-sulphide ores 
Chapter 6, cf. pp. 101-103 ) . 

COMPOSITION OF PEGMATITE-HOSTED OLIVINES AND SULPHIDES 

major 
(see 

Olivine from iron-rich ultramafic pegmatite is characterised by a 
slightly high NiO/MgO ratio, as compared to both theoret ical compositions and 
to cumulus olivine from the layered sequence (see pp. 153-155 and 159-161 ). 
This is also true of iron-rich olivines from the platiniferous ultramafic 
pipes (see pp. 50-54). There does not appear to be any relationship beteween 
the Ni content of olivine in any of these samples and the presence or absence 
of sulphide (subsolidus reequilibration between sulphide and silicate was 
referred to in Chapter 6, pp. 101-102). 

The distribution of Ni/Fe between sulphide and olivine is related by 
the distribution coefficient KD (Thompson et al., 1984, quote an average 
value for KD of 9.8, which is in agreement with that calculated for the 
Merensky Reef; see p. 101). The average Ni/Fe ratio of olivine in iron-rich 
ultramafic pegmatite at Amandelbult is 0.0008 (Table 9.2). Using a value of 10 
for KD the Ni/Fe ratio of the pegmatite-hosted sulphides may be estimated at 
0.008. The modal proportions of sulphide assemblages are difficult to 
assess, but this value fits a composite sulphide assemblage consisting of 95 
wt. percent pyrrhotite, 3 wt. percent combined cubanite and chalcopyrite and 
2 wt. percent pentlandite (using the microprobe data in Tables 11.1 to 11.3). 
This seems reasonable, judging by petrographic studies. 

CONCLUSIONS 
It is suggested that S-saturation was only reached in the pegmatitic 

liquid after crystallization of olivine, at which stage only minor residual 
quantities of Ni could be scavenged by the immiscible monosulphide liquid 
solution. If S-saturation occurred early then it would be unrealistic to 
expect olivine to be Ni -rich, even though the Ni-poor nature of the sulphides 
could be accounted for by the Fe-rich nature of the pegmatitic liquid. This 
may be examined in relationship to knowledge of the sulphur solubility of 
ultramafic-mafic magmas. 

SOLUBILITY OF SULPHUR IN ULTRAMAFIC-MAFIC MAGMAS 
Increases in temperature , sulphur fugacity, (fS2), FeD content and, to a 

lesser extent MgO and CaD content (as they affect aFeO), result in an 
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increase in the capacity of a mafic magma to dissolve sulphur . Conversely, 
increases in oxygen fugacity (f02) and, to a lesser extent, Si02 and Al 203 
(as they effect aFeO) have a reverse effect (Fincham & Richardson, 1954; 
Maclean, 1969; Haughton et al., 1974; Shima & Naldrett, 1975). All common 
mafic magmas are within a range of f02 and fS2 such that sulphide sulphur is 
the most important phase in the melt. The strongest positive correlation 
with the sulphur carrying capacity of a mafic magma is with the FeO content 
(Haughton et al., 1974). Haughton et al. showed that the amount of S 
dissolved in basaltic magma at 12000C varied from 0.2 to 0.5 wt. percent S 
as the FeO content increased from 5 to 20 wt. percent, at fixed levels of f02 
and fS2. Shima and Naldrett (1975) found that an immiscible sulphide liquid 
will segregate from an ultramafic magma (23 wt. percent MgO, 12 wt. percent 
FeO) with an f02 of 10- 10 .4 atm. at an fS2 between 10-2.4 and 10-2 atm., at 

which stage the melt contained 0.16 to 0.27 wt. percent S. At a higher f02 
of 10-9.2 atm. it was not possible to saturate the melt, even with an fS 2 of 
10-1,4atm . Theoretically, however, they predicted that at this higher oxygen 
fugacity segregation will occur at an fS2 between 10-1 and 10-0.7, with 0.33 
to 0.47 wt. percent S. 

The presence of the trace elements Ni, Cu, Co, Zn etc. have very little 
effect on the solubility of sulphur in silicate magmas. When the sulphide 
liquid first segregates from the silicate magma it is widely distributed as 
small droplets, the composition of which will be buffered by the magma. 
Thus, the f02 , fS2 and aFeO ' aNi and aCu etc. must be the same in both the 
co-existing sulphide and silicate liquids (Naldrett, 1981). In a large magma 
chamber f02, fS2 and aFeO are buffered, such that the controlling factor is 
the total FeO content. This results in the formation of sulphide bodies in 
which the relative proportions of Fe, S, and 0 vary within sma ll limits as 
this is dictated by the composition of the primary magma. 

11.6 CRYSTALLIZATION TEMPERATURE 

The melting relationships of the system Ni-Fe-S in the presence of 15 
and 20 wt . percent synthetic magnetite have been examined by Craig and 
Naldrett (1963). They found that between 10 and 20 wt. percent Ni does not 
appreciably affect the melting pOint, whereas the presence of only 2 wt. 
percent Cu lowers the melting point of nickeliferous pyrrhotite by 15 to 
20°C. The melting temperature also varies over a range of 50 to 60°C as 
the S content of the monosulphide liquid solution changes from about 36 to 39 
wt. percent. Typical melting temperature of Mss is 10100C plus or minus 
30°C. Naldrett (1967) found that crystallization commenced at between 1010 
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and 10500C for typical Mss compositions in the Fe-S-O system. Craig and 
Naldrett (1963) concluded that the minimum temperature at which Ni­
pyrrhotite-magnetite ores might be emplaced as liquids or crystal mushes is 
between 1040 and 9800C. Naldrett and Richardson (1967) found that H20 has no 
appreciable fluxing effects and Ni-sulphide ores have no connection with 
hydrothermal activity. In nature Skinner and Peck (1969) observed immiscible 
Ni-sulphide droplets in a melt collected at the Alae lava lake at a 
temperature of 10650C, well below the melting point of pure pyrrhotite 
(11880C). 

11.7 SUMMARY 

(1) The sulphide assemblage in iron-rich ultramafic pegmatite from the upper 
critical zone is characterised by an exceptionally high FeS/NiS ratio 
(the pyrrhotite: pentlandite ratio is probably over 50), a high FeS/CuS 
ratio, and the predominance of cubanite over both pentlandite and 
chalcopyrite. 

(2) Pyrrhotite is usually an intergrowth of troilite and the hexagonal 
variety. 

(3) Pentlandite is a Co-rich variety. 
(4) Iron - rich ultramafic pegmatite is normally non-platiniferous. 
(5) The sulphide assemblage of iron-rich ultramafic pegmatite is character­

ristic of fractionated, iron-rich ultramafic-mafic rocks and probably 
crystallized at magmatic temperatures. 

(6) Sulphur saturation probably occurred after crystallization of olivine, 
consequently these sulphides are Ni-poor. 

(7) Iron- rich ultramafic pegmatite that replaces the Merensky Reef is 
usually platiniferous and may contain a total PGE content equivalent to 
the normal, unreplaced Reef. However, it is characterised by different 
inter-element PGE ratios (e.g., high Pt and RU). 

(8) Replaced Reef is characterised by a unique PGE mineralogy (in which Pt­
Fe alloys and laurite are predominant, with an absence of complex 
bismuthotellurides). 

(9) Partially replaced Reef may contain a mixture of cumulate-related and 
pegmatite-related sulphides. 

(10) It is concluded that the majority of the PGE and a proportion of the 
base-metal sulphides in replaced Reef have been leached from the pre­
existing Merensky Reef. 
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CHAPTER 12 WHOLE-ROCK CHEMISTRY 

Whole-rock analyses of iron-rich ultramafic pegmatite are presented 
herein and model led in conjunction with mineralogical data discussed in the 
preceding chapters. Analyses include a selected range of trace elements 
which were not determined during electron microprobe analysis of discrete 
phases. Most of the whole-rock analyses presented here are of pegmatites from 
bodies in the upper critical zone (above the UG-2 chromitite layer) or the 
lower part of the main zone at Amandelbult. Mineralogical data indicate that 
these rocks become increasingly fractionated with height in the cumulate 
pile, but compositional variation in pegmatite from a constant position in 
the layered sequence is almost entirely dependent on modal variation. The 
composition of iron-rich ultramafic pegmatite may also be compared with that 
of their cumulate host rocks. 

12.1 SAMPLING AND ANALYTICAL DETAILS 

Samples of iron-rich ultramafic pegmatite analysed in this study may be 
subdivided into four groups. The results of these analyses are presented in 
Table 12.1 (samples from small bodies at Amandelbult, all from the upper 
critical zone), Table 12.2 (samples from the Middellaagte pipe, all from the 
upper critical - lower main zone), Table 12.3 (samples from the south-western 
sector of the Bushveld Complex) and Table 12.4 (samples from the eastern 
Bushveld Complex). Further sampling details (precise geographic and 
stratigraphic locations, explanation of acronyms etc.) are provided in 
Append ices 1 and 2. 

Because of the pegmatitic character of these rocks individual samples 
are often not representative of their parent bodies. A second problem is 
encountered with these data because of the presence of relict cumulus 
minerals, consequently petrographic studies are required to distinguish 
between pegmatite sensu stricto and hybrid, pegmatite-cumulate rocks (cf. pp. 
125-126) . 

All whole-rock analyses in this study were performed by X-ray 
fluorescence spectrometry (see Appendix 5). All major elements, including 
"loss on ignition", were analysed for, as were a range of selected trace 
elements, namely Cr, V, Co, Ni, Cu, Zn, Sc, Nb, Zr, Y, Sr and Rb. 



TABLE 12.1 XRF ANA LYSES OF WHOLE-ROC K SAMPLES OF IRON -R ICH ULTRAMAF IC PEGMAT ITE FROM AMANOELBULT 

I{-S 1{-9 I{-IO I{-ll 1{-12 1{-13 1{- 15 1{-17 !{- lS !{-19 !{-<O !{-21 
1Ot.1 
Si()z 37. 17 ll. 16 li .34 35.97 37. D 43. III 42.1ll 42.15 42.61 42.61 42.39 «l.07 
Ti()z 1.67 1.58 2. 19 .99 .49 2.13 4.45 2.1Il 3.62 3.a; 4.99 4.12 
AI;!OJ . 74 .81 1.43 .54 .SS 1.62 6.09 1.72 I.a; U ti 2.65 1.57 
Fe;P] 3.12 3.01 3.62 2.44 \-91 3.56 5.IE 4.39 5.CIi 5.29 6.43 5_SS 
FaJ 33.13 31.82 33.25 37.lli li.14 <0.49 14_29 2l.D 19.01 lB. 42 15_75 22.«l 
lW .45 . 46 . 48 .42 .41 .26 . 22 .28 .27 .26 .26 .32 
I49l 17.39 lUll 17.07 17.a; 17. 18 13.Bl 10.63 13-46 12. n · 12.46 11.«l 13-«l 
Cal 6. <0 6.96 5.45 4.57 5.32 14.CIi 15.42 13./l! 14.72 IS.CO IS. 93 12.48 
I¥ .12 .09 . ll .04 .06 .lli .34 . 14 . 14 _13 .IB .lD 
K<o n.1i n.1i .01 n.1i n.1i . C!! .04 n.1i .01 .01 n.1i n.1i 
pp.; . C!! .ID .04 . 01 .04 .04 .04 .C!! .01 .C!! _02 .01 

~ 
Cr 382 352 n; 515 Z35 fl)Q 1047 l2!D 1279 1042 1496 l332 
V 664 652 595 673 395 1020 lBl2 IBIl l364 172S 2382 2153 
Co 233 Zl8 242 260 261 lli7 128 166 194 156 133 178 
HI 372 li4 356 43B 478 299 a:>4 251 439 Z35 172 2<18 
Cu 4li 447 4n SIS SIfj 496 Zl6 316 695 317 2Z3 261 
Zn 170 l64 l6B lB2 179 lD7 89 112 ~ lOS !DO 133 
Sc 59.1 61.9 48.6 41.4 45.3 104 !!l.9 108 115 III 128 101 
Nb n.1i n.1i n.1i n.1i n.1i n.1i 3.5 n.1i n.1i 3.0 n.1i 58(1) 
Zr 10.6 9. 7 11.2 6.2 7.3 21.2 24. 9 21.4 23.4 22.9 25.4 IllC?) 
Y B.5 9.5 7. 2 7.5 6.9 lli.6 19.2 16.1 IB_3 17.B 16.B 61(1) 
Sr 5.3 6.3 IB 5.3 5.1 IS IE 13 14 13 31 
Rb n.1i n.1i n_1i n.1i n.1i n.1i n. Ii n.1i n.1i n.1i n.1i 

1{-23 1{-24 1{-25 1{-26 1{-27 !{-28 1{-29 !{-31 !!i-32 1£-33A JlU..1 JlU..2 
1Ot.1 
Si()z 37.IB li.71 39.73 33.49 39.31 42.65 «l. 17 43.46 43. 74 41.69 41.52 44.61 
TI()z lD.32 1.!!l 5.lli 5.32 3.n 3.ll 2.«l 3.09 2.65 3.32 4.31 2.23 
Al;!OJ 1.57 1.41 1.52 1.33 1.69 2.1ll 1.42 1.84 2. 23 2.62 4.99 1.78 
Fe;P] 11.74 3.42 6.69 6.71 5.25 4.58 3.84 4.50 4.09 4.75 5.74 3.65 
FaJ 14.56 33.43 <0.37 32.87 24.33 19.~ 26.CO lB. 77 19.30 19.44 16.94 19. 26 
MrO .29 .45 .37 .45 .39 .30 .li .31 .28 .28 .30 .29 
I49l 1l.31 16.82 13.08 16.41 14.C5 13.32 1S.04 13.22 13.1ll 12.17 11.37 13.15 
Cal 12.IE 5.64 12.96 3.31 11. 10 13.CIi 10.48 14.67 13.57 14.37 14.37 lUll 
N."o .ll . 10 .12 .C5 . 12 .12 . 25 . 12 . 22 1.33 .34 . 17 
K20 .01 .ID n.1i .ID .ID .09 .02 . 01 .09 .01 .03 
PzO; .02 .01 .01 .02 .01 .C5 .01 .02 .03 .01 .12 .03 

~ 
Cr 737 279 IISI 489 1073 751 6<Jl ~ 731 1566 963 1594 
V 2ID4 ffi8 1946 1116 IB78 1375 1469 1596 l332 2366 l644 1921 
Co 165 2Bl lli7 2'14 III 184 148 143 149 143 132 146 
Hi 260 307 281 29¢ 2Z2 258 208 1Bl 221 ali ali 226 
Cu 350 240 n; 174 135 IB9 160 153 lSI 191 242 a:>4 
Zn 101 176 120 202 137 144 115 109 100 119 104 109 
Sc 130 45.B 107 44 .3 a;.9 61.5 96. 7 1C5 102 102 IDS 112 
Nb lli.3 n. 1i 5.1 6. 7 3.6 n.1i n.1i n.1i S.O n.1i 5.4 n.1i 
Zr 45.3 14.4 24.4 23.3 23.1 <0.5 25.7 21.B 35.3 20.5 22.5 22.6 
Y 14.4 10.4 13.6 9.2 14.7 14.0 19.0 17.0 1S.5 17.7 16.6 20. 7 
5r 10 <0 10 4.4 lli 12 27 IS 20 31 n 15 
Rb n.1i n.1i n.1i n.1i n.1i n.1i n. 1i n.1i 9.B n.1i 3.5 n.1i 

Fe203 estimated by the method of Irvine and Ba ragar (1971) . 

All samples on this page from one, sheet- like pegmatite body (case- study (2)). 



TABLE 12.1 (CONTINUED) 

1C-5 !Go32 !Go34 !Go]7 IO-«l 10-418 ... -58 ... -6 
... S 
SIOz ll.76 39.]; 42." 42.'1; ".EO 45. 18 39.53 «l.19 ];.19 37.16 43.'B " . 11 «l.49 41.51 41.51 42.10 
TlOz 6.1ll 7.00 6.EO 6. 71 2.51 2.54 3.(2 3.00 2.91 3.(2 4. 12 4. 13 .00 .00 6.15 6.ffi 
AlzOJ 6.&1 6.>1\ 1.'1) 1. 72 1.1Il 1.82 4.1Il 4. Ii! .81 .91 1.91 l.ffi 10.20 10. Ii! 1. 91 1.97 
FezOJ 8.39 8.52 8.07 8. 16 3.93 3.91 .4.42 4.53 ' . 35 4.47 5.56 5.57 1.~ 1.60 8.<5 8.37 
FOI 12. 63 12.81 lUIS 12.OJ 16.53 16.n 21.01 21.]; 19.87 ll.1i! 15.24 15. 18 11.m 12." 11. 91 12.16 
IWl .ll , .34 .<5 • <5 .V .V . 32 .32 .42 ... .25 .V .18 .19 .24 . 24 
"1l 8.1ll 9.ro 11.ll 11. 47 12.50 12.&1 12. $ 13.16 16.]; 16.1Il 11.91 12.m 21. 76 24.87 11.19 11.45 
COO 15.50 15.74 16.21 16.42 16.24 16.41 12. <5 12'<6 6.32 6.49 16.57 16.62 6.93 7.25 16.46 16.1ll 
Ho;!) . 27 .27 . 16 . 16 .16 .16 . 17 . 17 .00 .00 .13 .13 .ll .34 .15 .16 
k20 .12 .12 .01 .01 Tr .01 .a; .a; .01 .01 n.d. Ol-d. . 10 .11 n.d. n.d. pp.; . (2 .(2 .(2 .(2 .(2 .(2 .01 . (2 .01 .01 .(2 .(2 n.d. n.d. .!l! .(2 
C,,<lJ .31 .19 .22 .25 .07 .15 .22 .20 
HID . !l! . (2 .m .a; .01 .m .14 .m 
L.a.!. .'1l .54 1.21 2.a; 2.61 1.a; 5.25 .53 
TOT .. 99.19 WO.OO 99." WO.OO WO.07 WO.OO 100.E9 wo.m 100. 14 wo.m WO.9I WO.OO 101.13 WO.OO 99.35 WO.OO 
.II!'! 
Cr 2137 roJ 1521 In. 452 1042 1473 1363 
V ml 2246 'JJi7 1927 812 2200 1Dl 19'Il 
Co 105 110 117 In aJ2 l6 128 140 
HI 153 187 225 378 315 229 ll21 25' 
Cu 125 121 121 375 120 178 9 357 
In 105 91 109 126 159 WO 91 n 
Sc 115 l3S 114 19.5 I'!l.! 119 12.' 162 
Hb 7.2 6.7 n.d. n.d. :U '.3 Ol-d. 5.9 
lr 31.5 1l.9 24.8 15.7 18.7 27.9 3.1 31.2 
Y 1'.5 20.7 20.0 13.0 12.2 19.2 '.5 18.0 
51' lJ)I 16 17 161 14 17 132 17 
Rb ' . 5 n.d. n. d. Ol-d. 2.0 n.d. n.d. n.d. 

"'-12 "'-13 111-32 ""33A ""1l8 ""34 ""35 "'-11 
".S 
SIOz 39.87 40.49 46.19 47. 92 43.39 ".11 ];.m 37.46 ".54 45.12 39.17 39.45 ll.78 34.]; 33.72 35.11l 
TIOz 5.n 5.a; .16 . 17 3. 92 3.99 1.87 1.'1; .:n .33 9.OJ 9.15 3.91 3.'B 11. 63 12.]] 
AlzOJ 3.511 3.EO La; 1.93 2. EO 2.69 2.10 2.18 27.27 ~7.62 2.56 2.57 2.41 2.'5 1.511 1.EO 
FezO:J 7.27 7.11 1.EO 1.71 5.42 5.51 3.37 3.51 Ull 1.82 10. 511 10." 5.'1 5.51 13. 13 13.74 
FOI 15.92 16.16 13.57 1'.00 1'. 47 1'.71 25.91 11l.07 2.37 2.«l 11.79 11.87 27.82 11l.:n 10.00 11.:n 
IWl .18 . 18 .18 .19 .24 . 24 .35 .]; .a; .a; .25 .27 .37 .37 .35 .]; 

"1l 11.00 11.a; ll.51 31." 11.11 11.19 18.1i! 19.43 3.07 3.11 10. a; 10.91 17.71 18.(2 1O.11l 1O.l6 
COO 13.00 13.91 2.15 2.21 16. 'I; 17.2' 6." 6. 93 18. 24 18.48 14. 00 I'. !ll 6.71 6.82 13.87 1'.51 
Ho;!) . 21 .21 .OJ .OJ .19 . 20 .11 .11 . '1; . 97 .12 . 12 .17 .17 .13 . 13 
k20 .01 .01 .01 .01 .01 .01 n.d. n.d. .13 .13 n.d. n.d. T, Tr .a; .a; 
pp.; .a; .a; n.d. n.d. .(2 .(2 .01 .01 .01 .01 .07 .07 .01 .m .m .ro 
C,,<lJ . 16 .17 1.00 .12 1.04 .OJ 1.56 
HiO .04 .34 .03 .15 .01 . 15 .m .m 
L.O_I. .,. '.25 .Ill 2.(2 1.91 .ll 1.35 2.!ll 
Tor .. 91.«l WO.OO 100.00 100.00 91.46 WO.OO 'B.33 WO.OO WO.15 100.00 100.78 100.00 91.l6 WO.OO WO.OO 100.00 

.II!'! 
Cr 1122 1356 6821 l!!l 7148 636 la;67 
V 1636 2743 1258 156 ]a;7 3lJ8 2156 
Co m 122 185 18 In 130 171 
HI 31' 2594 <50 1115 !II 1192 210 <!14 
Cu :J!9 &l7 1117 1O5 20 137 222 663 
In 92 87 'I; 172 22 192 92 .. 
Sc 124 20 110 35. 7 19. 1 «l.0 128 172 
Hb 6.3 n.d. n.d. n. d. n.d. n.d. 14.0 n.d. 
lr :n.6 5.3 25.1 11. 7 ••• 1'. 0 43.0 7.7 
Y 16.5 5.6 18.1 10. 1 5.0 11. 6 21.3 8.0 
50' 45.7 18 24 21 :J!9 <5.2 n.d. 19 
Rb n.d. n. d. n.d. n.d. 2.5 n.d. n.d. 

Fe
2
D
3 

estimated by the method of (rvlne and Baragar (1971). 

Sample AH-338 of partIally replaced anorthosite above the upper pseudoreef A. 
Samples AH-32 and AH-33A of partially replaced upper pseudoreef A. 



TABLE 12.1 (CONTINUED ) 

17-111 17-<:1 27-Dl 27-ctZ 27-03 17-Fl 27-Gl 17-"2 17-<;3 
".i 
SIOz 39.71 OJ. 17 42.11 42.42 43.0\ 43. 39 '7.a; 46.1I 32." JUlI ]), 47 JJ.75 40.29 OJ.~ 41.D 41.]; 
TlOz .24 .2' 1.12 1.13 .68 .00 1.11 1.00 4.37 '.54 2.a! 2. a; • !II .91 .36 .36 
AlzOJ 1.32 1.33 I.m 1.0\ 1.63 1.61 2.01 1.$ 1.09 1.14 . 15 . 15 1.12 1.1' 1.46 1.46 
FezOJ 1.74 1.76 2.62 2.61 2.lB 2.'" 2.61 2.53 5.87 6. lD J.SS 2.42 2.46 1.a; 1.11i 
FaJ 29.1I 29,,72 26.41 26.1'0 Zl.56 Zl.75 lB.57 17.93 JJ.ltl J1.9I 43.18 27.46 27. !II 25.00 25." 
/OJ) . 43 ... ... ... .'1 .42 .1I .J7 .49 . 51 . 57 . 58 ... ... ... ... 
I>;/l 19.75 19.!!! "'.1' ro.<!J 22.27 22.46 1'.53 1'.09 16.Zl U;.1Il lB.ll lB.l9 15.JJ 15.56 22.00 22.82 
C<o 6.U; 6.Zl 5.32 5.36 5.17 5.31 15.'17 15.48 ' .32 4.49 .'9 .50 lD.25 lD.42 5.'7 5.47 
¥ .lD . lD . a; .a; .12 .12 .12 .ll .rJl .W .01 .m .lD .lD . lB .lB 
<ro Tr Tr n.d. n.d. Tr Tr n.d. n.d. .01 .01 n.d. n. d. n.d. n.d. .0\ .0\ 
pp.; .Ill .Ill .m .m .Ill .Ill .0\ .0\ .m .0\ .a! .Il! .Ill .m .a; . a; 
CrzO.j .• 7 (19.28) 1 . 42 . '1 .33 .51 .12 .07 .00 
HiO .lI . lD .lS . .., .00 .1' .07 .a; 
L.D.l . I.JJ 1. 28 .76 ( •. a!) .82 I.JJ 1.11i 
TOT .. 100." l00.m lD1.m 100.00 100.51 100.00 103.72 1OO.00 97.54 1OO.00 100.00 '1l.n 1OO.00 lD1.91 100.00 

~ 
Cr 
V 
Co 
Nt 
Cu 
In 
Sc 
Nb 
Ir 
Y 
Sr 
Rb 

3213 2B'lJ 277J 22J5 )1$ B2lI 497 562 
144 (13242) 1 814 480 2S6 1141 !118 810 1043 
242 32B Zl2 193 1~ 2S6 JT7 ZllI 165 

2718 1321 764 1268 l562 SOl $1 S22 325 
If/) 627 290 265 68 .11 !Il9 836 562 
142 £69 149 146 lS7 217 190 135 91 
1I 43.8 47.4 47.1 42.3 55.3 lB. 9 Ill. 9 130 
n.d. n.d. n. d. n.d. n.d. n.d. "-d. "-d. "-d. 
46.1 14.1 7.9 7.3 8.7 17.0 '.5 13.2 15.7 
12.1 8.3 8.7 8.5 9.2 7.4 "-d. 13. 2 17.3 
12 6.1 4.1 14.B 14.0 7.7 11.d. 9.2 17.3 
n.~ n. ~ n.~ n. ~ 11.~ 11.~ 8.8 11.~ n.~ 

.... 1 .... 2 ...... JG.4 ,,;.5 - ""·18 1!(-2 

".i 
SiOz 51.62 51.18 33.33 33.1l! 44.37 44.82 33.BI )1.91 41.49 41.69 19.19 OJ.m 46.JJ 46.$ 46.61 48.82 

TiOz .29 .29 7.27 7.1I 5.27 5.32 .93 .$ 2.0\ 2.a; 4.74 ' .82 .SO .BI .$ 1.00 
AlzOJ 3.~ 3.93 l.ll 1.13 2.32 2.)1 .OJ . 42 J. ll 3.12 I. JJ 1.32 3.07 3.ll 5.73 6.00 

FezOJ 1.79 1.79 B. n 8.90 6.n 6.1l! 2.43 2.51 3.54 3.56 6.2' ·6.)1 2. JJ 2.33 2.46 2. 57 
FaJ 13.m 13.01 25.29 25.68 ID.W 10.91 ]1.12 39.35 • 21.1l! 21." 10.87 21.21 10.37 ro.£6 13.)1 13." 
>VO .26 .26 .31 . 39 . Zl .24 .48 •• 9 . 33 .)1 .32 . 33 . )1 . )1 .27 .28 
I>;/l Zl.74 Zl .BI 15.29 15.53 11.48 11.59 17.63 18..., 14.75 14.82 13.a; 1'.00 lB.6I 18. 91 10. 28 10.76 
Cal '.n '.18 6.97 7.00 17.45 17.63 3.a! 3.ll 12.29 12. 35 ll.58 ll.76 6.56 6.65 15.a; 15.76 
Na;:(l . 24 .24 . a; .W .lB . lB .01 .01 .03 .03 .(9 .09 . .., . .., .43 .45 
<20 .a! .Il! n.~ n.~ . 00 .00 Tr Tr . • Il! .Il! n.~ n.~ .a! .Il! . ll .31 
pp.; 11.d. n.~ .01 .01 . Il! .Il! Tr .01 .01 .01 .a! .Il! .01 .01 .00 .lD 

CrzOJ .43 ... . 00 .a! . 41 .47 .a; 
NtO . 75 .lD .OJ .a; . Zl .00 .14 .Il! 
L.D.l. 1.a; 1.01 .82 2.lB .lB .93 1.33 1.J9 
TOT .. 101.43 1OO.00 1OO.a; Im.ro 93.00 l00.1D 93.11 l00.1D 100.33 100.00 9L41 100.00 1iD.54 1OO.00 97.1D 1OO.00 

~ 
Cr 2922 m; 517 130 27'1l 3Ia; 427 
V lS7 2466 l.526 2B5 )17 JT7 321 
Co 109 223 119 au 193 155 III 
Nt 1959 812 252 429 l846 656 ll3S 1S3 

Cu 1228 379 274 "" 2B2 327 316 n 
In 117 In 74 213 155 1G! 144 (4) 1 

Sc 35.5 61. 9 1.9 33.7 46.6 lD7 48.8 !a0 
Nb n.d. 8.5 8.7 n.d. n.d. 6.' n.d. "-~ 
Ir 6.1 24.0 )1.0 7.2 lD.6 26.' 11.6 <11.8 
Y 9.5 1l.J 'JJ.7 8.0 11.8 15.2 lD.2 24.0 
Sr 51 6.7 Zl 4.1 7. 6 II lI.5 III 
Rb n.~ n.~ J.2 n.d. 11.d. 11.~ n.d. 12.' 

Fe20l estimated by the method of Irvine and Baragar (1971) . 

Samples 27·01, 27·02, 27-03, 27·FI , AM·2, AG·4, AG·5, AU·5, AK·IB. and AK-2 of partially replaced Merensky Reef. 

(they are not iron-rich ultramafic pegmatite sensu stricto). 
Sample 27-C1 Is the partially replaced Merensky upper chromltlte layer. 
Other hybrid pegmatlte·cumulate samples on this page· 27·BI, AM·I 



TABLE 12.2 XRF ANALYSES OF WHOLE -ROCK SAMPLES OF IRON-RICH ULTRAMA FIC PEGMATITE FROM THE MIDDELLAAGTE PIPE 

M..27-1 "-27-2 "-27-3 1\.27-4 M.27-S >1.27 __ "-27-7 H3-1 
... S 
SIOz lS.m lS.31 37.17 36. 15 32.47 32.63 42.ffi 42.~ 32.D lZ. 42 36.;,] 36.79 42.00 41.97 «l.52 «l.46 
TlOz '.61 U5 ' .ffi 4.00 6.16 6.79 2.;,] 2.m 6:ra 6.Zl 4.59 '.00 3.00 3.72 2.91 2.91 
AlzOJ .16 .n .97 .g; 1.22 1.22 1.26 I.ZS .52 .52 1.07 1.07 I.m l.(li 1.58 1.58 
F"I'lJ 6.11 6.17 6.lS 6.m B.19 B.Zl . 4.aJ '.17 7.m 7.71 6.m 6.11 5.D 5. 19 '.44 '.44 
FOl l3.n D.03 18.D 27.81 Zl.73 Zl.ffi 21.72 21.53 lZ.a; 32.17 <11.15 <II.ID aJ.ffi 20.46 22. fll 22. ffi 
Mfj) .52 • • 53 .52 .51 .37 .37 •• 1 .«l .00 .00 .48 . 48 .45 .44 .ll .ll 
H<jl 14.l6 1'.<11 14.87 I •• ;,] 16.26 16.34 lJ.58 lJ. '7 15.1l 15.ll 1'. lS 14.19 1'.55 14.27 1'.43 14. '1 
CaJ HI 8.04 8.«l B.D ID.ZS 10.D lJ.15 lJ.63 ' .81 '.ID 8.61 8.66 12.n 12.49 12.61 12.59 
H."o . 18 . 18 .ZS .ZS .Zl . 22 .31 .31 .10 .10 .Zl .Zl .ll .D .m .m 
KaJ n.d. n.d. .{I! .{I! .m .m .{I! . {I! T, T, .m .m .{I! .(I! n.d. n.d. 
PzOs .a; .a; .a; .a; .03 .03 .a; .a; .04 .04 .03 .03 .a; .a; .a; .a; 
Cr.!OJ .a; . 04 . 18 .a; .a; .a7 .a; .17 
HiO .04 .04 .03 .03 .04 .03 .03 .04 
L.a.I. .37 .«l .44 .ffi (-.m) .D .26 :!D 
TOTA. 99.62 IOJ.ID 101.61 lID.1D lID.lS IID.ID IDI.58 IOJ.ID 99.62 lID.1D 100.14 lID.1D 1llZ.32 lID.OJ 101.26 lID.1D 
J!!I! 
Cr Jg; Z96 1231 1lZ 32. !DJ .17 1179 
V 1489 !Il7 32lS 1359 l1lO 1744 1144 lD92 
Co lJ7 21' lB4 164 ZS5 22' 158 aJJ 
HI za; Z96 260 Zl' 3Z2 269 26Z <117 
Cu 43 35 II 31 21 Zl l3 227 
Zn 19Z 168 Zl2 lJl ;m 179 125 110 
Sc 84.5 ffi.6 110 107 66.2 87.B 101 lIZ 
Nb Tr fl.d. n.d. n.d. fl." 3.6 3.0 n.d. 
Z, 22.1 22.3 ZS.7 aJ.6 21.9 19.1 :!I.' ID.B 
Y lJ.6 1'.0 lJ.5 l3.2 7.' 12.7 l3.0 ID.1 
Sr I •• ' 16.5 ID.2 19.2 6.2 lJ.B 19.7 9.' 
Rb n.d. n.d. n.d. n.d. n.d. n.d. n.d. fl.d. 

>1.24-1 >1.24-2 H..24-3 "-24-4 "-24-5 >1.24-6 H..24-7 >1.24-8 
" .S 
510z 1l.lS 1l.58 «l.«l .1.11 ll.18 ll.I' «l.71 '1.44 48,ffi 49.(6 ~.48 Sll.fll 44.m 45.45 34.1' 34.79 
TlOz 1.22 I.:!I I.~ 1.54 1.7' 1.16 2.0l 2.a; .37 .ll .l3 .29 .36 .35 .81 .83 
AlzOJ .66 .fi1 1.35 I.ll 2.37 2.ll 2.03 2.01 1.91 I.g; 3.61 3.67 1.00 1.63 1.1' 1.17 
F"I'lJ 2.72 2.n 3.1D 3.m 3.24 3.27 3.51 3.57 1.87 I.I!! 1.79 1.81 l .ffi 1.1!! 2.ll 2.«l 
FOl 39.07 39.00 ZS.58 26.61 <11.91 29.aJ 24.35 24.79 lJ.Ol lJ.07 9.lS 9.Zl 18.56 18.1!! ll. 19 ll.9I 
Mfj) .52 .53 .39 .«l .«l .'1 .:11 .:11 .ll .ll .Zl .Zl .ll .32 .54 .55 
H<jl 17.26 17.58 1'.00 1 •• g; 1'.56 1'.69 lJ.36 lJ.OO 18.03 18.11 16.16 16.D 18.62 18.'!; 17. 72 18.a; 
Cill 2.ffi 2.91 10.04 ID.<II B.44 B.52 11.35 11.55 1'.91 1'.97 17.04 17.18 12.a; 12.ZS I.I!! I.!!! 
H."o .15 .lS .26 .27 .44 .44 .:11 .:11 .Zl .Zl .34 .35 . :!I .:!I .28 .<11 
K20 .03 .03 .a; .a; .10 . ID . 11 .11 .{I! .{I! .04 .04 .{I! .{I! .01 .01 
PzOs .34 .34 .(6 .a; .07 .m .a; .a; .03 .03 .03 .03 .03 .03 .W .W 
Cr.!OJ .a; .04 .(6 .a7 . 16 .18 . lJ .W 
HiO . 10 .a; .m .01 .a; .a; .a7 .OJ 
L.a.!. 1.11 2.59 1.12 1.«l .71 .66 .18 .63 
TarA. 99. 42 lID.1D lID. 31 lID.1D IID.35 lID.1D 99.76 loo.1D 100.49 loo.1D 100.07 lID.oo 99.<11 llD.oo 58.m lID.oo 
J!!I! 
Cr 335 l31 379 4B2 lDffi 1242 IllS ZlO 
V 5:B 617 l!I9 <E8 573 619 46B «ll 
Co 3ZS ZlO Z43 216 128 IllZ 169 D9 
HI 151 4{1! 619 512 '71 3S4 51. 622 
Cu 109 lU 711 EI:6 22 17 35 321 
Zn 2C6 150 161 lJ3 83 SJ lIZ 220 
Sc 32.9 83.2 ffi.2 !D.O 9I.B ffi.7 ID.I 36.2 
Hb n.d. n.d. n.d. n.d. fl.d. n.d. n.d. n.d. 
Zr ID.3 aJ.7 21.6 ZS.9 12.B 11.7 lJ.2 15.2 
Y 8.0 14.0 18.3 18.' Zl.1 lJ.6 1'.9 8.6 
Sr 9.5 18 26 26 :!I.7 52 aJ 18 
Rb n.d. n.d. n.d. n.d. fl.d. fl.d. n.d. n.d. 



TABLE 12 .2 (CONTINUED) 

M.24-9 "-24-10 11..24--11 11..24-12 ~ M.26-12 M.26-13 M.22..s 
" .S 
SiOz 34.S! 35.Il 41.69 42 .48 41.14 42. 13 41.46 41.63 44. 53 45.52 45.!ll 47.19 1l.0I 32.1.6 :!I. 53 1l.59 
TiOz 3.31 3.35 2.1ll 2.74 2.1'5 2.S! 2.32 2.11 .12 .12 .11 .11 1.14 1.22 2. 47 2.54 
AlPJ 1.6, I.Iii , .22 2.1ti 1.59 1.63 1.58 1.59 10.57 10.81 2.31 '.:!I .51 .55 2. ZI '.V 
feP.J 4.81 '.Ill 4.1B 4.26 4.0 ' .35 3.S! 3.Bl 1.62 1.66 1.61 I.ID , .64 '.Bl 3.91 ' .1lI 
fEO 31 . 19 32. '" 'I.li ZI.;!; ID.1Il ZI.ll Zl. 1O Zl. oo 10.92 11.1.6 14.56 IUti li.34 1l.9I "'.1lI 15.53 
Hrtl .43 .44 .35 .J; . 41 .42 .44 .45 .ID .ID .V .26 .48 .51 . 32 . ll 
"P 13.52 13.10 12.64 12.1B 12.11 12.45 13.62 13.67 1B.a; 19.26 Il.a; 1l.89 11.15 19.r>! lUI I'.!il 
Coil 7.17 7.17 12.43 12.1B IU!I 14.43 12.1B 12.Zl 10. 43 10.63 2.43 2.45 '.26 4.58 10.63 1O.!ll 
H-.!l .26 .26 .4B . 49 . 35 .li .29 .29 .59 .ro .10 .10 .13 .14 . 22 . Zl 
K20 .rJ1 .rJ1 . (1/ .(1/ .ID . ID .a; .!Ii . r>! .r>! Tr Tr .01 .01 .01 .01 
PzO; .22 .22 .!Ii .!Ii .01 .01 . IS . IS n.d. n.d. n. d. n.d. . r>! .r>! .01 .01 
CrzOJ .14 .11 .10 .11 .IS .19 .a; . (1/ 
HiO . 11 .01 .01 .01 .W .13 . rJ/ .01 
L.O. I. I.ID .;!; I.ID un 1.64 2.91 I. IS 1. 17 
TUTIt. 100.53 1ID.00 99.!Ii 100.00 !Il.S! lID. 00 lID. 17 lID.OO 99.1ll lID.OO 100.59 lID.OO lID.61 lID.OO 99. ID lID.OO 
.II"! 
Cr <JI7. III 110 ID lO!D l2lJ 431 !!l8 
V 1521 1313 1191 am 1B7 1.61 128 ZlSll 
Co 319 1Bl 191 I8Z lIS lSI 3Z9 Zl6 
HI I!l8 346 )18 ll9 641 lIDl 554 lIZ 
CU 1145 III 63 l.6Z 26 II 519 SI 
Zn Zl6 111 115 IS8 III 121 268 lEO 
Sc is.B llJl SIl.B lIS V.I Zl.6 Zl. 1 !II.O 
HI> n.d. n.d. n. d. n.d. n.d. n.d. n.d. n.d. 
Zr Zl.1 15.4 ZI.I 18.5 ' .6 3.3 7.6 I1.B 
Y IS.I <1.1 1.6. 3 1S.7 4.7 3.4 3.9 1S. 6 
Sr 19.7 37 26 '" III 26 5.3 14.7 
Rb n.d. n.d. n. d. n.d. n.d. n.d. n.d. n.d. 

M.22· A3 /U2-AlO M.22-AlB M.22.OJ H.22.Q2 M.22-7 M.22-1O 
".S 
SiOz 35 .35 li.66 :!I.26 :!I.W 34.81 35. IS 43. 26 44.ID 34.SIl 34.73 40.26 ll.ll 37.53 :!I.2O 
TiOz 4.22 4.26 3.1ll 3.92 3.m 3.Zl I.ll 1. 41 .ll .ll 2.5< , .47 I.J; I.ll 
AlzO.l 11.63 11.73 6.W 6.1l 10.42 10.53 17.74 1B.rJ/ ' 1.23 1.22 2.26 ,.<1 I.ll 1.35 
fezOJ 5.n 5.17 5.:!I 5.43 4. 10 4.7' 2.1ll , . 91 1.1Il loS! .4.(2 3. !ll .. a; ,.92 
fEO 19.17 19.1l <1.63 <1.82 15.g; 26. 22 10.14 1O.1l . 1l. JJ 1l.10 "' .!Ii 23.49 29.ID 1l.1B 
Itt) .V .V .:!I .:!I .40 .41 . 21 .22 .fiI .fiI .Il .Il .35 .li 
"P 6. 10 6.1S 9.54 9.62 9.71 9.00 6.11 6.41 19.15 19.62 1.6.53 1.6.14 17.r>! 17.33 
Coil 14.57 14.J\) 13.47 13.59 9.1.6 9. 15 14. III 14. g; 2.45 2.44 12. 14 1I.a; 7.!ll 8.rJ/ 
H-.!l .61 .62 .li .37 .54 . 55 1.10 1.12 .13 .Il .23 . 23 .1.6 .1] 
K20 .42 .43 .01 .01 .W .W . 42 .43 .r>! . r>! .r>! . r>! .01 .01 
p.,o; .W .W . 11 .11 .a; .a; . (1/ .(1/ .!Ii .!Ii .01 .01 .01 .01 
C'(OJ .ID .!Ii . ID .r>! .01 . (1/ .01 
HiO .r>! .01 .01 .01 .13 .(1/ .1lI 
L.O.I. 3. 35 1. 11 1.35 log; 1.19 1.f1l 1.1lI 
TOTA. Ia'.S4 lID.OO lOO.!ll 100.00 100.45 100.00 100.15 lID.OO Ia'.63 100.00 104.44 lID.OO lID. 19 lID.OO 

.II"! 
Cr 226 351 217 110 S! 814 291 
V 1403 1210 !ll;4 ]!I; Zl6 21g; lJ41 
Co III l.6Z 114 S! JJO 222 III 
HI I8Z )0() Il7 97 !Ill 141 S46 
Cu III lOll 554 III 12n 1465 914 
Zn !I;J 143 1.67 63 al5 <.'16 l.66 
Sc n .3 llJl 40.9 S.I "'.7 107 15.8 
Hb Tr n.d. n.d. n.d. ' .4 n.d. n.d. 
Zr 35.0 "'.3 1l.2 19.6 3.1 "'.6 12.8 
y 17.B Zl .6 8.8 13.0 5.4 1.6. 9 11.1 
Sr ISO IB l.6B III 1B.3 1.6. 7 7.8 
Rb n.d. n. d. n.d. 6.1 n.d. n.d. n.d. 

Fe2D3 estimated by the method of Irvine and Baragar (1971) • 

Samples Ml24-S . -6, -7 , -8 of partIa l ly replaced orthopyroxene-rich cumulates. 
Samples ML22 -A3 , -AID, -AlB from srr~11 pegmat ite bodies in the l ower main zone . 



TABLE 12.3 

XRF ANALYSES OF WHOLE-ROCK SAHPLES OF IRON-RICH ULTRAMAFIC PEGMATITE FROM THE SOUTH-WESTERN SECTOR OF THE BUSHVELO COMPLE) 

1LP-1A lLP-IB n.P-2 n.P-J 1>8-5 (1(-1 (1(-2 (1(-3 
"'.S 
IH'z 34.<1 34.84 34.48 lS.BS 31.lS 31.gs 31.01 31.00 lS.r» lS.61 42.); <1.01 <1.71 41.1Il 29.63 31.14 
TlOz .:ti .:ti .23 ." 1.1Il 1.$ 2.91 2.gs 6.(!j 6.!B 3.43 3.48 .29 .31 1.84 1.91 
AlzOJ .!B .!B .11 .17 .'11 .'" .53 .51 2.22 2.a; 1.40 1.42 3.'11 4.34 .a; .W 
Fez03 I.BS I.EI! 1.13 I.IIl 3.ll 3.:ti 4.41 4.49 1.59 1.10 4. 50 5.00 1.19 l.gs 3.34 3.51 
Foil :11.16 :11.62 31. 01 :II.SO 43.61 44.42 41.92 42.10 25.61 a;.a; "'.15 21.01 10.22 11.!B 46.59 48.'11 
H<O .53 .51 .53 .55 .61 .m .55 .66 .45 .46 .43 .44 .25 .a! .10 .13 
M9> 21.17 21.42 19.a! ",.a; 12." 12.46 11.91 12.13 13.61 13.82 IO.'D 11.01 29.a; 31.18 12.63 1J.a! 
C", 1.92 1.91 2.00 2.10 3.15 3.al 3.16 3.$ 1.55 1.16 14.17 14.39 2.03 2.22 .ll .31 
H><O .03 .03 .01 .03 .!B .!B .a; .a; .11 .11 .!B .!B .(1; .(1; .01 .01 
K", n.d. n.d. n.d. n.d. n.d. n.d. .01 .01 .01 .01 .01 .01 .(1; .a; n. d. n.d. 
PA .ll .ll .11 .12 .03 .03 . 03 .03 .03 .03 .03 .01 .01 .01 .03 .03 
CrzOJ .01 .01 .01 .01 .(1; .03 1.1Il .01 
HiD .12 .lh .a; . (1; .01 .01 . 11 .03 
L.a. I- .71 2.15 I.ll . )\; .)\; .n 9.11 1.19 
Wit. "'.61 100.00 "'.10 100.00 "'.56 100.00 "'.01 UlloOO 99.31 100.00 99.:ti 100.00 101.52 100.00 gs.gs 100.00 
.I!!!! 
0- III 101 13 101 :til 8I1 u;a 
V a;o 315 116 a;z 1115 612 124 211 
Co 2!1! 313 1I2 115 233 119 100 a;c 
Hi 910 lZ6l 423 4B8 119 1JO ro; 2J9 
Cu 1459 2114 m au; IB2 II 191 62 
Zn IBB l;5 193 116 151 111 IJ6 2Z3 
Sc 24.4 31.4 42.1 57.8 123 154 15.9 23.9 
HI> n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Z' 2.7 4.6 9.9 12.1 !B.8 14.3 4.0 n.d. 
Y 8.6 8.0 5.7 8.6 8.7 10.0 n.d. 4.6 
I, 4.2 n.d. 17 6.5 29 13 82 n.d. 
Rb n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

TABLE 12.4 XRF ANALYSES OF WHOLE-ROCK SAMPLES OF IRON-RICH ULTRAMAFIC PEGMATITE 

FROM THE EASTERN SECTOR OF THE BUSHVELO COMPLEX 

lA-1 lA-2 ElI-1 ElI-2 ElI-4 1Q.f-17 >tf-!B 
IOt.l 
liOz ll."; ll.61 1I.25 31.69 40.55 41.a; 42.n 43.15 51.55 52.57 40.56 45.86 46.25 
TiOz 2.93 2.91 8.m 8.12 2.'D 2.50 3.10 3.13 .a; .<ti .82 1.45 1.46 
AlzOJ .58 .58 2.25 2.a! 1.10 1.71 2.22 2." 5.19 6.01 1.Z1 1. '11 1.99 
FezOJ 4.<1 4.45 9.51 9.64 4.40 4. 40 5.al· 5." I . )\; 1.19 2.a! 2.gs 2.!Il 
Foil 39.$ 39.97 25.n <ti.13 23.01 23.25 17.86 l8.01 10.51 10.15 31.25 18.52 18.61 
ItO .54 .54 .40 .40 .42 . 42 .lS .lS ." .24 .54 .37 .J! 
M9> al.03 al.1O 9.m 9.gs 12.'D 13.01 11.m 11.13 22.13 23.18 14.39 12.22 12.ll 
C", • III .1Il 11.51 11.61 12.'D 13.01 15.84 15.!Il 4.10 4.19 8.41 15.59 15.73 

HazO .01 .01 .03 .03 . 12 .13 .12 .13 .37 .:11 .11 .18 .18 
K20 n.d. n.d. n. d. n.d. n.d. n.d. T, T, .03 .01 .01 .01 .01 
pp.; .01 .01 .m .03 .01 .01 .01 .01 n.d. n.d. .42 .03 .03 
Cr-zOJ .<1 1.42 .lh .44 
HiD .01 .03 .01 .01 .01 
l.O. I. .44 .84 1.03 l.al .73 .19 
TOTI<. 100.58 100.00 100. 'D 100.00 100.07 100.00 100.50 91.31 100.00 100.00 !Il.84 100.00 

.I!!!! 
Cr 2911 'ltrl. 1215 3482 
V 2750 zzm 16!1l 160 
Co 314 lB2 116 '11 
Hi 346 all rro 149 538 
Cu 54 34 29 61 13 
Zn 2J9 166 115 104 19 
Sc 24.0 153 IJ6 154 J!.7 
It> n.d. n.d. n.d. n.d. 

Z' 6.1 12.6 lh.O 4.7 
Y 3.2 10.2 12.2 7.2 
S. n.d. 12 16 91 
Rb n.d. n.d. n.d. "d. 

Fe203 estImated by the method of IrvIne and Baragar (1971). 
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12.2 COMPOSITIONAL VARIATION DUE TO MODAL EFFECTS 

Compositional variation in these rocks may be discussed in conjunction 
with modal effects related to the principal mineral phases, namely 
clinopyroxene, olivine, Fe-Ti-(Cr) spinel, ilmenite and base-metal sulphides. 
Additional modal variation is caused by the presence of relict cumulus 
minerals, plagioclase, orthopyroxene and chromite. The mineralogy of the 
samples analysed in this study may be estimated by reference to the CIPW norm 
(see section 8.4 and Appenedix 6). Because the major ferromagnesian minerals 
in these samples exhibit only limited compositional range it is usef ul to 
summarise average, or typical, analyses of these minerals (Table 12.5). The 
following sections outline briefly the modal controls on the whole-rock 
chemistry of these rocks. Informative major and trace element variations are 
then discussed in detail later in this chapter. Because of the wide range of 
compositions the following trends are discussed initially only in very broad 
terms. Furthermore, because of sampling limitations this discussion is 
restricted to samples from the upper critical zone or lower main zone at 
Amandelbult. 

12.2.1 MAJOR ELEMENTS 

The Si02 content of iron-rich ultramafic pegmatite typically varies 
between 35 and 45 wt. percent. Clinopyroxene-rich pegmatite is the most 
siliceous, whereas the presence of olivine and , of course, Fe-Ti-(Cr) oxides 
and base-metal sulphides decreases the Si02 content. Si02 is not a useful 
parameter for evaluating modal variation. 

The Ti02 content of iron-rich ultramafic pegmatite usually varies 
between 1 and 5 wt. percent. Small quantities of Ti02 occur in amphibole and 
clinopyroxene, but ilmenite and, to a lesser extent, Fe-Ti-(Cr) spinel are 
the dominant titanium minerals . The high Ti02 content is a characteristic 
feature of these rocks and it is a useful indicator for evaluating 
compositional variations related to modal effects. 

The Al 203 content of iron-rich ultramafic pegmatite is usually less than 
2 wt. percent, and is often less than 1 wt. percent. In iron-rich ultramafic 
pegmatite sensu stricto low levels of Al 203 are attributed to amphibole, 
clinopyroxene and spinel (see Table 12.5), but relict cumulus plagioclase is 
the principal aluminous phase. Contents of Al 203 in excess of 2 wt. percent 
are attributed to plagioclase. The low Al 203 content of these rocks is a 
further characteristic feature, and is obviously related to their ultramafic 
nature. 
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OLIVINE CLINOPYROXENE ILMENITE Fe-Tt-Cr SPINEL AMPHIBOLE 

SiOZ 
riOZ 
Al Z0

3 
FeZ03 
FeD 

MnO 

MgO 

CaD 

NaZO 
K20 

P205 
Cr20

3 
NiO 

34.11 

46.14 

.58 

19.09 

.05 

.04 

.42 

51.00 

.57 

1.96 

12.33 

.26 

12.17 

21.43 

.18 

.07 

Tr. 

.64 

50.32 8 . 56 

.19 3.30 

5.23 44.37 

42. t 7 38 .49 

.53 .35 

1.44 .52 

.14 4.41 

44.02 

2.60 

10.B7 

4.74 

I1.B6 

.16 

11.16 

12.04 

1.71 

.62 

.21 

.63 

Olivine: average of samples AE-8.9.12.20.25.27.Z8.32; n= 25 (see Tables 9.1. 9.2). 

Clinopyroxene: average of samples Ae-9,12.2S,28,32.34; n= 26 (see Table 9.2). 
Ilmenite: average of samples AE-12,2S,Z8; n = 7 (see Table 10.4). 
Fe-Ti -Cr spinel: average of samples AE-12.20.28; n = 10 (see Table 10.5). 
Amphibole: average of samples AE-20.28.32; n = 10 (see Table 9. 7). 

Plagioclase: sample AE-27; n = 3 (see Table 9. 6). 

PLAGIOCLASE WHOLE-ROCK 

47.91 

33.34 

. 45 

16.84 

1.87 

.06 

38.97 

3.29 

1.72 

7.03 

23.85 

.34 

14 .05 

10.58 

.13 

. 02 

.03 
Tr.· 
Tr .... 

.51 

• Whole-rock: average of AE samples (excluding AE-33A); n = 21 (see Table 12. 1). Whole-rock sample includes 
trace elements (in ppm) : Cr (797). V (1367). Co (191). Nt (290). Cu (329). Sc (87). Zr (20). Y (14) and Sr (17). 

As the name "iron-rich ultramafic pegmatite'" suggests, these rocks are 
extremely rich in total iron, or FeOT (FeOT 

= FeO + Fe203). The FeOT content 
may be in excess of 40 wt. percent, but is usually between 25 and 35 wt. 
percent. In Fe-Ti oxide pegmatite the FeOT content is obviously much higher 
(see Chapter 10). FeOT is present dominantly, in decreasing order of 
abundance, in Fe-Ti-(Cr) spinel, ilmenite / olivine, and clinopyroxene. 
Because all the principal minerals in these rocks contain iron, FeO and 
Fe203 are not useful parameters for evaluating modal variations. The Fe203 
content of these rocks has been estimated by the method of Irvine and Baragar 
(1971; see Appendix 5). Fe203 is concentrated dominantly in Fe-Ti-(Cr) 
spinel with lesser amounts in ilmenite, amphibole and possibly clinopyroxene. 

The MnO content of iron-rich ultramafic pegmati t e usually varies between 
0.25 and 0.50 wt. percent, with the lowest contents found in clinopyroxene­
rich pegmatite and the highest contents in olivine-rich pegmatite. The 
presence of Fe-Ti-(Cr) oxides does not appreciably affect the MnO content. 

Iron-rich ultramafic pegmatite, although extremely rich in FeoT, also 
has a high content of MgO. These rocks exhibit a wide range in MgO contents, 
such that in olivine-rich pegmatite MgO varies between 15 and 20 wt. percent, 
whereas in clinopyroxene-rich pegmatite it decreases to a minimum of 12 wt. 
percent. The presence of Fe-Ti oxides also results in a decrease in the MgO 
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content. These rocks, although highly fractionated with respect to the Mg / Fe 
ratio are, however, fairly rich in Mg O. MgO is a useful indicator for 
evaluating compositional variations related to modal affects. 

In these rocks CaO is almost exclusively found in clinopyroxene. Other 
pegmatite minerals contain only trace amounts of CaO, although , of course, 
both amphibole and relict cumulus plagioclase are significant calcium 
minerals. In olivine-rich pegmatite the CaO content may be as low as 4 wt . 
percent, although in pure dunitic pegmatite (e.g. ,from the Townlands pipe) it 
is less than 1 wt. percent. In clinopyroxene-rich pegmatite the CaO content 
is often between 12 and lS wt. percent. CaO is also a useful indicator for 
evaluating compositional variations related to modal effects . 

The extremely low contents of Na20 and K20 are characteristic features 
of iron-rich ultramafic pegmatite. Low levels of Na20 are attributed to 
clinopyroxene and amphibole and K20 is found exclusively in amphibole and 
mica. However, contents of Na20 greater than 0.20 wt. percent, and of K20 
greater than 0.03 wt. percent, are attributed to relict plagioclase. 

Iron-rich ultramafic pegmatite from the upper critical zone typically 
contains less than O.OS wt. percent P20S' Considering the fractionated nature 
of these rocks this is surprisingly low. However, apatite becomes a 
significant component of pegmatites in the main zone (Mitchell, in prep.). 

From the foregoing discussion it will be apparent that the various 
pegmatite assemblages described in Chapter 8 are characterised by different 
whole-rock chemical signatures. Clinopyroxene-rich pegmatite, compared with 
other pegmatite assemblages in this study, is characterised by high Si02 and 
CaO contents, moderate MgO, Al 203 and Na20 contents and low FeoT, Ti02 and 
MnO contents. Olivine-rich pegmatite is characterised by a combination of 
high FeOT and MgO contents and low Si02, Al 203, Ti02, and Na20 contents. 
Addition of Fe-Ti-(Cr) oxides to these assemblages results in an increase in 
the bulk content of FeOT and Ti02. Contamination by relict . plagioclase is 
evidenced by anomalously high contents of Al 203 and Na 20. The contents of 
K20 and P20S do not exhibit any modally controlled variation in these 
samples. 

12.2.2 TRACE ELEMENTS 

Three approaches have been used in this study to determine the behaviour 
of the trace elements analysed here, namely electron microprobe data, whole­
rock variation diagrams and information from the literature. Electron 
microprobe data are restricted to trace elements which 
reasonably high levels in specific minerals. For example, 

are present in 
in this study the 
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following trace element-mineral combinations have been investigated using the 
electron microprobe: Olivine (Ni); clinopyroxene (Cr); ilmenite (Cr); Fe-Ti­
-Cr spinel (Cr); orthopyroxene (Cr, Ni); and amphibole (Cr). Typical values 
for these data are summarised in Table 12.5. The following section documents 
the behaviour of the trace elements Cr, V, Co, Ni, Cu, Zn, Sc, Nb, Zr, Y, Sr 
and Rb 
outlined 

in relationship to modal 
above. This section 

variation, using the three techniques 
does not attempt to model or offer any 

explanation for these trends and relevant variation diagrams are not 
discussed until later in this chapter; the ensuing section is simply an 
introduction. 

Iron-rich ultramafic pegmatites have rather low Cr contents considering 
their ultramafic character. In olivine-clinopyroxene pegmatite the Cr content 
typically varies between 300 and 500 ppm, with higher values in this range 
associated with clinopyroxene-rich assemblages (see Table 12.5). The presence 
of significant quantities of Fe-Ti-(Cr) oxides obviously has a marked 
influence on the Cr content, such that pegmatite in which oxides comprise 
between 10 and 15 modal (or normative) percent typically contain between 1000 
and 1500 ppm Cr. This results in a wide range of Cr contents. The Cr 
content of these rocks is further complicated by the presence of relict 
cumulus chromite. For example, in hybrid samples of partially replaced 
Merensky Reef (Table 12.1) the Cr content may exceed 3000 ppm. It is a 
useful indicator of hybrid pegmatite, assuming that the replaced cumulates 
contain apprec iable chromite. In summary, pegmatite sensu stricto usually 
contains between 300 and 1500 ppm Cr. 

Iron-rich ultramafic pegmatite is characterised by extremely high V 
contents, which typically vary between 500 and 3000 ppm. Low V contents are 
associated with olivine-rich pegmatite (dunitic pegmatite may contain less 
than 200 ppm V), moderate values are associated with clinopyroxene-rich 
pegmatite and maximum V contents are related to Fe-Ti-(Cr) oxides. Vanadium 
is concentrated, in decreasing order of abundance, in spinel and 
clinopyroxene, with only very low concentrations in olivine and ilmenite. 

The Co content of these rocks is usually between 150 and 250 ppm, and 
does not exhibit extensive variation. Cobalt is present, in decreasing order 
of abundance, in base-metal sulphides, olivine and clinopyroxene . Fe-Ti-(Cr) 
oxides may contain low levels of Co. Olivine-rich pegmatite is richer in Co 
than clinopyroxene-rich pegmatite and, if accessory sulphides are absent, Co 
may be a useful guide to modal variation. 

Iron-rich ultramafic pegmatite is characterised by fairly low levels of 
Ni, which is preferentially present in sulphides and olivine, with only very 
low concentrations in clinopyroxene. Typical Ni contents are between 200 and 
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500 ppm Ni, with levels in excess of this attributed to unusual 
concentrations of base-metal sulphide. 

Copper in these rocks may be attributed almost exclusively to base-metal 
sulphides, such that in sulphide-poor samples the Cu content is probably less 
than 30 ppm. In sulphide-rich samples it may increase to over 1000 ppm, 
although values of between 150 and 500 ppm are probably typical. Copper may 
be considered as an incompatible element with respect to the silicate and 
oxide constituents of these rocks. 

The Zn "content of iron-rich ultramafic pegmatite is usually between 100 
and 200 ppm. Zinc is probably dominantly found in olivine with lesser 
amounts in clinopyroxene and only minor amounts in oxides and sulphides. 

In these rocks Sc is preferentially concentrated in clinopyroxene and 
Fe-Ti-{Cr) oxides with only very small quantities present in olivine. The Sc 
content of olivine-rich pegmatite is usually between 40 and 50 ppm, although 
dunitic pegmatite may contain as little as 24 ppm. Clinopyroxene-rich 
pegmatite usually contains between 80 and 120 ppm Sc. 

Iron-rich ultramafic pegmatite typically contains low Sr contents, a 
function of its ultramafic character. In iron-rich 
sensu stricto the Sr content is usually between 10 and 

ultramafic pegmatite 
30 ppm, although in 

olivine-rich pegmatite it may be less than 10 ppm. Maximum values are 
associated with clinopyroxene-rich assemblages. The presence of even very 
small quantities of relict cumulus plagioclase, however, results in major 
increases in the Sr content. 

In iron-rich ultramafic pegmatite Nb, which is usually described as an 
incompatible element during fractional crystallization of a tholeiitic magma, 
is usually present in amounts below the lower limit of determination (see 
Appendix 5) . However, in specific samples it may be present in appreciable 
quantities (e.g., samples AE-21 to AE-32). Again, Zr is an incompatible 
element and consequently it is only found in very low levels in all but the 
most highly fractionated ultramafic-mafic rocks. In iron-rich ultramafic 
pegmatite the Zr content is usually between 10 and 25 ppm. Minimum 
concentrations are associated with olivine-rich pegmatite and higher values 
may be related to clinopyroxene- and Fe-Ti-{Cr) oxide-r ich assemblages. 
Thus, Zr is not completely incompatible in these rocks and is subject to some 
modal control. yttrium is also an incompatible element; in iron-rich 
ultramafic pegmatite the Y content is usually between 10 and 20 ppm and, 
again, high levels are associated with clinopyroxene-rich pegmatite. 
The Rb content of iron-rich ultramafic pegmatite is usually below the lower 
limit of determination (see Appendix 5). Occasionally it is found in small 
amounts, usually less than 10 ppm. 
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1Z.Z.3 INTERNAL ZONATION WITHIN A SINGLE PEGMATITE BODY 

Many of the compositional and modal variations discussed above are 
evident from studying internal zonation that is found 
pegmatite body at Amandelbult. This occurs as a small, 

within one particular 
sheet-like body that 

replaces the Footwall cyclic unit (case study (Z), "AE" samples; Appendix 1). 
From petrographic studies it was concluded that this body could be subdivided 
into four units (or zones) : an upper unit of olivine-rich pegmatite (samples 
AE-8 to -1Z), upper central (samples AE-13 to -Z1) and lower (samples AE-Z8 
to -33A) units of clinopyroxene-rich pegmatite and a core-like unit of 
"mixed" olivine-clinopyroxene pegmatite (samples AE-Z3 to -Z7). The latter 
are characterised by maximum concentrations of Fe-Ti-(Cr) oxides and may also 
contain anomalous concentrations of plagioclase . (see Chapter 8). 
Mineralogical studies indicate that the composition of olivine and 
clinopyroxene is constant within this body, irrespective of modal zonation 
Whole-rock chemistry is thus controlled essentially by modal variation. 

This is apparent from a diagram in which vertical height (representing 
sample positions that were based on a lateral traverse, assuming a dip of 
ZOo, which is that of the layered cumulates; see fig.l.l) is plotted against 
CIPW wt. percent norms, major element oxides and trace elements (figs. 1Z.1, 
1Z.Z). 

Modal olivine exhibits a strong positive correlation with FeO, MgO, MnO, 
Ni, Co, and Zn, and tends to exhibit a negative correlation with most other 
elements. Modal clinopyroxene exhibits a strong positive correlation with 
CaO, SiOZ' Cr, V and Sc and has less clear correlations with TiOZ' Al Z03, 
NaZO and Sr. Modal Fe-Ti-(Cr) oxides exhibit a positive correlation with 
TiOZ (and thus FeZ03), Cr and V. Clinopyroxene and Fe-Ti-(Cr) oxides tend to 
exhibit a positive correlation with each other, consequently it is difficult 
to establish which of these minerals exerts the main control on elements such 
as Cr and V. Relict cumulus plagioclase exhibits a strong positive 
correlation with Al Z03 , NaZO and Sr. KZO, PZOS and Cu apparently behave 
incompatibly with respect to these minerals. Nb, Zr and Yare all 
concentrated within clinopyroxene-rich pegmatite, relative to olivine-rich 
pegmatite and are also preferentially concentrated within the "core-like" 
assemblage of this body. This suggests that, although Y and Zr are found in 
low levels in clinopyroxene, these trace elements are still incompatible and 
concentrated within the pegmatitic liquid. Nb and Zr may show a slight 
preference for Fe-Ti-(Cr) oxides, but this is by no means a clear 
relationship. 
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Figure 12.1 Vertical traverses through a pegmatite body (A) and the corresponding cumulate sequence (B). 

1 

o 

Plots include the wt. OX CIPW noms (CPX - clinopyroxene; allV· olivine; PlAG - plagioclasej Fe-Ti 

OXIDE _ magnetite + ilmenite; QPX - orthopyroxene) and major element oxides (In wt. %). Pegmatite samples are the 
MAE," samples (case. study (2» and the cumulate samples include AT·1 through AT·13 and AE-35. For sample locations 
see Figure 5. 5 and Map 6. The top of both traverses corresponds to the base of the Merensky Reef. 
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Figure 12.2 Vertical traverses through a pegmatite body (A) and the corresponding cumulate sequence (B). 
As Figure 12,1 but for selected trace elements (data In ppm), 
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12.2.4 INTERNAL ZONATION WITHIN LARGE, PIPE-LIKE BODIES 

Lateral mineralogical zonation within the MIDDELLAAGTE PIPE has already 
been described (cf. p. 149) . This zonation is also reflected in whole-rock 
chemistry as, again, mineralogical studies indicate that the composition of 
olivine and clinopyroxene are constant. Samples from borehole ML27 (drilled 
into one of the "magnetic cores") are characterised by high contents of Ti02 
and V, a function of the high modal Fe-Ti oxide content of this assemblage. 
They are further characterised by extremely low Cu values (and subsequently 
low Ni and Co contents), a feature which is attributed to the paucity of 
base-metal sulphides in this assemblage (see Chapter 11). In comparison, 
samples from bore-holes ML 24 and ML 26 are similar to those from small 
pegmatite bodies at Amandelbult. In these latter bore-holes a number of 
samples (ML24-5,-6,-8 and ML26-12) represent hybrid pegmatite-cumulate rocks 
in which relict orthopyroxene (note high whole rock MgO contents) and 
plagioclase occur. 

The mineralogy of the TOWNLANDS PIPE has also been referred to 
previously (cf. p. 123). This pipe differs from others examined in that two 
compositional ranges of olivine (and clinopyroxene) are found (cf. p. 153). 
Samples from bore-hole TLP-1 are applicable to this study as the composition 
of olivine here is typical for pegmatite from a body in the upper critical 
zone. This assemblage may be described as an hortonolite dunite pegmatite; 
it is much more olivine-rich than pegmatite at Amandelbult and is 
consequently of considerable interest. 
TLP-2 and TLP-3 is much more fractionated 
and is not discussed here . 

However, pegmatite from boreholes 
with respect to the Mg/Fe rat io, 

12.3 COMPARISON WITH THE CHEMISTRY OF THE HOST CUMULATES 

Field relationships and detailed petrographic studies indicate that, at 
""-'0 

least in part, iron-rich ultramafic pegmatites Aformed by replacement of 
their cumulate hosts. Metasomatic contact features are evident, but if a 
replacement origin is favoured for the main body of pegmatite, mineralogical 
studies indicate that this has occurred at magmatic temperatures. If this 
reasoning is correct it may be argued that the whole-rock chemistry of these 
rocks is influenced by the composition of the pre-existing cumulates. This 
line of thought played a major role in influencing selection of samples for 
analysis. For example, both pegmatites and cumulates from the same height in 
the layered sequence have been sampled, and a number of samples were selected 
from the marginal parts of small pegmatite bodies and adjacent cumulates 



based on exact "stratigraphic" positions. 
However, subsequent petrographic studies indicate that olivine, 

pyroxene and Fe-Ti-(Cr) oxides do not exhibit preferential replacement 
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particular cumulus mineral. Not surprisingly, it is concluded from 

cl i no­
of any 

data 
discussed below that the chemistry of the postcumulus pegmatites is not 
influenced by that of the pre-existing cumulates (this, obviously, is not 
applicable to hybrid pegmatite-cumulate rocks). The chemistry of postcumulus 
pegmatites and neighbouring, pre-existing cumulates has been investigated 
from a number of data sets. 

In the first of these, the "AE" sample group of pegmatites (as discussed 
above ) may be compared with the "AT" sample group, which are based on a 
traverse through "normal" cumulates at the same height in the layered 
sequence (see fig. 5.5, i~ap 6). These data are plotted on diagrams of 
height versus CIPW norm, major element ox ides and trace elements (figs. 12.1, 
12.2). Compositional variation in the pegmatites wa,$ ' discussed above. In 
the cumulates (note that these samples are of the Footwall cyclic unit which 
does not exhibit any appreciable fractionation; see Chapters 5 and 6) 
compositional variation is also related to moda l effects. Plagioclase 
exhibits a positive correlation with CaO, Al 203, Na 20, K20 and Sr, and 
orthopyroxene exhibits a positive correlation with Si02, FeD, MgO, Ti02, MnO, 
Cr, V, Sc , Ni, Co and In. lr and Y show a slight positive correlation with 
orthopyroxene. Cu, and possibly P205 are incompatible in this assemblage . 

. These pegmatites do not therefore appear to exhibit any compositional 
variation that may be related to the adjacent pre-existing cumulates. In 
comparison, the pegmatite is enriched in bulk contents of FeOT, MgO, Ti02, 
MnD, P205, Cr, V, Sc, Co, Ni, Cu, In, Nb, lr and Y; it is depleted in Si02, 
Al 2D3, Na20, K20, 51' and possibly, Rb. The CaO content does not show any 
appreciable overall change. 

Further evidence for this is found in large, pipe-like bodies such as 
Middellaagte and Townlands. Both of these bodies exhibit extensive lateral 
zonation (see above) but evidence from boreholes suggests that vertical 
zonation is absent. This statement is made with the proviso that partially 
replaced cumulates are found in both of these pipes, enclosed by typical 
pegmatite. This suggests that specific cumulates are preferentially replaced 
at the expense of others, as described in Chapters 7 and 8. Ignoring these 
features, it is concluded that large, pipe-like bodies do not exhibit any 
vertical zonation that may be related to the composition of pre-existing 
cumulates. 

These conclusions have important applications as, if these data are 
rigorously tested to eliminate hybrid pegmatite-cumulate samples (which 
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exhibit compositional trends related to both relict cumulus minerals and 
pegmatite minerals), it may be assumed that the chemistry of iron-rich 
ultramafic pegmatite is representative of the putative pegmatitic liquid. 
This assumption is valid whether a magmatic replacement or liquid 
crystallization model is favoured. Note, however, that this does not 
neces sarily imply that they directly reflect a liquid composition. 

12.4 CONTACT FEATURES 

Many pegmatite samples from the marginal parts of small bodies may be 
cate' gorised ... 
Chapter 8). 

as hybrid rocks (see discussion on contact relationships in 
Secondly, alteration aureoles occur in the wallrocks adjacent to 

the contacts of many pegmatite bodies. These are characterised by extensive 
saussuriti sation of cumulus plagioclase. A number of samples have been 
analysed to establish whether any cryptic chemical trends are present in 
these alteration aureoles. These include samples AC-7 (normal cumulate) and 
AC-6 (alteration aureole) and AD-27 (normal cumulate) and AD-41A (alteration 
aureole) From these, and other samples, it is concluded that no bulk 
chemical changes related to the putative pegmatic liquids are apparent in 
these contact aureoles (see Appendix 5 for analyses). 

12.5 FRACTIONATION INDICES 

The Mg-number (atomic percent Mg/(Mg+Fe2+)) may be a sensitive index of 
fractionation in tholeiitic rocks, the value of which varies between unity 
(primitive) and zero (fractionated). This index is modally sensitive as, 
obviously, all ferromagnesian minerals contribute and it is also affected by 
the calculation of Fe3+, as Fe2+ (not FeT) is normally used. The Mg .. number 
of iron-rich ultramafic pegmatite in the upper critical zone is typically 
between 0.55 and 0.46. Higher values are associated with clinopyroxene-rich 
pegmatite and lower values with olivine-rich assemblages. The presence of 
significant quantities of Fe-Ti-(Cr) oxides and base-metal sulph ides results 
in anomalously low Mg-numbers. For these reasons it is preferable to use 
mineralogical data based on electron microprobe analyses (see Table 9.9). 
The Mg-number of the cumulates in the upper critical zone is typically 
between 0.81 and 0.78 (it is not as modally dependent as in the pegmatites). 
Iron-rich ultramafic pegmatite is thus more fractionated than ~; cumulate 
hosts for a given position in the cumulate pile. 

The felsic index , as defined by Simpson (1954), is the ratio (wt. 
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percent (Na 20 + K20)/(Na20 + K20 + CaD)). In rocks in which plagioclase is 
the major calcic phase (e.g., the upper critical zone cumulates) this index 
is a useful guide to fractionation . However, in rocks in which both 
clinopyroxene and plagioclase occur it is of limited value. Furthermore, in 
ultramafic rocks in which clinopyroxene is a major constituent (e.g., iron­
rich ultramafic pegmatite) this ratio approaches zero and is of little use. 
This is simply a function of the paucity of sodic and potassic phases in 
these rocks . 

These indices may be combined by use of an AFM triangular diagram, in 
which A represents (CaD + Na20 + K2D), F represents FeD and M represents MgD. 
Various other configurations of this diagram have been plotted, omitting CaO 
from "A", and adding Fe203 and Ti02 to "F" , for example, but that described 
above is the most informative. In this diagram the Mg-number may be obtained 
by extending a line that connects the relevant sample and the "A" apex with 
the M-F side. (Note that this gives the MgO/FeO ratio and it is necessary to 
convert this to the atomic ratio Mg/(Mg + Fe2+)). 

In Figure 12.3 thirteen samples of iron-rich ultramafic pegmatite from 
various localiti es in the Bushveld Complex are plotted. These samples 
(labelled 1-13) correspond to analyses (with full sample numbers) presented 
in Table 8.1 and plotted on a CIPW norm diagram in Figure 8.9. Variation in 

F 

•• •• 

Figure 12.3 Selected samples of iron-rich ultramafic pegmatite plotted on an AFM diagram. 
A = ICaO+Ndz0+I20); F = FeO; M = MgO. Sample numbers 11 -13) correspond to those plotted In Figure B.9 

and presented in Table 8.1. Most of these samples plot between the Indicated Mg-numbers. Points "A" and liB" 

represent averages of electron microprobe analyses of olivine and clinopyroxene, respectIvely. 
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the chemistry and modal mineralogy of these samples is apparent from 
reference to these two diagrams. For example, sample 13, a wehrlite 
pegmatite is richer in FeO and poorer in (CaO + Na20 + KZO) than, say, sample 
8, an Fe-Ti oxide-olivine websterite . However, the Mg-number of these two 
samples is comparable (Table 8.1). Samples 2 and 6 are, however, atypical; 
they are characterised by unusually low Mg-numbers (and extremely iron-rich 
olivine). Scatter in samples which plot between the ind icated Mg-numbers is 
attributable to modal variation. Scatter towards the FeO-MgO side is caused 
by an increase in olivin'e and towards the (CaO + Na20 + KZO) apex relates to 
an increase in clinopyroxene. Scatter towards the MgO apex may be caused by 
slight compositional variation from "typical" data. Scatter towards the FeO 
apex is related to major quantities of Fe-Ti oxide. Electron microprobe 
analyses (averages) of olivine (position "A") and clinopyroxene (position 
"B") corroborate that the scatter in this diagram is largely a function of 
modal variation. 

In Figure 1Z.4 all samples of iron-rich ultramafic pegmatite from 
Amandelbult, including those from the Middellaagte pipe, are plotted on an 
AFM diagram. Three broad sample groups may be recognised: (1) "typical" 
pegmatite from the upper critical- lower main zone. These plot in a fairly 

• 

• • •• . ., . 
• • 

a 

o 

F 

o 
o 

a 

o 

o 

It Typical pegmatite (all from the 

upper critical zone) 
o Hybrid samples 

o "Replaced Reef" 

~ Pegmatite from the main zone 
(samples ML22-A) 

o o 

Figure 12 .4 All samples of iron· rich ultramaf ic pegmatite from Amandelbult plotted on an AFM diagrdm. 

A: (CaO+NazO+'S!0) ; F : FeO ; M : MgO. Pegmatites from the upper critical zdne plot in a linear field 

(as defined by the Mg-number - see Figure 12.3), hybrid samples plot towards the M-dpex (the cumulates ~ave d much 
higher Mg-number - see Figure 6.5) and pegmatite from the main zone plot towards the F-apex {they j".dve d lower Mg­

nunber. 
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tightly controlled linear field, within which the Mg-number varies, due to 
modal effects, between extremes equivalent to olivine (X Mg = 0.49 - 0.42) and 
clinopyroxene (X M9 = 0.65 - 0.62). Typically it is between 0.55 and 0.46. 
Again, scatter off this trend towards the FeD apex is caused by large 
quantities of Fe-Ti-(Cr) oxide; (2) hybrid pegmatite-cumulate rocks, in which 
relict cumulus minerals may be recognized. These all plot towards the MgO 
apex and are characterised by higher Mg-numbers. They produce a scattered 
distribution which is dependent on modal effects. It may be expected that 
they would plot in a wedge-shaped field, in which the base of the wedge 
corresponds to the cumulate trend (with a high Mg-number; see fig. 6.5) and 
the top of the wedge corresponds to the pegmatite trend above; (3) pegmatite 
from the main zone (samples ML 22-A3, A10, A18) is characterised by much 
lower Mg-numbers; consequently these samples plot closer to the FeD apex. 

12.6 SELECTED TRACE ELEMENT MODELLING 

In this section specific trace elements have been selected for more 
detailed modelling. These are divided into four groups, based on the modal 
controls discussed above (1) Cr, V and Sc, whose di stribution is 
predominantly related to clinopyroxene and Fe-Ti-(Cr) spinel; (2) Ni, Cu and 
Co, whose distribution is controlled by ferromagnesian silicates, 
specifically olivine, and base-metal su lphides; (3) Sr, whose di stribution is 
controlled dominantly by plagioclase; and (4) Zr and Y, the so-called 
"incompatible elements". 

Four major element oxides have been selected as indicators of modal 
variation, namely MgO (olivine), CaD (clinopyroxen~, Ti02 (Fe-Ti-(Cr) oxides) 
and Al 203 (plagioclase) . These parameters are then plotted against certain 
of the above trace elements on binary graphs. In each of these diagrams 
three data sets may be recognized: (1) typical pegmatite from the upper 
critical - lower main zone at Amandelbult, including samples from the 
Middellaagte pipe, and pegmatite from borehole TLP-1 from the Townlands Pipe 
(but exc lud ing other samples); (2) cumu lates from the upper critical zone at 
Amandelbult which host the pegmatites; and (3) hybrid, pegmatite-cumulate 
samples. 

The trace element chemistry of iron-rich ultramafic pegmatite is rather 
complicated and only l imited modelling can be attempted with these data. 
This is partly a function of the mineralogy of these rocks (e.g., due to the 
presence of oxides and sulphides), but is also constrained by a sample 
population that demonstrates only very l imited fractionation trends. 
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12.6.1 Cr, V AND Sc 

In iron-rich ultramafic pegmatite Cr, V and Sc (which all occur 
dominantly in the trivalent state) exhibit similar modal controls their 
distribution is related to clinopyroxene, Fe-Ti-{Cr) spinel and to a lesser 
extent olivine. They do not exhibit any 
almost totally rejected by plagioclase. 
spinel and sulphide phases are absent the 
be closely related to that of Ni and Co. 

chalcophile characteristics and are 
In ultramafic-mafic rocks in which 

distribution of these elements may 
For example, in orthopyroxene-

plagioclase and olivine-plagioclase cumulates V and Sc exhibit a positive 
correlation with Co (fig. 6.6). However, in the pegmatites Ni and Co are 
influenced by both ferromagnesian s ilicates and sulphides. 

MODAL CONTROLS ON Cr 
From a binary graph of wt. percent MgO versus ppm Cr two "cumulus" 

trends (i.e. related to samples of upper critical zone cumulates) are 
recognized (fig. 12.5A). Firstly, a straight line, representing a mixing 
line between plagioclase and orthopyroxene, may be constructed for 
plagioclase-orthopyroxene cumulates. Scatter from this line is related to 
accessory chromite. Secondly, samples of harzburgites plot in a small 
cluster. Samples of iron-rich ultramafic pegmatite plot in a broad field, 
in which the MgO content is between 19 and 11 wt. percent and the Cr content 
is between 100 and 1600 ppm. This is a negative trend, the inclined part of 
which represents a mixing line between olivine and cl inopyroxene. Scatter 
from this line is caused by the presence of accessory Fe-Ti-{Cr) spinel. 
This trend flattens out at approximately 11 wt. percent MgO and 800 ppm Cr; 
samples which contain more than 800 ppm Cr contain significant Fe-Ti-{Cr) 
spinel. Similar features are also evident from a graph of wt. percent CaD 
versus ppm Cr (fig. 12.5B) , although the "pegmatite" trend here has a 
positive correlation and is relatively poorly defined. The modal control 
exhibited by Fe-Ti-{Cr) spinel is evident from a plot of wt. percent Ti02 
versus ppm Cr (fig. 12.5C). In this diagram samples of the cumulates have 
been omitted as they all contain less than 0.20 wt. percent Ti02. Two 
"pegmatite" trends are recognized : a positive correlation which is related 
to modal increase in Fe-Ti-{Cr) spinel and a trend, parallel to the Ti02-
axis , which may be related to modal increase in ilmenite. The Cr content of 
these oxides w ~s investigated by mineralogical analysis (see Chapter 10). 
In Figure 12.5C hybrid pegmatite-cumulate samples define two trends which may 
be related to the presence of relict cumulus orthopyroxene and chromite. 
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MODAL CONTROLS ON V 
From a binary plot of wt. percent MgO versus ppm V it is evident that 

the pegmatites are much richer in V than the host cumulates (fig. 12.6A) . 
Two "cumulus" trends may be recognized: plagioclase-orthopyroxene and 
plagioclase-olivine mixing lines. The V content of the cumulates does not 
seem to be affected by the presence of accessory chromite, as in these rocks 
V is dominantly found in orthopyroxene, with lesser amounts in olivine. 
Plagioclase almost totally rejects V. The pegmatite samples, in which the V 
content varies between 400 and 3000 ppm or greater, exhibit a negative trend 
in Figure 12.6A. Hybrid pegmatite-cumulate samples are usually depleted in V 
as compared with typical pegmatite. The "pegmatite" trend may be 
interpreted as representing a mixing line between olivine (low V) and 
clinopyroxene (high V) . This trend flattens out at between 1000 and 1500 ppm 
V, and contents in excess of this, and scatter from the olivine-clinopyroxene 
mixing line is attributed to Fe-Ti-(Cr) spinel. A binary graph of wt, percent 
CaO versus ppm V exhibits similar features, but results in a broad positive 
correlation (fig. 12.68). The modal control exhibited by Fe-Ti-(Cr) oxides 
is evident from a plot of wt. percent Ti02 versus V (fig. 12.6C). This graph 
exhibits a broad scatter of data points, probably because Fe-Ti-(Cr) spinel 
has a much higher V/Ti02 ratio than does ilmenite. The maximum slope on 
this graph may be attributed to ilmenite and the minimum slope to spine l. 

MODAL CONTROLS ON Sc 
From a binary plot of wt. percent MgO versus ppm Sc two "cumulus" trends 

may be recognized, which represent olivine-plagioclase and orthopyroxene­
plagioclase mixing lines (fig. 12.7A ) . Olivine-orthopyroxene-plagioclase 
cumulates, such as the Merensky Reef, plot between these two trends. Samples 
of iron-rich ultramafic pegmatite define a broad negative distribution, 
which may be interpreted as a mIxIng line between olivine (low Sc) and spinel 
and clinopyroxene (both high Sc). These trends exhibit less scatter on a 
graph of wt. percent CaO versus ppm Sc (f ig. 12.78). On th i s graph, samp les 
of iron-rich ultramafic pegmatite show a 
represents a mixing line between olivine and 
this line may be caused by Fe-Ti-(Cr) spinel. 
Sc does not exhibit any clear-cut correlation, 
whether the spinel in these rocks is richer in 
12olC) . 

positive correlation, which 
clinopyroxene. Scatter from 
However, a plot of Ti02 versus 

and it is difficult to assess 
Sc than is clinopyroxene (fig. 
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MINERAL CHEMISTRY AND DISTRIBUTION COEFFICIENTS 

( 1) Cr 
The distribution of Cr between pyroxene and silicate liquid was 

discussed briefly in Chapter 9: values of 10 for DCpx and 2 for DOpx (after 
Cox et al., 1979) are suggested. Cox et al., quote a value of 0.2 for Doliv , 
but other authors suggest values above unity (e.g., 2.7 - Duke, 1976; 3.1 -
Paster et al., 1974). Dplag is probably very low, and Cox et al. suggest a 
value of 0.01. 

The onset of crystallization of clinopyroxene, because of its high OCr 
may arrest the formation of Cr-spinel. Furthermore, Cr is rapidly depleted 
in a basaltic magma undergoing fractional crystallization such that it is 
unlikely that Ti-magnetite, which crystallizes late in the history of a 
cooling magma, would contain appreciable Cr (Eales et al., 1981). The 
Fe-Ti-(Cr) spinel found in iron-rich ultramafic pegmatite is unique and its 
formation may be related to the unusual composition of the pegmatitic liquid. 
Furthermore, it is unusual to find clinopyroxene and Cr-spinel coexisting. 

During fractional crystallization clinopyroxene becomes increasingly 
iron-rich, a trend which is typically accompanied by decreasing levels of Cr. 
The pegmatitic clinopyroxene contains similar Cr contents to cumulus 
clinopyroxene with similar XMg ratios, namely between 0.05 and 0.07 wt. 
percent Cr203 (350 - 500 ppm Cr). The spinel is these rocks may contain over 
3 wt. percent Cr203. From Figures 12.6A and 12.6B the Cr-content of the 
pegmatitic olivine may be estimated at less than 100 ppm. Note that 
hortonolite dunite (monomineralic olivine rock with no spinel) from Mooihoek 
contains 41 ppm Cr. 

(2) V 

Frey et al. (1978) quote values of 1.5 for DCpx and 0.3 for DOpx. Duke 

(1976) quotes a value of 0.05 for Doliv and Leeman et al., (1978) suggest an 
average value for Dmag of 27 (this latter value may be strongly dependent on 
composition and temperature). 

The V content of dunites from the platiniferous ultramafic pipes does 
not change with composition, and it may be concluded from this, and the 
discussion above, that the V content of the pegmatitic olivines is probably 
less than 100 ppm. Data for clinopyroxenite pegmatites at Driekop (in which 
spinel is absent) indicate that the V content of this clinopyroxene is 
between 500 and 600 ppm. Data in this chapter do not permit the V content 
of the pegmatitic clinopyroxene to be calculated, although it may be 
estimated to be in the range 500-800 ppm. In summary then, in the pegmatites 
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V is concentrated in spinel, with lesser amounts in clinopyroxene and only 
very small amounts in olivine. 

(3) Sc 
The data in this study suggest that Sc is preferentially concentrated in 

spinel and clinopyroxene, with only minor amounts in olivine. The Sc content 
of dunites from the platiniferous ultramafic pipes appears to increase as the 
Fo content of the olivine decreases. Magnesian dunites probably contain less 
than 10 ppm Sc, whereas hortonolite dunite from Mooihoek contains 18 ppm Sc. 
A similar value is applicable to olivine-rich pegmatite at Amandelbult, and 
it may be concluded that the pegmatitic olivine contains a maximum (and 
possibly much less) of 20 ppm Sc. Clinopyroxene from Driekop may contain 
from 90 to 100 ppm Sc and, although it is difficult to calculate a definite 
value, the Sc content of pegmatitic clinopyroxene from Amandelbult may be 
estimated at between 100 and 120 ppm. If this estimate is correct then it 
must be inferred that Fe-Ti-(Cr) spinel in these rocks is richer in Sc than 
is the clinopyroxene. 

Paster et al. (1974) quote a value of 0.33 for Doliv , whereas values of 
3.1 for DCpx and 1.1 for DOpx are presented by Frey et al. (1978). The 
relative differences between these D's corroborate some of the conclusions 
reached above. However, published values for Dmag (magnetite is the closest 
"common" spinel to the Fe-Ti-(Cr) spinel in these rocks) vary between less 
than unity (e.g., Schock (1979) quotes a value of 0.5 and Paster et al. 
(1974) quote one of 0.73) to 12 (Leeman et al., 1978) or greater. It may be 
that Dmag is strongly dependent on composition and temperature and , of 
course, is almost certainly dependent on the composition of the spinel phase 
(e.g., competition with other trivalent cations may play an important role). 
Furthermore, during prolonged annealing subsolidus re-equilibration between 
spine ls and silicates (such as clinopyroxene) may modify primary trends. 

12 .6.2 Ni, Cu AND Co 

The distribution of these elements in cumulates from the upper critical 
zone was discussed in Chapter 6. It was concluded that Cu behaves as an 
almost perfect chalcophile element in these rocks, consequently its 
distribution is directly related to the presence of base-metal sulphides. In 
comparison, the distribution of Ni and Co is influenced by both 
ferromagnesian silicates and base-metal sulphides. From electron microprobe 
studies of ferromagnesian minerals in iron-rich ultramafic pegmatite it was 
found that olivine is richer in Ni than clinopyroxene. However, both these 
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These include samples of pegmatites and their cumulate hosts, all from the upper critical zone at 
Amandelbult (plus 2 samples from Townlands). Samples of the cumulates may be divided Into two groups, plagloclase­
orthopyroxene cumulates and olivine-bearing cumulates (the latter are plotted as an inset In "A"), both of which 
define straight lines (these plots exclude sulphide-rich cumulotes - for justification of cumulate trends see 
Figure 6.8). Samples of the pegmatites may also be divided into two groups, pegmatite sensu stricto and pegmatlte­
cumulate hybrids; the former plot in a reasonably well constrained field, whereas the hybrid samples scatter 
between this field and the cumulate trends. 
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minerals contain only low levels of this element, as may be expected from 
their iron-rich composition (Chapter 9) . Similarly, base-metal sulphides in 
these rocks are characterised by low bulk Ni and Cu contents, although, as 
compared with cumulus sulphides in the upper critical zone they are rather 
Co-rich (Chapter 11). 

The ferromagnesian silicate control on the distribution of Ni and Co is 
evident from binary plots of these elements plotted against wt. percent MgO 
(fig. 12 .8) . However, compared with the "cumulus" trends the pegmatite 
trend is poorly developed. Scatter in these samples may be related to the 
presence of sulphides, which is evident from using Cu as a sulphide­
indicator. A plot of MgO versus Cu has not been included here as it exhibits 
a broad scatter of data points. From Figure 12.8A it may be estimated that 
pegmatitic olivine contains roughly 450 ppm Ni and clinopyroxene contains 
roughly 200 ppm Ni (see also electron microprobe data). The Co content of 
these minerals may be estimated from Figure 12.88 at roughly 300 and 140 ppm, 
respectively. 
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These include only samples of pegmatite sensu stricto, all from the ·upper crlttcal zone at 
Amandelbult. The open star indicates the composition of clinopyroxene. and the solid star the composition of 
olivine (see text for details). 
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One group of pegmatites is unusually depleted in sulphide - those from 
borehole ML 27 (see also Chapter 11). This is evident from petrographic 
studies and whole-rock Cu contents (Table 12.2). It is suggested that Ni in 
these samples, which varies from 214 to 322 ppm, and Co, which is between 137 
and 255 ppm, may be concentrated almost entirely in olivine and 
clinopyroxene. Furthermore, the low levels of Cu in these samples, (average 
32 ppm) may be attributed to microscopic specks of chalcopyrite in magnetite 
(see fig. 11.10). In comparison, sulphide-rich pegmatite from the 
Middell aagte pipe is found in many samples from boreholes ML 24 and ML 26. 
Here, Cu is present in sulphides, but Ni and Co occur in both sulphides and 
silicates. 

Plots of Ni versus Cu and Co were found to be of particular use for 
interpreting the distribution of these elements in the cumulates (fig. 6.8). 
Samples of iron-rich ultramafic pegmatite are plotted on similar graphs, 
together with one of Co versus Cu in Figure 12.9. For clarity, the cumulate 
rocks are not plotted here. Furthermore, samples of hybrid pegmati te­
cumulate rocks are also omitted; these would define a scattered distribution 
(i.e. depleted in Cu and Co, but richer in Ni, than typical pegmatite) 
between the "cumulus" and "pegmatitic" trends. Unfortunately, similar 
trends cannot be established with any degree of confidence for the 
pegmatites. From the plot of Ni versus Cu, sulphide-poor ("ML27" samples) and 
sulphide-rich (all other samp les) pegmatite trends may be established. The 
sulphide-poor trend represents a mixing line between olivine and 
clinopyroxene and it can be seen that the Cu content of t hese minerals is 
comparable (both very low). Sulphide-rich pegmatite is richer in both Ni 
and Cu, and a Ni/Cu sulphide ratio of between 0.7 and unity may be estimated 
(as compared to a ratio of between 1 and 2 for cumulate-hosted sulphides in 
the upper critical zone). A sulphide-poor mixing line between olivine and 
clinopyroxene is also evident in a plot of Co versus Cu, but sulphide-rich 
samples give a scattered distribution such that it is not possible to 
estimate the Co/Cu ratio of the sulphide. The plot of Ni versus Co also 
exhibits a scattered distribution of data points, but a sulphide-poor trend 
between clinopyroxene and olivine is apparent. The Ni/Co ratio of the 
pegmatitic sulphides, may very roughly be estimated at between 2 and 5 (as 
compared with a value of 40 for the cumulate-hosted sulphides in the upper 
critical zone). 
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12.6.3 Sr 

In cumulates from the upper critical zone Sr is concentrated almost 
exclusively in plagioclase; 
but it is almost totally 

very minor quantities may occur in orthopyroxene 
rejected by olivine (see p. 96). It was also 

concludec that plagioclase from different cyclic units is characterised by 
different Sr contents. From Figure 12.10 it can be seen that most samples of 
iron-rich, ultramafic pegmatite contain less than 3 wt. percent Al 203 and 
less than 30 ppm Sr. Samples outside of this range contain relict cumulus 
plagioclase. Although these latter data are restricted to a few samples 
they plot on a straight line which may be regressed to pure plagioclase 

containing 33 wt. percent Al203 (An100_80; see Table 9.6). and roughly 600 
ppm Sr. Plagioclase in these rocks is interpreted as partially metasomatised 
cumulus relicts, thus it may be deduced that progressive increases in the 
CaO/Na20 ratio are accompanied by an increase in the Sr content. 
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The broad scatter of data points in Figure 12.10 suggests that olivine 
-plagioc lase and clinopyroxene-plagioclase mixing lines may be constructed. 
The former may be extrapolated through zero, whereas the latter intersects 
the AI 203 axis at approximately 1. 0 wt. percent. Assuming an average AI 203 
component in the pegmatitic clinopyroxene of 2 wt. percent (see p. 165) it is 
deduced that this mineral contains roughly 15 ppm Sr. In comparison, cumulus 
orthopyroxene contains negligible Sr (see p. 165). These results are 
COrrOb[ated by distribution coefficients quoted by Frey et al . (1969; 
according to whom Ocpx = 0.165 and DOpx = 0.016). 

12.6.4 Y AND Zr 

The incompatible behaviour of Zr and Y in tholeiitic magma suggests that 
these elements should be concentrated in the residual liquid during a process 
of fractional crystallization. If both Zr and Y behave as perfectly 
incompatible elements it may be expected that the Zr/Y ratio will remain 
constant during fractionation. In cumulates from the upper critical zone 
this is in fact the situation and a Zr/Y ratio of between 1 and 2 was 
determined, although in the Merensky Reef this ratio is much higher (possibly 
due to the presence of zircon). Both Zr and Yare, however, concentrated 
preferentially in ultramafic cumulates at the base of cyclic units in this 
sequence (see p. 96). Samples of both the iron-rich ultramafic pegmatites and 
upper critical zone cumulates are plotted on binary diagrams of wt. percent 
CaD versus Zr and Y and wt. percent Ti02 versus Zr (fig. 12.11). 

Zr exhibits a positive correlation with both CaD (and hence 
clinopyroxene-rich pegmatite) and Ti02 (and hence Fe-Ti-(Cr) oxide-rich 
pegmatite) for the pegmatite samp les. Hybrid pegmatite-cumulate samples 
are depleted in Zr relative to typical pegmatite. Scatter from the olivine­
rich pegmatite - clinopyroxene-rich pegmatite mixing line in Figure 12.11A 
is caused by Fe-Ti-(Cr) oxides; however, no pegmatites plot towards the CaD 
axis . In Figure 12.11C it is evident that Zr is preferentially concentrated 
in Fe-Ti-(Cr) oxide pegmatite . For example, olivine-rich pegmatite typically 
contains between 6 and 8 ppm Zr and clinopyroxene-rich pegmatite up to 25 ppm 
Zr, but the presence of Fe-Ti-(Cr) oxide results in much higher contents of 
Zr. 

This may partly be explained by relative distribution coefficients for 
Zr, as Dmag > DCpx > Dol i v . These data do not, however, perm i t the 

calculation of the Zr contents of these minerals. For example, from Figure 
12.11A it could be implied (by extrapolation of the olivine-clinopyroxene 
mixing line) that clinopyroxene contains roughly 30 ppm Zr (Le. from 
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knowledge of the CaD content). However, from Figure 12.11C it is evident 
that a sample with a Ti02 content equivalent to clinopyroxene would only 
contain between 6 and 8 ppm Zr. This indicates that the Zr content is not 
modally dependent and it i s deduced that interstitial amphibole, mica etc., 
as well as Fe-Ti-(Cr) oxides host much of the Zr. 

In Figure 12.118 two "cumulus" trends may be recognized, which are 
related to plagioclase-olivine and plagioclase-orthopyroxene mixing lines. 
Samples of the Merensky Reef plot between these two trends. Evidently , the 
distribution of Y is also controlled by ferromagnesian minerals and it may be 
concluded that oopx> Oo liv > oplag. The pegmatites define a broad trend in 

which Y exhibits a positive correlation with CaD (and hence modal 
clinopyroxene). This trend is better defined than that for Zr, as Fe-Ti-(Cr) 
oxides evidently do not have high O's for Y. A plot of Ti02 versus Y, not 
included here, exhibits a broad scatter of data points with no discernible 
trends. Olivine-rich pegmatite has a sim ilar Y content (6 - 8 ppm) to 
orthopyroxene cumulates, but clinopyroxene-rich pegmatite is much richer and 
may contain over 20 ppm Y. These data indicate that Ocpx is much greater 
than oopx, for pegmatitic and cumulate samp les , respectively. It is 
suggested that Y is modally controlled by clinopyroxene and, in these rocks, 
is not as "incompatible" as Zr. 

These data support distribution 
literature; for example: ocpx = 0.1; 
(Pearce & Norry, 1979) and Ocpx = 0.5 
1978) ; oopx = 0.2 (Pea rce & Norry), 
oPlag~ 0.01 (Pearce & Norry). 

coefficients for Y quoted in the 
Oopx = 0.03; Ooliv and oPlag = 0.01 

(Pearce & Norry), 0.2 (Frey et aI., 
0.009 (Frey et al.); Doliv = 0.01 and 

If samp les of iron-rich ultramafic pegmatite are plotted on a binary 
graph of Y versus Zr they give a scattered distribution of data points (not 
shown here). This is readily explained by the above discussion. Olivine­
rich pegmatite usually has whole-rock Zr/Y ratios close to unity but in 
clinopyroxene-rich pegmatite these increase to over 1.5. Oxide-rich 
pegmatite may have Zr/Y ratios of over 2. 
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CHAPTER 13 FORMATION OF IRON-RICH ULTRAMAFIC PEGMATITE 

The study of transgressive bodies of postcumulus rock in layered 
complexes, such as the iron-rich ultramafic pegmatite suite, is hampered by 
our lack of knowledge as to how the cumulate rocks themselves formed. It is 
generally accepted, however, that the formation of these postcumulus rocks 
is intimately related to processes that operated within the crystallizing 
cumulate pile. If this line of reasoning is accepted then two possible 
hypotheses may be established: (1) remobilisation of pre-existing cumulates 
and subsequent intrusion of t hese into other parts of the cumulate pile; and 
(2) segregation of a silicate liquid, hydrothermal fluid or aqueous vapour 
from the main column of magma and the crystallizing cumulate pile; subsequent 
migration of this liquid or fluid through the cumul ate pile may then produce 
postcumu lus rocks by replacement (or metasomati sm) of pre-existing cumulates 
or by crystallization directly from the silicate liquid. Although no 
detailed modelling has been completed, most authors support a metasomat ic 
origin for iron-rich ultramafic pegmatite in the Bushveld Complex. 
Furthermore , metasomatism is usually ascribed to migrating intercumulus 
liquids (see p. 24). 

the formation of the iron-rich ultramafic pegmatite suite is Before 
mode lled, it is useful to discuss the formation 
bodies within other layered intrusions, 
iron-rich cumulates. 

and to 
of postcumulus "replacement" 

compare these rocks with 

13.1 POSTCUMULUS, "REPLACEMENT" BODIES WITHIN OTHER LAYERED INTRUSIONS 

Transgressive bod ies of postcumulus, ultramafic rock in the Bushveld 
Complex may be grouped into a number of different varieties (see p. 9). Two 
of these, namely non-platiniferous bodies of magnesian dunite and the iron­
rich ultramafic pegmatite suite, are considered to be the most abundant types 
and may possibly be related to similar features in other layered intrusions. 

13.1.1 DISCORDANT BODIES OF MAGNESIAN DUNITE 

Discordant bodies of magnesian dunite, described as "secondary dunite" 
by Hess (1960), are prevalent in the Stillwater Complex. They consist 
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essentially of magnesian olivine with XMg similar to, or slightly lower than, 
that of cumulus orthopyroxene from the host cumulates (Hess, 1960; Raedeke & 
McCallum, 1984). These secondary dunites, unlike those in the Bushveld 
Complex, are restricted to ultramafic (orthopyroxene, olivine or 
orthopyroxene-olivine) cumulates. Field relationships usually imply an 
origin by volume-for-volume replacement. Hess (1960) interprets them as 
resulting from replacement of serpentinised cumulus orthopyroxene and 
olivine. However, Raedeke and McCallum (1984) question this hypothesis and 
quote the work of Evans and Trommsdorff (1974) who found that olivine 
replacing 
olivine. 

serpentine 
Raedeke and 

is expected to be more magnesian than normal igneous 
McCallum also suggest that the textures of these rocks 

are unlike those in regenerated ultramafic rocks (no details provided) and 
that the stratigraphie relationships are difficult to reconcile with the Hess 
hypothesis. They invoke a metasomatic origin related to aqueous fluids (see 
below). However, Page (1977, p.28), on the basis of field relationships, 
interprets these bodies as remobilised olivine cumulates. 

Discordant bodies of magnesian dunite and olivine clinopyroxenite, that 
transgress pyroxene-rich cumulates, are abundant in the Duke Island layered 
complex (Irvine, 1967, 1974, 1980). Field relationships favour an origin by 
in situ volume-for-volume replacement, as relict primary cumulate layering is 
preserved in the dunite. Olivine in these replacement bodies is texturally 
similar to secondary olivine in recrystallized olivine cumulates, and is 
slightly less magnesian than the cumulus olivine (Irvine, 1974, p.43). 
Accessory chromite in the replacement dunites resembles that in the primary 
cumulates. Late-stage veins and coarse segregations of pegmatitic olivine 
clinopyroxenite and clinopyroxenite are widespread in the dunite-peridotite 
zones and are often associated with the replacement dunite bodies. Chromite 
is usually absent in these replacement bodies of olivine clinopyroxenite. 
These latter (which may possibly be compared with the iron-rich ultramafic 
pegmatite suite in the Bushveld Complex) may represent displaced material 
resulting from formation of the dunite that reprecipated a short distance 
away (Irvine, 1980, p.375). 

Discordant, tabular bodies of magnesian dunite, that post-date their 
host peridotites, are described by Dungan and Ave Lallemant (1978) from 
Canyon Mountain, Oregon (an alpine-type peridotite). Field relationships 
favour an origin by in situ replacement. Chromian spinel is a ubiquitous 
accessory constituent of the dunite. It is often rimmed by alteration 
assemblages of ferrian chromite plus Cr-rich chlorite or, less commonly, 
magnetite and Fe-Ni alloy. These "complex" chromites are absent from the 
host peridotite, consequently their formation is related to the replacement 
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process. Dungan and Ave Lallemant conclude that these dunite bodies are a 
result of a metasomatic reaction produced by aqueous vapour percolating along 
a system of brittle fractures in the peridotite (essentially a harzburgite) 
at subsolidus temperatures (see below). 

In many of the replacement bodies of dunite discussed in the literature, 
orthopyroxene is the main mineral replaced , consequently formation by 
metasomatism is based on Bowen and Tuttle's (1949) experimental study, which 
demonstrated that enstatite can be converted to forsterite by leaching and 
diffusion of Si02 through an aqueous vapour phase (Irvine, 1974, p.158; see 
also Cameron and Desboroughs'(1964) model for discordant bodies in the 
Bushveld Complex). In Duke Island this hypothesis is complicated by two 
problems (Irvine, 1974). If replacement occurred on a volume-for-volume 
basis than there must have been removal, as well as addition, of material 
and, secondly, clinopyroxene is the main mineral replaced at Duke Island, 
thus other constituents besides silica were involved. Irvine (1974, p.159) 
discusses several possible sources of water req~ired for the metasomatising 
vapour. However, Irvine (1980, p.377) suggests that intercumulus silicate 
liquids would probably provide a much more effective metasomatising medium 
than H20 vapour and relates the formation 
infiltration metasomatism (see below). 

of these bodies to his model of 
These bodies are also closely 

associated with pegmatite, thus some H20 was also involved, but as a 
constituent of a silicate liquid rather than as a vapour (Irvine, 1980). 

Dungan and Ave Lallemant (1978) suggest that olivine in the replacement 
bodies of dunite at Canyon Mountain resulted by incongruent breakdown of 
unstable pyroxene (essentially orthopyroxene) with subsequent removal of Si 
and Ca. Two possible temperature regimes were suggested. A low-temperature 
formation is based on the lower stablity limit of the assemblage Fo-En-H20 
(approximately 7000C at 2kb) during metamorphism of serpentinites, as 
determined by Greenwood (1963). The presence of CO2 in the vapour results in 
even lower temperatures. Secondly, Dungan and Ave Lallemant (1978) refer to 
the work of Nakamura and Kushin (1974), who studied the system Mg2Si04-Si02-
H20, and concluded that enstatite becomes unstable in the presence of vapour 
at subsolidus temperatures much higher than 7000C. For example, vapour co­
existing with enstatite and forsterite contains 18 wt. percent Si02 at 
12800C. Dungan and Ave Lallemant (1978) discuss a number of possible sources 
for this vapour, depending on which temperature regime is preferred. 

13.1.2 DISCORDANT, PEGMATITIC ASSEMBLAGES 

In the Skaergaard intrusion, layered gabbros (with or without olivine) 
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may be replaced by a quasi-anorthositic rock composed of labradorite (An65 ) 
and poikilitic ilmenite and augite (Irvine, 1980, p.377) . They often have a 
thin outer selvage of iron-rich olivine (F065 ), and upper contacts are often 
irregular and scalloped. Irvine relates these features to infiltration 
metasomatism (see also discussion of Duke Island bodies above). 

Raedeke and McCallum (1984) describe pyroxene-olivine "pegmatoids" that 
are associated with discordant bodies of magnesian dunite in the Stillwater 
Complex (see above). Both orthopyroxene and clinopyroxene (grain sizes of 10 
to 30 cm) occur in these rocks, which may form layers with discordant lower 
contacts and concordant upper contacts. These pegmatite bodies (sic) may be 
completely discordant or broadly stratiform (comparable with locally 
concordant form of iron-rich ultramafic pegmatite bodies at Amandelbult). 
They commonly contain chromite as disseminations, pods, stringers, or 
stratiform layers . Field relationships indicate that both the discordant 
bodies of magnesian dunite and pyroxene-olivine pegmatites formed by pene­
contemporaneous replacement of the cumulates. Raedake and McCallum (1984) 
discuss a metasomatic model for the dunites in conjunction with an aqueous 
vapour (see above), and suggest that the pyroxene-olivine pegmatites may have 
resulted from components released during formation of the dunites (Irvine, 
1974, discusses a similar model for the Duke Island bodies; see above). 
Raedeke and McCallum (1984) do not present any data to indicate whether 
pyroxene and olivine in the pegmatites are compositionally different from the 
adjacent cumulus minerals. 

Myers (1978) discusses "mafic pegmatites", composed of hornblende gabbro 
and ultramafite, that cut across cumulate layering in the Fiskenaesset 
Anorthosite Complex in southwest Greenland. The pipes form irregular 
networks in which all vertical portions are massive and pegmatitic, whereas 
some horizontal portions exhibit layering (both mineral graded layers and 
comb layers). From examination of field relationships Myers concludes that 
these pipes formed by a process of magmatic drilling, rather than metasomatic 
replacement, and the alternation of comb and mineral-graded layers indicates 
that changes in physico-chemical conditions occurred. The similarity between 
the ferromagnesian and alkali chemistry of the pipes and the host cumulates 
suggests that the pipes are derived from magma within the Complex. They 
probably represent a late stage in the evolution of these magmas, but are not 
fractionated enough to be interpreted as representing residual, intercumulus 
liquids (Myers, 1978). 
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SUMMARY 
13 .1 .3 

(1) Spatial relationships, particularly at Duke Island and Stillwater 
indicate that discordant bodies of magnesian dunite and clinopyroxene-olivine 
pegmatite are related, whereas this i s not the case in the Bushveld Complex. 
(2) Discordant bodies of magnesian dunite from a number of layered complexes 
are probably similar to those in the Bushveld Complex. 
(3) Most authors favour a replacement origin for discordant bodies of 
magnesian dunite in layered complexes; two main hypotheses are presented, 
metasomatism in response to an aqueous vapour, and magmat ic replacement of 
pre-existing cumulates by an intercumulus silicate liquid (specifically 
Irvine' s (1980) infiltration metasomatism model). Data presented in this 
study do not support a replacement model for the magnesian dunite unit in the 
Driekop pipe (see Chapter 4). 
(5) The iron-rich ultramafic pegmatite suite in the Bushve ld Complex is not 
directly comparable with discordant, pegmatitic bodies in other layered 
complexes. 

13.2 COMPARISON WITH IRON-RICH CUMULATES 

13.2.1 THE UPPER ZONE OF THE SKAERGAARD INTRUSION 

According to the subdivision of Wager and Brown (1968) the upper zone 
(UZ) of the layered series of the Skaergaard intrusion is characterised on 
the presence of iron-rich olivine as a cumulus phase. Other important cumulus 
minerals are plagioclase, iron-rich pyroxenes, and magnetite. These rocks may 
be described as ferrodiorites (plagioclase is less calcic than An50 ). The 
upper zone is divided into three main subzones, UZa (iron-rich olivine 
becomes a major cumulus phase), UZb (apatite becomes a cumulus phase) and UZc 
(ferrohedenbergite is a cumulus phase). In UZa rhythmic layering reaches its 
maximum intensity, such that "gravity-stratified" layers alternate with 
layers of uniform rock; it may occur as normal, planar layering or "trough 
banding" (see Wager & Brown, p.81). The "normal" rock, equivalent to the 
average compositon of subzone UZa, is a ferrodiorite, which consists of 
cumulus plagioclase, iron-rich augite and olivine, and magnetite (pigeonite 
may occur towards the base). Minor intercumulus phases include apatite, 
quartz and micropegmatite (see Wager & Brown, fig. 49). However, rhythmic 
layering in UZa may involve alternating layers of leucocratic and 
melanocratic cumulates (e.g., samples 5321 and 5322, described below). 

Three samples, numbers 5321, 5322 (both from UZa) and 5196 (from UZb), 
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from the original Wager collection were kindly provided by Prof. Vincent 
(Geology Department, Oxford University) for study by the author. Sample 5321 
is essentially an anorthosite with minor cumulus (?) Fe-Ti oxides and 
intercumulus clinopyroxene and olivine . The 
silicates occur as tiny, often triangular, 

intercumulus ferromagnes ian 
anhedral grains, unlike the 

"mottles" observed in anorthosites in the upper critical zone of the Bushveld 
Complex (see Wager & Brown, fig. 61). Sample 5322, which is immediately 
adjacent to sample 5321, is an ultramafic rock, consisting of approximately 
equal proportions of coarse-grained, cumulus olivine, clinopyroxene and Fe-Ti 
oxide (see Wager & Brown, fig. 62). Plagioclase may occur in variable amounts 
as either a cumulus or intercumulus phase . Minor amounts of apatite occur as 
an intercumulus phase. The Fe-Ti oxides comprise both Ti-magnetite (which 
exhibits a range of microstructures) and ilmenite. Sample 5196 consists of 
cumulus plag ioclase, olivine, Fe-Ti oxides and apatite (see Wager & Brown, 
fig. 65). 

Electron microprobe analysis of olivines from these samples are 
presented in Appendix 7. The composition of olivine from samples 5322 
(F037 .3) and sample 5196 (F032 . 1) lies within the composi tional range for 
cumulus olivine in UZa and UZb, as determined by Wager and Brown (1968). 
However, intercumulus olivine from sample 5321 has a composition of F0 15 .5, 
which is much more iron-rich than cumulus olivine at the same position in the 
cumulate pile. 

Samples 5322 and 5196, apart from the presence of minor plagioclase and 
apatite, are texturally s imilar to iron-rich ultramafic pegmatite. The 
alternation of anorthos itic and ultramafic layers in UZa suggests a 
comparison with iron-rich 
mottled anorthosite layers in 

ultramafic pegmatite that 
the Bushveld Complex. 

13 .2 .2 THE UPPER ZONE OF THE BUSHVELD COMPLEX 

is associated with 

Iron- rich ultramafic pegmatite has a number of features in common with 
iron-rich cumulates in the upper zone of the Bushveld Complex. According to 
Wager and Brown (1968) the base of this zone is marked by the introduction of 
Ti-magnetite as a significant cumulus phase. This is normally associated with 
the introduction of iron-rich olivine, ilmenite and apatite as cumulus 
phases, together with minor amounts of quartz, alkali feldspar, hornblende 
and biotite. The extreme iron-enrichment, wh ich is comparable with that 
found in the Upper Zone of the Skaergaard intrusion, is evinced not only by 
the Ti-magnetite layers but also by the low Mg/Fe ratios of the 
ferromagnesian silicates . The upper zone of the Bushveld Complex is 
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subdivided into three subzones, UZa (Ti-magnetite becomes a major cumulus 
phase), UZb (iron-rich olivine becomes a major cumulus phase) and UZc 
(apatite becomes a major cumulus phase; Wager & Brown, 1968). Plagioclase (in 
the compositional range andesine) is a ubiquitous cumulus phase throughout 
most of the upper zone. Consequently, these rocks are described as 
ferrodiorites (Wager & Brown,. p.376). Iron-rich clinopyroxene is present 
throughout most of the upper zone, but pigeonite is present in only minor 
amounts and disappears at approximately 120 m below the roof in the exposures 
examined by Wager and Brown (1968). Ultramafic layers which directly 
resemble iron-rich ultramafic pegmatites, such as those described from the 
Skaergaard intrusion, are not found . 

The composition of cumul us ol ivine in the upper zone forms a more or 
less continuous series from F056 to, essentially, FoO (see p. 158). 
According to Wager and Brown (p.378) olivine (with a composition of Fo49 ) 
enters as a significant cumulus phase at approximately 300 m above the base 
of the upper zone in UZb. Apatite, which enters as a cumulus phase at 
approximately 750 m, is essentially absent from UZb. In UZb the principal 
cumulus phases are plagioclase (andesine), clinopyroxene (ferroaugite), iron­
rich olivine (hortonolite), and Ti-magneti te. The compositions of olivine and 
clinopyroxene (in terms of the Mg/Fe ratio) in this subzone are comparable 
with that in iron-rich ultramafic pegmatite from the upper critica l zone. 
The mineralogy of iron-rich ult ramafic pegmatite from the upper critical and 
lower main zones may thus be compared with that of iron-rich cumulates in 
subzone UZb. The major mineralogi ca l difference between these two groups of 
rocks is the absence of plagioclase in the pegmatites. Furthermore, relict 
plagioclase associated with the pegmatites is more calcic than cumulus 
plagioclase from both the upper critical and upper zones. 

If the proportion and composition of plagioclase in the pegmatites was 
comparable to that in cumulates of UZb then it would be feasible to propose 
that these two suites of rocks formed from a similar magma. However, data in 
this study clearly imply that the putative pegmatitic liquid was unsaturated 
in plagioclase. Similarities in the composition of olivine, clinopyroxene, 
Ti-magnetite, and ilmenite from these rocks may, however, suggest that the 
pegmatites formed from magmatic liquids at temperatures comparable to those 
prevailing during cumulus mineral formati on in UZb. Apatite is absent from 
iron-rich ultramafic pegmatite bodies in the upper critical and lower main 
zones, but is an important constituent of pegmatite bodies in the middle of 
the main zone. 

F028_26 . It 

Here it is associated with olivine in the compositional range 

is significant that apatite only becomes a cumulus phase in 
UZc, where it also is associated with ferrohortonolite (not hortonolite). 
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13.2.3 Fe-Ti OXIDE ORES 

Possible genetic relationships between the formation of anorthosite 
cumulates and discordant bodies of iron-rich ultramafic pegmatite in the 
Bushveld Complex are discussed below (see also Viljoen & Scoon, in press). 
Because of this relationship the formation of Fe-Ti oxide deposits in 
anorthosite massifs may be of relevance. Many anorthosite massifs have been 
subjected to high-grade metamorphic events, but those in the Nain Province of 

Labrador are virtually unaffected by post-emplacement metamorphism and 
deformation (Sawkins, 1984). Disseminated Fe- and Fe-Ti oxides are a common 
feature of anorthosite bodies, but in some instances irregular bodies of 
ilmenite are found (Sawkins, 1984). Fe-Ti oxide bodies in anorthosite 
massifs occur in both discordant and layered bodies. 

The formation of pipe-like bodies of Fe-Ti oxide pegmatite, which are an 
integral part of the iron-rich ultramafic pegmatite suite (Chapter 2), may be 
related to the development of almost pure Fe-Ti oxide liquids. A 
relationship with cumulus Ti-magnetite layers is implied. It has long been 
believed that the formation of cumulus Ti-magnetite layers in the Bushveld 
Complex has resulted from some form of magmatic segregation (Molengraaf, 
1904, quoted in Hall, 1932), although no one detailed hypothesis has yet been 
widely accepted (see review by Reynolds, in press). A relationship between 
concordant Fe-Ti oxide ores in anorthositic massifs and Ti-magnetite 
cumulates in layered intrusions has also been postulated (Osborne, 1928; 
Lister, 
bodies 

1966). Osborne suggested that Fe-Ti oxide layers in anorthositic 
result from accumulation of a late-stage residual Fe-Ti oxide liquid 

that was filter pressed from the surrounding, partially consolidated silicate 
rock. Hall (1932) and Bateman (1951) consider Ti-magnetite layers in the 
Bushveld Complex to represent late gravitative accumulation of oxide liquids 
onto the consolidated crystal pile. Philpotts (1976) established 
experimentally that phosphorus-rich Fe-Ti oxide liquids may be immiscible in 
certain basaltic systems. Osborne's hypthesis, which is discussed and 
extended by Lister (1966), may be applicable to the formation of Fe-Ti oxide 
pegmatite in the Bushveld Complex. 

13.2.4 DISCUSSION 

(1) Comparison of the mineralogy of iron-rich ultramafic pegmatite and 
cumulates from UZb in the Bushveld Complex sugges~that the pegmatites may 
have formed by crystallization, under similar magmatic conditions, of a 
silicate liquid. 
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(2) There is probably a direct genetic relationship between cumulus Ti­
magnetite layers and discordant bodies of Fe-Ti oxide pegmatite in the 
Bushveld Complex. 
(3) An immiscibility hypothesis for both the cumulus Ti-magnetite layers and 
the Fe-Ti oxide pegmatite bodies is attractive, but there is no experimental 
evidence to substantiate immiscibility between phosphorous-poor Fe-Ti oxide 
liquids and basaltic magmas. 
(4) The association of anorthosite cumulates and discordant bodies of iron­
rich ultramafic pegmatite in the upper critical and main zones of the 
Bushveld Complex may be compared with alternating layers of plagioclase­
rich and iron-rich ultramafic cumulates found in UZb in the Skaergaard 
intrusion, although this does not imply that they are genetically related 
(note also that the observations of Wager & Brown are referred to, but this 
does not imply that the cumulus theory is applicable to the formation of 
these rocks - see below). 

13.3 DERIVATION OF AN IRON-RICH, PLAGIOCLASE-UNDERSATURATED, 
POSTCUMULUS LIQUID IN THE UPPER CRITICAL ZONE 

In the introduction to this chapter it was observed that the formation 
of iron-rich ultramafic pegmatite is commonly ascribed to migrating inter­
cumulus liquids. A number of criticisms may be levelled against this 
hypothesis, the most important of which are as follows: 
(1) Ferromagnesian minerals in iron-rich ultramafic pegmatite are character­
ised by a much lower XMg than that of either cumulus or intercumulus phases 
at the same position in the layered sequence. 
(2) Fe-Ti oxides are an important constituent of these rocks, whereas 
chromite is the stable spinel in the host cumulates in the upper critical 
zone. 
(3) The putative pegmatitic liquid is clearly undersaturated in plagioclase. 

The ensuing discussion, based on a combination of new data and 
theoretical speculation, explores how an iron-rich, plagioclase­
undersaturated, intercumulus (or postcumulus) liquid may be derived during 
crystallization of the upper critical zone of the Bushveld Complex. 

The distinction between an intercumulus and postcumulus liquid is 
important to this argument (see pp. 3-4). Thus, intercumulus liquid may be 
defined as a residual liquid that is trapped between the cumulus framework of 
crystals (where it crystallizes in situ), and postcumulus liquids are defined 
as late-stage liquids that have segregated from both the residual magma in 
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the main chamber and the specific crystallizing cumulate from which they were 
derived. Possibly the bulk of these postcumulus liquids comprise intercumulus 
liquids that have been expelled from their origina l position. However, the 
possibility that they may include other residual liquids cannot be completely 
ignored (see below). 

13.3.1 CYCLIC UNITS 

Derivation of iron-rich postcumulus liquids, 
intimately related to the format ion of cyclic units 

it is postulated, 
(see Chapter 6). 

is 
The 

most complete cyclic units in the upper critical zone, it is belieyed, are 
probably capped by either spotted anorthosite or mottled anorthosite (see p. 
91). It is not proposed to consider the contenti ous issue of anorthosite 
being a derivative of a separate liquid, as advocated by Tol~ et al. (1982) 
and Irvine et al. (1983), as many of the critical relationships that would 
support such a model appear to be missing in the upper critical zone. If it 
is assumed that the upper zone of the layered sequence does not represent an 
entirely separate intrusion, then it may be concluded that the bulk 
composition of cyclic units in the upper critical zone would not yield a 
liquid composition equivalent to an acceptable, putative magma. 
Crystallization of the cumulates in these cyclic units would presumably 
result in formation of a residual magma that is more fractionated than the 
putative magma. It may be assumed that, after formation of a considerable 
thickness of cumulates (e.g., represented by the main zone ?), this 
fractionated, residual magma would then crystallize iron-rich cumulates (in 
the upper zone ?). Obviously, this is a very simplistic hypothesis which 
ignores many issues, such as influxes of new magma. However, the crux of 
this argument is that, for wha~ever reason, cyclic units in the upper 
critical zone are capped by anorthosite, such that more fractionated 
cumulates (e.g., ferrodiorites) did not form until much higher in the 
cumulate pile. 

The order in which successive rock types within a cyclic unit appear is 
the same as the generally accepted crysta llization order of mafic melts (see 
also p. 90). In cyclic units in the upper critical zone the following 
sequence of cumulus mineral formation is evident chromite - Mg-olivine, 
orthopyroxene - plagioclase (with the above proviso). From the study of 
cumulates in the main and upper zones this sequence of cumulus mineral 
formation may be continued, thus: clinopyroxene - Fe-Ti oxides - iron-rich 
olivine - apatite (inter alia Willemse, 1969a ). Plagioclase remains a 
cumulus phase throughout this sequence. 
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In the upper critical zone the Merensky and Bastard cyclic units, both 
of which are capped by a layer of mottled anorthosite, exhibit considerable 
fractionation . The composition of orthopyroxene in the Merensky cyclic unit, 
expressed as XM9 , varies between 0.82 - 0.79 (in the Merensky Reef at the 
base of the cyclic unit; see p. 96) and 0.697 (in mottled anorthosite towards 
the top of the cyclic unit; sample M-12, Kruger, 1984). The Bastard cyclic 
unit becomes even more iron-rich; the XMg of orthopyroxene in mottled 
anorthosite towards the top of this cyclic unit is 0.592 (sample B-30, 
Kruger, 1984; see Table 13.1). In comparison, orthopyroxene in cyclic units 
above the Ba.stard cyclic unit does not become as iron-rich until the middle 
of the main zone (Mitchell, in prep.). It may be concluded that the Merensky 
and Bastard cylcic units have undergone exceptional fractionation in a closed 
system, segregated from the main column of magma (see Kruger & Marsh, 1983). 

13.3.2 RELATIONSHIP WITH MOTTLED ANORTHOSITES 

Iron-rich ultramafic pegmatite bodies exhibit a close spatial 
relationship with thick layers of anorthosite cumulates. Furthermore, the 
distribution of iron-rich ultramafic pegmatite bodies appears, on a regional 
basis, to be controlled by the distribution of cumulus plagioclase in the 
layered sequence (see Chapters 2 and 7). These features led Viljoen and 
Scoon (in press) to speculate that the formation of iron-rich ultramafic 
pegmatite is intimately related to the development of mottled anorthosite 
cumulates. The results of two preliminary studies, which present some new 
data to support this hypothesis, are presented below. 

IRON-RICH PYROXENES 
In mottled anorthosites in the upper critical zone, the mottles usually 

consist of orthopyroxene and/or clinopyroxene (see p.87). Pyroxenes also 
occur in mottled anorthosites as tiny, sliver-like grains that are moulded 
around plagioclase grains. In mottled anorthosites examined by the author 
these latter are invariably clinopyroxene. The formation of the mottles is 
controversial, but textural evidence clearly implies that the sliver-like 
grains are intercumulus. In the Merensky footwall mottled anorthosite at 
Amandelbult, it is apparent that the proportion of mottles decreases with 
increasing height, eventually resulting 
analyses AT-9 to AT-13, Appendix 5). 
clinopyroxene are still present. 

in a relatively pure anorthosite (see 
However, the sliver-like grains of 

In the Footwall cyclic unit at Rustenburg the average XMg of 

orthopyroxene is, approximately 0.80 to 0.78 (Kruger, 1984). For example, in 



TABLE 13.1 ~g RATIO OF INTERCUMULUS PYROXENES IN MOTTLED ANORTHOS ITES 

UNIT SAMPLE REFERENCE CLINOPYROXENE ORTHOPYROXENE HEIGHT RELATIVE 
x d n x d n TO MERENSKY REEF' 

--------------------------- ---------------------------------------------.-------------. 
Bastard c. u. B-30 Kruger (1984) .660 .01B 4 .592 .006 4 + 66 m. 
Merensky c.u. M-12 Kruger (1984) .759 .009 4 .697 .006 4 + 9 m. 

Footwall c.u. AT-13 This study .725 .009 10 - 0. 1 m. 
Footwall c.u. F-27 Kruger (1984) .821 .016 2 - 0.5 m. 
Footwall C.U. AT-II This study .865 .002 4 .795 .003 4 - 3 m. 
Footwall c.u. F-24 Kruger (1984) .851 .007 4 .808 .006 4 - 6 m. 

Pegmatite "average II Th is study .640 .017 54 

x - mean; d - standard dev iation; n - number of analyses; C.U . - cyclic unit . 
P~matite Uaverage" from Table 9.2. For location of samples AT-l1.13 see Figure 5.5. 

For analyses in this study see Appendix 8. * approximation only. 
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sample F-24 (a leuconorite, approximately 6 m below the Merensky Reef) the 
XMg of orthopyroxene and clinopyroxene is 0.808 and 0.851, respectively 
(Kruger, 1984; Table 13.1). These data are comparable with whole-rock 
analyses of samples from Amandelbult (samples AT-l to AT-13; see Appendix 5) 
and with electron microprobe analyses of mottles from the Merensky footwall 
anorthosite (sample AT-ll, Table 13.1). The XMg of clinopyroxene from sample 
F-27 (a mottled anorthosite, approximately 0.5 m below the Merensky Reef at 
Rustenburg) is 0.821. However, the XMg of sliver-like grains of 
clinopyroxene from sample AT-13 (a mottled anorthosite, only a few 
centimetres below the Merensky Reef at Amandelbult) is 0.725 (Table 13.1). 

MAGNETIC ANORTHOSITES 
Linear magnetic anomalies in the upper critical and main zones , which 

are correlated with thick layers of anorthosite, are characterised by the 
absence of large bodies of iron-rich ultramafic pegmatite (see p. 18). The 
magnetic characteristics of these rocks'Lfe discussed by Viljoen and Burvenich 
(1983) and their mineralogy is being examined by l.M. Reynolds, who has 
kindly allowed the author to disclose some preliminary results_ The magnetic 
properties of these rocks may be related to three possible sources (1) the 
presence of tiny, opaque needles within plagioclase, that may represent 
exsolution of excess Fe3+ in the form of magnetite; (2) the presence of Fe­
rich pyroxenes, that often contain exsolved platelets of a semi-translucent 
phase, possibly ilmenite; and (3) interstitial (or intercumulus) Fe-Ti 
oxides, essentially ilmenite, with insignificant Ti-magnetite. These latter 
represent the most obvious source of the magnetism but are usually present in 
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virtually insignificant amounts. The morphology and nature of the 
interstitial oxides clearly indicate that they are late-stage phases that 
crystallized from entrapped intercumulus liquid (Reynolds, pers. comm.). 

CONCLUS IONS 
(1) Sliver-like grains of intercumulus clinopyroxene in mottled anorthosites 
are even more iron-rich than the mottles; they have presumably crystallized 
from entrapped intercumulus liquid. 
(2) Assuming equilibrium conditions, XMg of cpx > opx> oliv, thus 
crystallization of intercumulus clinopyroxene rapidly lowers the Mg/Fe ratio 
of the liquid. 
(3) "Magnetic" anorthosites in the main zone represent a more advanced stage 
of intercumulus fractionation than was recorded in anorthosites in the upper 
critical zone (even though the composition of the cumulus plagioclase may not 
be markedly different). 
(4) This "intercumulus fractionation trend" may be expressed, sequentially, 
thus orthopyroxene-clinopyroxene (mottles), clinopyroxene (iron-rich, 
sliver-like grains), Fe-Ti oxides (interstitial grains). 
(5) Intercumulus fractionation may result in an intercumulus liquid with a 
sufficiently low Mg/Fe ratio to crystallize clinopyroxene and olivine in 
iron-rich ultramafic pegmatite in the upper critical zone. For examp le, the 
average XMg of pegmatite-hosted clinopyroxene at Amandelbult is 0.64; this is 
similar to the composition of intercumulus clinopyroxenes from mottled 
anorthosites at the top of the Bastard cyclic unit. 
(6) Intercumulus fractionation is probably not preserved in plagioclase 
grains due to zonation or subsolidus re-equilibration. 
(7) Many of the upper contacts of cyclic units in the 
are unconformable and exhibit evidence of resorption. 
complete intercumulus fractionation trends are 
documentation. 

13.3.3 IRON-RICH, RESIDUAL LIQUID 

upper critical 
It is possible 

not preserved 

zone 
that 
for 

Examination of the Currywongaun-Doughruagh intrusion in Connemara, Eire, 
led Kanaris-Sotiriou (1974) to propose a model for adcumulus growth of very 
thin pyroxene bands (which conform to the primary layering) in anorthositic 
cumulates. This model relies on the adcumulus hypothesis of Wager et al. 
(1960), consequently it assumes that adcumulate crystallization proceeds near 
the top of the crystal pile. Kanaris-Sotiriou proposes that a thin zone of 
liquid, supersaturated in those components not required for adcumulus growth 
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(plagiDclase in this example) is fDrmed in the magma just abDve the crystal­
liquid interface. Crystallization frDm this magma results in the fDrmation 
of a layer with a radically different compDsition to that in the adcumulate 
(pyroxenite in this example) . Kanaris-SotiriDu proposes that the exchange Df 
components occurs by diffusiDn, but other mechanisms such as annealing may 
also be applicable. 

Campbell et al. (1983, p.154) observe that "the accumulatiDn of a dense, 
iron-rich liquid at the bottom of the chamber lowers the amount of 
supercooling at the crystal-liquid interface and thus slows the rate Df 
crystal growth". This wuld conceivably limit the bottom growth of 
plagioclase, and, in the upper critical zone, mark the end of a cyclic unit. 
If this residual liquid is compositionally s imilar to the iron-rich 
intercumulus liquid (assuming both are derived from the same mottled 
anorthosite layer) then it may be expected that it also would not crystallize 
in situ, unless it remained there until the temperature dropped appreCiably. 

It is often assumed that this iron-rich , residual liqiud is returned to 
or remains within, the supernatant liquid column. It is proposed here that 
this is not necessarily the case, and that a residual liquid develDping above 
a mottled anorthosite may result in the formatiDn of an iron-rich, 
postcumulus liquid that is trapped within the crystallizing cumulate pile, 
which , if it is particularly dense, may migrate down through the anorthosite 
layer and mix with entrapped intercumulus liquid. Thi s may be achieved by 
commencement of crystallization of the next cyclic unit or by a new influx of 
magma (that is less 
could effectively 
column. 

dense than this residual liquid). Both these mec hani sms 
isolate the residual liquid from the supernatant liquid 

Before the formation of iron-rich ultramafic pegmatites can be related 
to these iron-rich intercumulus and/or residual liquids derived during 
crystallization of mottled anorthosite cumulates, it is first necessary to 
examine the movement of intercumulus liquids within the cumulate pile. 
Furthermore, Irvine's model of infiltration metasomatism (Irvine, 1980) may 
be directly applicable to the formation of the pegmatites, with the proviso 
that suitable intercumulus liquids can only be derived from mottled 
anorthosites. 

13.4 MOVEMENT OF INTERCUMULUS LIQUIDS AND INFILTRATION METASOMATISM 

The formation of adcumulates is, in theory, intimately related to the 
removal of intercumulus liquids by postcumulus processes (which may include 
diffusion). Calculation of the initial porosity of a cumulus mush is a major 
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problem in studies of layered igneous rocks, although it is usually estimated 
at between 20 and 50 percent (Jackson, 1961; Wager & Brown, 1968). 
Adcumulates may contain less than 5 percent trapped intercumulus material, 
which illustrates the proportion of intercumulus liquid that has to be 
removed (and, of course, is available for pegmatite formation). The removal 
of small amounts of pore-liquid may be related to processes such as local 
diffusion, subsol idus reequilibration and leaching effects, but large-scale 
movements are probably related to mechanical compaction (filter pressing) and 
annealing. Many of these postcumulus processes are related to Irvine's model 
of infiltration metasomatism (Irvine, 1980). 

Cyclic units in the Muskox intrusion may be related to replenishment of 
the chamber with new influxes of magma (Irvine, 1980). However, chemical 
breaks occur in the cumulate pile at varying levels above predicted positions 
related to modally determined cyclic units. Irvine explained this by 
metasomatic reaction between upward migrating intercumulus liquid and pre­
existing cumulus crystals. Upward movement of intercumulus liquid is 
essentially related to compaction of the crystal pile as a result of addition 
of new material, according to Irvine (1980). Irvine calculated that the 
initia l porosity of the cumulates is approximately 58 percent (although he 
concedes that this figure is probably to high), and that the final porosity 
varies between 5 and 10 volume percent. He conc luded that the Muskox layered 
series was unconsolidated down to depths of up to 300 m, and that filter 
pressing occurred to depths of at least 100 m. Because up to 50 percent of 
the intercumulus liquid may be expelled from the crystal lizing cumulate pile 
and returned to the main body of the magma, this process must also be a 
considerable factor in the primary differentiation of the magma (Irvine, 
1980, p.360). The models of Hess (1972) and Irvine (1980) imply that 
adcumulus growth does not occur at the cumulate depositional surface, but 
operates at relatively deep levels in the cumulate pi le. 

Irvine (1980, p.375) also relates the process of infiltration 
metasomatism to the formation of igneous bodies by postcumulus replacement 
(or metasomatism), and describes some minor modal effects that may be related 
to infiltration metasomatism in the Muskox intrusion. However, Irvine 
observes that large, transgressive bodies within other layered complexes 
offer more convincing evidence of postcumulus replacement processes. These 
include examples from the Duke Island ultramafic complex, the Skaergaard 
intrusion and the Stillwater and Bushveld Complexes (Irvine refers to 
replacement bodies of "dunite" in the latter). Irvine suggests that these 
transgressive bodies result from a process of magmatic replacement in 
response to migrating intercumulus, silicate liquids (see also section 13.1). 



- 248 -

13.5 FORMATION OF IRON-RICH ULTRAMAFIC PEGMATITE 

13.5.1 THE PEGMATITIC LIQIUD 

Formation of the iron-rich ultramafic pegmatite suite in the Bushveld 
Complex is ascribed t o postcumulus liquids derived from within the 
crystallizing cumulate pile. Migration of these postcumulus liquids 
through the crystallizing cumulate pile is accommodated within Irvine's model 
of infiltration metasomatism (Irvine, 1980). However, the formation of iron­
rich ultramafic pegmatite cannot be solely attributed to infiltration 
metasomatism as the mineralogy and chemistry of the pegmatites (specifically 
the absence of plagioclase) apply major contraints on the composition of 
the putative pegmatitic liquid. The putative pegmatitic liquids are 
therefore regarded as dominantly intercumulus liquids derived from thick 
layers of mottled anorthosite, but they may also compri se residual liquids 
that have become segregated from the supernatant liquid column (as described 
in section 13.3.3). 

Derivation of pegmatitic liquids from specific layers within the 
crystallizing cumulate pile explains why the composition of pegmatite is 
related to its position in the layered sequence and why the separate bodies 
exhibit increasing degrees of fractionation with height. Compositional 
variations in the pegmatite suite are thus attributed t o intercumulus 
fractionation trends. These trends will be more advanced than cumulus 
fracti onation trends , consequently, compositional vari ation exhibited by 
pegmatite in the upper critical and main zones is simulated by cumulus trends 
in the upper zone. 

A major problem with this hypothesis is that it is difficult to envisage 
a residual , or intercumulus tholeiitic liquid derived from crystallization of 
an anorthosite that is completely undersaturated in plagioclase. For 
example, by analogy with the cumulates in the upper zone of the Bushveld 
Complex it may be predicted that this liquid would crystallize, besides iron­
rich clinopyroxene, olivine and Fe-Ti oxides, a relatively sodic plagioclase. 
Two suggestions may be offered. Firstly, sodic plagioclase could crystallize 
from the intercumul us liquid in situ (i.e . before expulsion of the remaining 
pore liquid) as overgrowths on cumulus plagioclase. Secondly, a proportion 
of the "plagioclase component s" could be incorporated into pegmatitic 
minerals, including clinopyroxene, amphibole and mica. If the former 
suggestion is favoured then it will be evident that the stage at which the 
postcumulus liquids are removed from their host cumulate is critical. 
Possibly , the framework of cumulus plagioclase crystals through which the 
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liquid migrates would promote rapid nucleation of plagioclase 
In summary, however, it is ev ident that the pauc ity of 

in the pegmatites is very difficult to explain with this 

An analogy with alternating layers of anorthosite and iron-rich 
ultramafic cumulates in UZa of the Skaergaard intrusion may be applicable, 
athough, of course, the pegmatites themselves are not cumulates. Although it 
is not proposed to consider the formation of the cumulates in UZa of the 
Skaergaard intrusion, it is necessary to point out that the author does not 
favour the cumulus theory of Wager et al. (1960) (even though the 
observational and mineralogical data of Wager and Brown (1968) are constantly 
referred to in section 13.2.1). 

13.5.2 FORMATION OF PEGMATITE BODIES 

Small, even microscopic, segregations of iron-rich material found in 
magnetic anorthosites are interpreted as representing an initial stage in the 
formation of discordant pegmatite bodies. This is followed by migration of 
intercumulus liquid, initially laterally, with in the mott led anorthosite 
layer. Movement of intercumulus liquids may be explained by Irvine ' s models 
of adcumulate growth and infiltration (Irvine, 1980). These liquids may then 
coalesce and subsequently crystallize in situ to form small, probably highly 
irregular, often pod-like, pegmatite bodies. Coalescence may be related to 
irregular distribution of pore spaces or to migration in response 
differentials (an analogy with partial melts may be applicable). 
pegmatite bodies are considered not to replace the anorthosite, 
displace it in response to volume re-adjustments within the layer. 

to pressure 
These small 
so much as 

This may 
be assisted by annealing processes. These early-formed pegmatite bodies thus 
form pene-contemporaneously with their host cumulates (see also Raedeke & 
McCallum, 1984 and section 13.1.2). 

Because of their high density, the pegmatitic liquids may migrate 
downwards within, and from an anorthosite layer. Downward movement over 
vertical heights of a few metres may be quite common, but this is unlikely to 
occur over any considerab le distance. Formation of pegmatite bodies from 
downward-migrating liquids, or addition of materia l at the bottom of a 
pegmatite body, is supported by field relationships. In some examples it is 
evident that harzburgite or chromitite layers have acted as barriers to 
arrest downward migrating liquids. Pegmatite bodies may thus form by ponding 
of pegmatitic liquids above a cumulate layer that has restricted further 
movement. Alternatively, these pegmatite bodies may result from selective, 
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lateral 
movement 

replacement of felsic cumulates 
within the specific layer. The 

accompanied by local downward 
pegmatitic liquids would be in 

disequilibrium with cumulates other than the anorthosites from which they 
were derived, consequently they may replace them. 

Continued lateral migration of pegmatitic liquid within mottled 
anorthosite layers, possibly with some migration in underlying cumulates, 
will only occur in response to a major increase in overpressure, or if a 
large pressure differential exists. Increases in overpressure may be related 
to new influxes of magma into the chamber. Pressure differentials may be 
related to non-homogeneity in cumulate layers or lateral changes along 
strike. However, field relationships indicate a correlation between large, 
pipe-like bodies of pegmatite and structurally disturbed zones. This may 
suggest that many faults were also zones of weakness or active during 
formation of the layered sequence, and in fact evidence does point to this 
for the Steelpoort fault in the eastern limb of the Complex. It is 
postulated that these faults or weak zones acted as areas to which the 
pegmati tic liquids migrated. These t hen provided vertical conduits through 
the crystallizing cumulate pile up which the pegmatitic liquids streamed, to 
form large, pipe-like bodies. 

These zones of weakness could provide conduits for migrating pegmatitic 
liquids from more than one source-horizon, resulting in composite pegmatite 
bodies. If the pegmatitic liquids were derived from vastly different levels 
in the layered sequence this may result in disequilibrium and replacement of 
pre-existing pegmatite (e.g., in the Townlands pipe). The irregular lateral 
form of pipe-li ke bodies may be explained by either lateral migration of 
material along specific cumulate layers, or se lective replacement outwards 
from the pipe, again in specific cumulate layers. Similarly, the 
concentration of small, satellite bodies around large pipes may be explained 
by either of these models. 

13.5.3 CRYSTALLIZATION OR REPLACEMENT? 

The early-formed, pene-contemporaneous pegmatite bodies probably formed 
by crystallization from the pegmatitic liquid, rather than by a process of 
magmatic replacement or metasomatism. The latter alternative is 
because it necessitates disequilibrium between the pegmatitic 

not favoured 
liquids and 

the anorthosite from which they were derived. Thus the composition of 
pegmatite here is directly equivalent to the putative pegmatit ic liqu id. By 
analogy with 
possibly with 

intercumulus material that is trapped within cumulates and, 
iron-rich cumulates, it may be deduced that this silicate 
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liquid crystallized under magmatic conditions. This is supported by 
mineralogica l data presented in this thes is . 

Field relationships exhibited by large, pipe- like bodies and sma l l, 
irregular, often sheet - like bodies, that cut cumulates other than mottled 
anorthosites do not indicate an intrusive origin. However, whether this 
means they support a replacement origin is open to debate. Specific field 
relationships and contact features imp ly that loca l rep lacement of pre­
~isting cumulates has occurred. However, other observations, discussed in 
the main text, argue against an origin entirely by replacement for complete 
pegmatite bodies . It is postu lated that many of the larger pegmatite bodies 
also formed pene-contemporaneously with their cumulate hosts, again by 
crysta l lization from a liquid with subsequent volumetric re -adjustments of 
the still, unconsolidated cumulate pile. 

13 .5.4 SUMMARY 

In rea l ity it is very diffic ult to estab l ish whethe r the pegmatites 
formed by magmat ic replacement or by crystallization from a liquid. The most 
important conc lus ions reached from data co l lated in this study are that in 
many cases the composition of the pegmatites is equivalent to that of the 
putative pegmatitic liquids, and that these crystallized at magmatic 
temperatures. Iron-rich ultramaf ic pegmat ite is t hus interpreted as a 
magmatiC rock, 
related to, a 

that formed either by crystallization from, 
si l icate liquid. They are not the result 

or replacement 
of metasomatism 

related to aqueous fluid or vapour. The putative pegmatit ic 
postcumuliJs liquids (intercumulus and/or residual ascribed to 

liquid is 
liquids) 

It is deri ved duri ng crystallization of mottled anorthosite cumu lates. 
implied that the putative pegmatitic liquid wi l l only commence to form in the 
cumulate pile after mottled anorthosite cumulates occur, and they will cease 
to form after the residual liquid line of descent reaches the peak of t he 
iron enrichement fractionation path. In summary, formation of iron-rich 
ultramafic pegmatite may be cons idered as an ongoing, dynamic series of 
events that are an integral part of the crystall ization of a cumulate pile. 
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CHAPTER 14 SUMMARY AND CONCLUSIONS 

The main characteristics of the iron-rich ultramafic pegmatite suite are 
summarised, under five headings, field relationships, mineralogy, chemistry, 
genes is, and a summary of economic cons id·erations. 

14.1 FIELD RELATIONSHIPS 

(1) They clearly post-date the formation of the cumulate layering, consequen­
tly they are described as postcumulus rocks. 
(2) Discordant bodies of iron-rich ultramafic pegmatite are considerably 
more abundant in the layered sequence of the Bushveld Complex than was 
previously recognized, particularly in the upper critical and main zones; 
they clearly form an integral and very significant component of the layered 
sequence. 
(3) The distribution of these bodies is related to two major stratigraphic 
controls - they occur largely above the ultramafic cumulates in the lower and 
lower critical zones, but they rarely occur above the highest cumulus Ti­

magnetite layer in the upper zone. 
(4) Their distribution is also controlled by major structural features, thus 
they are abundant in structurally disturbed areas characterised by faulting 
and post-Bushveld dykes. 
(5) They occur in both small, irregular bodies and large, pipe-like features 
which may have diameters in excess of 1 km. 
(6) Iron-rich ultramafic pegmatite bodies are discordant to the cumulate 
layering, although small bodies may be concordant, and may form extensive 
sheet-like features. 
(7) The cumulate layering adjacent to these bodies is usually undisturbed. 
(8) The pipe-like bodies usually cut the cumulate layering approximately at 
right angles, but adjacent to the Townlands pipe the cumulate layering is 
structurally disturbed and downwarped (note similarity with Driekop pipe). 
(9) Relict cumulate layers occur within certain pipe-like bodies, but 
whether these are undisturbed in relation to the primary layering has not 
been ascertained. 
(10) Small, irregular bodies of iron-rich ultramafic pegmatite are preferen­
tially concentrated in areas adjacent to large, pipe-like bodies, where they 
may form a complicated series of bodies that are possibly interlinked by 
minor feeder channels, dykes and veins. 
(11) Pegmatite in the small bodies may exhibit striking evidence of selective 
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"replacement", as ' fel sic cumulates (particularly anorthosites) act as traps 
for the pegmatitic liquids, whereas ultramafic cumulates (particularly 
harzburgites and chromitites) behave as fairly impervious barriers. 
(12) Coarse-grained aggregates of recrystallized plagioclase are commonly 
observed in the marg inal parts of pegmatite bodies; these are interpreted as 
contact features. 

14.2 MINERALOGY 

(1) Two main varieties are recognized, namely typical, silicate-rich 
pegmatite and Fe-Ti oxide pegmatite; the latter comprises normal and Cr-rich 
varieties. 
(2) In the upper critical zone typical , silicate-rich pegmatite is dominantly 
composed of iron-rich clinopyroxene (augite) and olivine (hortonolite), 
usually with less than 20 modal percent Fe-Ti-(Cr) oxides and less than 5 
modal percent base-metal sulphide and only very minor amphibole and mica. 
(3) Cr-rich Fe-Ti oxide pegmatite, which is composed of an unusual Fe-Ti-Cr 
spinel and ilmenite, is restricted to the critical zone; its formation is 
related to interaction between primary chromitite layers and pegmatitic 
liquids. 
(4) Normal Fe-Ti oxide pegmatite, which is essentially composed of Ti­
magnetite and ilmenite, is rarely observed in the upper critical zone; it 
becomes common in the main zone, but is abundant in the upper zone where it 
may exhibit a close spatial relationship with cumulus Ti-magnetite layers. 
(5) Minor quantities of plagioclase may occur in silicate-rich pegmatite. 
However , field relationships and textural and chemical studies imply that 
plagioclase is a relict cumulus mineral; it is not related to pegmatite 
sensu stricto. 
(6) Iron-rich ultramafic pegmatite is always more fractionated, with respect 
to Mg/Fe ratios, than cumulates at the same position. 
(7) The large, pipe-like bodies usually exhibit an internal mineralogic 
zonation. This may take two forms. In the first of these an irregular 
zonation occurs in which the lateral parts of a "pipe" are composed of 
clinopyroxene-rich pegmatite, with internal parts composed of Fe-Ti oxide­
olivine-rich pegmatite , possibly with cores of Fe-Ti oxide pegmatite. 
Secondly, zonation may be related to mineral composition (evidenced by the 
Mg/Fe ratio of ferromagnesian silicates) resulting in at least two pegmatite­
assemblages, possibly of different ages. The distribution of base-metal 
sulphides may be extremely irregular in these composite bodies. 
(8) These rocks exhibit a mineralogical and chemical relationship with 
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respect to height in the cumulate pile. In the upper critical - lower main 
zone they are composed of augite and hortonolite, usually with less than 20 
modal percent Fe-Ti-(Cr) oxides. In the middle of the main zone ferroaugite 
and ferrohortonolite are found, Fe-Ti oxides become abundant, the spinel is a 
Cr-poor variety, and apatite becomes an important accessory constituent. In 
the upper zone Fe-Ti oxide pegmatite is probably dominant over silicate-rich 
pegmatite . Thus, the silicates exhibit a decrease in XMg and the proportion 
of Fe-Ti oxides increases with height. 
(9) They do not exhibit any mineralogical or chemical relationship with their 
cumulate hosts, although different contact features are apparent depending on 
whether the pegmatites replace felsi c , mafic or ultramafic cumulates. In 
felsic cumulates ferromagnesian silicates are replaced fir st , whereas in 
ultramafic-mafic cumulates intercumulus plagioclase is replaced before , 
cumulus orthopyroxene and olivine. 
(10) In iron-rich ultramafic pegmatite sensu stricto the following paragene­
tic sequence is evident clinopyroxene -"olivine -+ilmenite -+ Fe-Ti-{Cr) 
spinel -+ (base-metal sulphide- amphibole - mica). Each mineral in this 
sequence may replace earlier minerals. 
(11) Mineralogical and textural studies are consistent with a~ origin for 
disseminated grains of Fe-Ti oxides in this assemblage by crystallization 
from an Fe-Ti-{V)-rich liquid at magmatic temperatures. 
(12) The base-metal sulphide mineralogy of iron-rich ultramafic pegmatite in 
the upper critical zone is typical of a highly fractionated magmatic 
assemblage. It consists of approximately 95 modal percent pyrrhotite 
(intergrowth of troilite and hexagonal pyrrhotite), 3 modal percent cubanite 
and chalcopyrite and less than 2 modal percent pentlandite (a Co-rich 
variety) . 
(13) Iron-rich ultramafic pegmatite is normally non-platiniferous. 

14.3 CHEMISTRY 

(1) At a constant position in the layered sequence pegmatite-hosted olivine 
and clinopyroxene define a very limited compositional range, as evidenced by 

XMg · 
(2) The minor element chemistry of clinopyroxene and olivine in these rocks 
is generally comparable to that of cumulus minerals with similar XMg , 
although olivine is slightly richer in Ni. 
(3) In pegmatite in the upper critical zone the spinel is an unusual Fe-Ti-Cr 
variety; it possibly reflects the unusual composition of the pegmatitic 
liquids. The abundance of Fe-Ti oxides in these rocks may point to 
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relatively high f02. 
(4) The base-metal sulphide assemblage of pegmatites in the upper critical 
zone is characterised by an exceptionally high Fe/(Ni+Cu) ratio, a high Cu/Ni 
ratio and a high Co content (in comparison with the mineralogy of cumulus 
sulphides in the upper critical zone). 
(5) The relationship between the Fe/Ni ratio of co-existing olivines (Ni­
rich) and sulphides (Ni-poor) suggests that olivine crystallized before the 
pegmatitic liquids reached sulphur saturation. 
(6) The whole-rock chemistry of the pegmatites is characterised by high FeO, 
Fe203, Ti02 and extreme paucity in Al 203 and Na20. 
(7) The trace element lev.is Me essentially modally dependent. 
(8) Iron-rich ultramafic pegmatite is enriched in incompatible elements as 
compared with cumulates from the same height in the layered sequence. 
(9) Metasomatism of the cumulate wallrocks is evident at the contacts of 
pegmatite bodies. This may result in progressive alteration of cumulus 
minerals to pegmatitic olivine and clinopyroxene (accompanied by the relevant 
chemical changes) and saussuritisation of plagioclase. 

14.4 GENESIS 

(1) The putative pegmatitic liquid is ascribed to intercumulus, and possibly 
residual, liquids segregated from crystallizing (thick) layers of mottled 
anorthosite cumulates. 
(2) The pegmatitic liquid is thus a silicate liquid that was at magmatic 
temperatures. 
(3) Suitable pegmatitic liquids will only commence to form in the cumulate 
pile after mottled anorthosite cumulates occur, and they will cease to form 
after the residual liquid line of descent reaches an absolute enrich ment in 

<-"7 

total iron. 
(4) In many cases the composition of iron-rich ultramafic pegmatite is 
probably equivalent to that of the pegmatitic liquid. 
(5) Iron-rich ultramafic pegmatite is thus a magmatic rock which formed 
either by crystallization from, or replacement related to, a silicate liquid. 
(6) Iron-rich ultramafic pegmatite has not resulted from metasomatism 
related to aqueous fluid or vapour. 
(7) Formation of iron-rich ultramafic pegmatite may be considered as an 
ongoing, dynamic series of events that are an intergral part of the 
crystallizing cumulate pile. 
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14.5 ECONOMIC CONSIDERATIONS 

The platiniferous ultramafic pipes in the eastern limb of the Bushveld 
Complex, which were once the major source of platinum in the Transvaal, are 
no longer of any direct commercial value. Other, pipe-like bodies in the 
Bushve ld Complex that were once mined include the nickel-rich Vlakfontein 
bodies and the vanaHdiferous orebody at Kennedy's Vale. None of these pipe­
like orebodies ~ presently being mined and, paradoxically, many of the 
discordant bodies of ultramafic rock in the Bushveld Complex have a 
detrimental effect on modern mininy activities. Consequently, it is 
suggested that ore reserve calculations should take into account the 
disruptive effects of these rocks on cumulate orebodies. In areas of poor 
outcrop detailed magnetic surveys provide a useful guideline to the 
approximate distribution and relative abundance of these bodies. Adjacent to 
large, pipe-like bodies (such as Driekop and Townlands) the cumulate 
wallrocks may be structurally disturbed over considerable areas, resulting in 
much larger ore reserve losses than may at first be apparent. 

Small, irregular bodies of iron-rich ultramafic pegmatite also have a 
detrimental effect on mining activities. Because of their irregular nature 
it is practically impossible to accurately predict the distribution of these 
bodies on a scale sufficient to assist day-to-day mining activities. Again, 
detailed magnetic surveys may assist with delineating general areas that are 
characterised by extensive pegmatite development, but specific bodies cannot 
be assessed. At the Amandelbult Section of RPM iron-rich ultramafic 
pegmatite has not presented as major a problem as was initially anticipated. 

This may be explained by two observations. Firsly, magnetiC surveys 
exaggerate the size of a pegmatite body and do no take into account their 
irregular nature. Secondly, many pegmatite bodies at Amandelbult that 
replace the Merensky Reef do not replace the Merensky upper chromitite layer 
or the hangingwall pyroxenite; consequently, the replaced Reef can be 
delineated and mined almost as V5U~~. In other circumstances, if the upper 
chromitite layer and the hangingwall pyroxenite were also replaced, it is 
predicted that delineation of the replaced Reef would be extremely difficult, 
if not impOSSible, and the PGE mineralisation would probably have been 
leached (and reprecipated some distance from the original Reef). 

Mining of replaced Reef may result in two problems. Firstly, if the 
Reef is completely replaced then it is evident that base-metal sulphides from 
the primary Reef are remobilised and precipated in an irregular zone above 
the upper chromitite layer. This results in a sulphide-poor Reef, with 
maximum concentrations of Ni-Cu-rich sulphides in the hangingwall. Sulphides 
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in the replaced Reef are dominantly Ni-Cu-poor, and are thus related to the 
iron-rich ultramafic pegmatite. If PGE are redistributed with the sulphides 
then the majority of the PGE will be in an irregular layer in, and above, the 
upper chromitite; the replaced Reef itself probably carries only very minor 
PGE. Ideally, mining of replaced Reef should include a thicker than normal 
slice of the hangingwall. Detailed studies of the distribution of PGE in, and 
above, replaced Reef are required. Secondly , extraction problems may result 
from mining replaced Reef, which has a very different whole-rock chemistry to 
normal Merensky Reef. 

Iron-rich ultramafic pegmatite in the upper 
Bushveld Complex is normally non-platiniferous. 

critical zone of the 
The possibility that 

pegmatite in the upper zone may contain economic concentrations of PGE cannot 
be overruled , although it is considered unlikely. Also, iron-rich ultramafic 
pegmatite is unlikely to contain appreciable quantities of Ni-sulphide 
(except possibly for rare occurrrences in the lower and lower critical 
zones), although they may contain economically insignificant concentrations 
of copper. In general, sulphides in these rocks are characterised by 
exceptionally high Fe/(Ni+Cu) ratios. 
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APPENDIX 1 IRON-RICH ULTRAMAFIC PEGMATITE BODIES AT AMANDELBULT 

All samples listed here are of iron-rich ultramafic pegmatite bodies from the 
upper critical zone at Amandelbult. These have been divided into seven case­
studies. 

CASE-STUDY (1) : THE MIDDELLAAGTE PIPE (ML-SAMPLES) 

Samples in this case-study are from six boreholes, ML 22, ML 24, ML 25, ML 
26, ML 27 and ML 29 drilled by JCI on the farm Midde llaagte (see figs. 7.2, 
7.3 and Map 3). Schematic borehole logs are presented below. In addition, 
two samples, GM-3 and GM-4, are of borehole core presented by General Mining 
(exact positions not known). 

SAMPLE DEPTH DES CR I PTI ON 

All samples from borehole ML24 approximately 0.5 m in length; depth = depth 
from surface to base of sample; for pegmatite read "typical, iron-rich 
ultramafic pegmatite"). 

ML24-1 29.9 
ML24-2 39.9 
ML24-3 44.9 
ML24-4 49.6 
ML24-5 50.7 
ML24-6 51.7 
ML24-7 56.7 
ML24 -8 61.7 
ML24-9 66.7 
ML24-10 68.2 
ML24-11 71.6 
ML24-12 75.0 

ML26-8 57.0 - 59.9 
ML26-9 59.9 - 62.7 
ML26-12 66.2 - 68.8 
ML26-13 68.8 - 72.1 

ML27 -1 22.0 - 25.0 
ML27 -2 25.0 - 30.0 
ML27-3 30.0 - 35.0 
ML27 -4 35.0 - 40.0 
ML27-5 40.0 - 45.0 
ML27 -6 45.0 - 50.0 
ML27 -7 50.0 51.0 

ML29-1 89.3 - 90.3 
ML29-J 84.1 
ML29-0 57.2 

ML22 -A : continuous length 
body in lower main zone. 

ML22-A1 154.5 
ML22-A3 155.0 
ML22 -A 10 156.0 
ML22-A18 158.0 

of 

Pegmatite 
Pegmatite 
Pegmatite 
Pegmatite 
Pegmatite 
Pegmatite 
Pegmatite 
Pegmatite 
Pegmatite 
Pegmatite 
Pegmatite 
Pegmatite 

Pegmatite 
Pegmatite 
Pegmatite 
Pegmatite 

Pegmatite 
Pegmatite 
Pegmatite 
Pegmatite 
Pegmatite 
Pegmati te 
Pegmatite 

Pegmatite 
Contact : 
Pegmatite 

(plagioclase-rich) 
(plagioclase-rich) 

(fine-grained) 
(fine -grained) 

(plagioclase-rich) 
(plagioclase-rich) 
(fine-grained) 

pyroxenite / pegmatite 
(amphibole-rich) 

core from 154.5 - 158. 1 m. of sma 11 

Norite 
Pegmatite 
Pegmatite 
Pegmatite 

pegmatite 

ML22-B: continuous length of core from 238.0 - 239.0 m. of small pegmatite 
body in lower main zone - no analyses). 
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ML22-C: continuous length 
above Merensky Reef. 

ML22- C1 454.0 
ML22-C9 457.0 
ML22 -C12 459.0 

ML22-2 
ML22-5 
M122-11 

GM-3 
GM-4 

400 .0 
420.0 
440.0 

of core from 454.0 - 462.8 m. 

Norite 
Pegmatite 
Pegmatite 

Pegmatite 
Pegmatite 
Pegmatite 

Pegmatite 
Pegmatite 

of pegmatite body 

CASE-STUDY (2) : A SHEET-LIKE BODY IN THE FOOTWALL CYCLIC UNIT 

This occurrence, 5 level I 27W crosscut, forms part of the extensive 
stratabound body described from the 30W - 25W area of Amandelbult in Chapter 7 
(fig . 7.7). Samples prefixed "AE-" were collected on a horizontal traverse at 
intervals of 2 m. Additional samples were collected adjacent to the lower 
contact of the normal cumulates (AE-33B,-34) and two samples were collected of 
the unusual plagiolase-rich assemblage in the centre of the body (AU- 1,-2 
both weighing roughly 5 kg). This pegmatite body replaces norites and 
anorthosites of the Footwall cyclic unit. 

SAMPLE DESCRIPTION 

AE-8 Pegmatite (olivine-rich) 
AE-9 Pegmatite (olivine-rich) 
AE-10 Pegmatite (ol i vine-rich) 
AE-11 Pegma t ite (olivine-rich) 
AE-12 Pegmatite (olivine-rich) 
AE-13 Pegmatite (clinopyroxene-rich) 
AE-14 Pegmati te (sulphide-rich) 
AE-15 Pegmatite (plagioclase-rich) 
AE-16 Pegmati te (clinopyroxene-rich) 
AE-17 Pegmatite (plagioclase-rich) 
AE-18 Pegmatite (clinopyroxene-rich) 
AE-19 Pegmatite (clinopyroxene-rich) 
AE-20 Pegmatite (oxide- rich) 
AE-21 Pegmatite (oxide-rich) 
AE-23 Pegmatite (oxide-rich) 
AE-24 Pegmatite (oxide-rich) 
AE-25 Pegmatite (oxide-rich) 
AE-26 Pegmatite (oxide-rich) 
AE-27 Pegmatite (oxide-rich ) ; hybrid ? 

AE-28 Pegmatite (oxide-rich) 
AE-29 Pegmat i te (clinopyroxene-rich) 
AE-31 Pegmatite (clinopyroxene-rich) 
AE-32 Pegmatite (clinopyroxene-rich) 
AE-33A Pegmatite (clinopyroxene-rich) 
AE-33B Norite (at contact) 
AE-34 Pegmatite (clinopyroxene-rich) 
AE-35 Norite 
AE-36 Melanorite 
AU-1 Pegmatite (plagioclase-rich) 
AU-2 Pegmatite (plagioclase-rich) 
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CASE-STUDY (3) : "REPLACEMENT" OF THE P2 MIDDLING ANORTHOSITE 

This occurrence is also 5 level/ 27W crosscut. A suite of samples (prefixed 
"AD-") were collected from the eastern sidewall at this exposure. as 
illustrated below. These include samples of the pegmatite and of the normal 
cumulates. 

SAMPLE 

AD-4* 
AD-5* 
AD-20 
AD-24 
AD-25A 
AD-25B 
AD-26 
AD-27 
AD-28 
AD-29 
AD-32 
AD-33 
AD-34 
AD-36 
AD-37 
AD-38 
AD -40 
AD-41 

DESCR I PTI ON 

Pegmat i te 
Pegmatite 
Upper Pseudoreef C 
Upper Pseudo reef B 
Plagioclase layer 
Leucotroctolite 
Leuconorite 
Leuconorite 
Spotted anorthosite 
Spotted anorthosite 
Pegmat i te 
Contact: Leucotroctolite / Pegmatite 
Pegmatite 
Upper Pseudoreef B 
Contact: Pseudoreef / Pegmatite 
Upper Pseudoreef C 
Pegmat i te 
Contact : Anorthosite (A ) / Pegmatite (B) 

* Samples from the east sidewall (not shown in diagram). 
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CASE-STUDY (3) - "AD" SAMPLES - 5L / 27W crosscut, east sidewall 

a - upper pseudoreef B; 
b - "P2 middl ing" (1 - leucotroctolite; b - leuconorite) 
c - upper pseudoreef C 
d - iron-rich ultramafic pegmatite 

, • • 
• • • • 

• • • • • .. 

Note selective replacement, initially of the leuconorite layer in the P2 
middling anorthosite and secondly of the leucotroctolite layer. The pegmatite 
body is constrained by the harzburgite layers. 
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CASE STUDY (4) : A PEGMATITE BODY IN THE FOOTWALL 
OF THE OPPER PSEoDOREEF UNIT B 

The occurrence sampled is 5 level haulage between 27W and 2SW crosscuts. A 
suite of samples (prefixed AC-) were collected from the southern sidewall at 
this exposure, as illustrated below. 

SAMPLE 

AC-A 
AC-B 
AC-C 
AC-2 
AC-S 
AC-6 
AC-7 

C 

d 

0 

f 

DESCRIPTION 

Contact: Upper pseudoreef B / Pegmatite 
Upper pseudoreef B 
Contact : Anorthosite / Pegmatite 
Upper pseudoreef B 
Pegmatite 
Spotted anorthosite 
Spotted anorthosite 

b 

• 
< ., 

, 
< 

• • • 

e 

• 
< • , 

'As. 7~ 

-----
~ " • B -~ 

" " " <' " 
2 a .. , .... 

CASE-STUDY (4) - "AC" SAMPLES - 5L / 27W haulage, south s idewall 

a - felsic cumulates in Pseudo cyclic unit A (1 - mottled anorthosite; 
2 - leuconorite) 

b - upper pseudoreef B 
c - "P2 middl ing" 
d - upper pseudoreef C 
e - iron-rich ultramafic pegmatite 
f - fault 

The pegmatite body is constained by the pseudoreef and is cut by the fault. 
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CASE-STUDY (5) : A PEGMATITE BODY IN THE HANGINGWALL 
OF THE UPPER PSEOOOREEF uNIT-A 

The occurrence sampled is 4 level haulage , just east of 30W crosscut. 
Samples (prefixed AH-) were collected along a traverse of the magnetite­
chromitite layer marking the contact between the pegmatite and the 
Pseudoreef, as illustrated below. 

SAMP LE 

AH-3 
AH-4 
AH-14 
AH-17C 
AH-19 
AH-20B 
AH-21 
AH-21 A 
AH-21 B* 
AH-30 
AH-31 
AH-32 
AH-33A 
AH-33B 
AH-34 
AH-35 

DESCR I PTION 

Contact 
Contact 

Upp er pseudoreef A / Pegmatite 
Upper pseudoreef A / Anorthosite 

) 
) 
) 
) 
) 
) 
) 

Contact : 
Upper pseudoreef 
Pegmatite . 

Upper pseudoreef A 
Mottled anorthos ite 

A - Oxide layer -

Partially replaced pseudoreef 
Partially replaced pseudoreef 
Partially replaced anorthosite 
Pegmatite 
Pegmatite 

* same postion as sample AH-21A. 

e .. b 

" 
" 

u 

" " ~ 

" " 

- AS -

.. 
" .. 

.It."" " " " • ., .. 
" .. ., " 

" 
'! 

, 
, , , • • • 0 0 • " 

.. 
" . . " " ... 

.It. " .. .. 
" " '. . • • 

, • • , I 
, 

'I I' I II 
20 2 .. , 

n 

" • 
• • • 

I , .. 

" " " , . 
" ' ..... ,. . - "... " 

II ....... ___ • 11 ,. .. lI. 1l " ~~ 

-- -- -- -------------- - _# 10 ..... ~Alr ... AI" 

0 0-. -,. 
CASE-STUDY (5) - "AH" SAMPLES - 4L / 30W haulage, south sidewall 

a - upper pseudoreef A (or top of Pl marker) 
b mottled anorthosite (felsic cumulates in Pseudo cyclic unit A) 
c - chromitite stringer 
d - Fe-Ti-Cr oxide pegmatite 
e - iron-rich ultramafic pegmatite 
p - massive segregations of recrystallized plagioclase 
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CASE-STUDY (6) : A PEGMATITE BODY IN THE HANGINGWALL 
OF THE OPPER PSEOOOREEF oNIT-A 

This occurrence is at 3 level haulage 4 E section. Sample positions (samples 
"AV-") are illustratec below. 

, 
• , 

SAMPLE 

AV-3 
AV-4 
AV-SA 
AV-SB 
AV-6 
AV-8A 
AV-8B 
AV-9 
AV-10 
AV -11 
AV-12 
AV-13 

• 

• 

e 
• 

• • 

DESCRIPTION 

Pegmatite 
Pegmatite 
Spotted anorthosite 
Pegmatite 
Pegmatite 
Upper pseudoreef A 
Plagioclase layer 
Mottled anorthosite 
Leuconorite 
Pegmatite 
Pegmatite 
Pegmatite 

. , 
• I . , · • • , 

• · . • 5 . . I 
... 6 • • • • . ,' • • ~ .. /" • 

• • • • , • • • 
a • • • A' 

mot"'" 

.. 
• .. 

.. 

• • • A • 

LASE-STUDY (6) - "AV" SAMPLFS - 3L / 4E haulage, south sidewall 

a - upper pseudoreef A (or top of P1 marker) 
b - plagioclase layer 
c - mottled anorthosite 
d - I euconor ite 
e - iron-rich ultramafic pegmatite 

. ..... ~ . 
., .. .. 

",9 .. 

• • • • • • 
'5 

metres 

Distribution of pegmatite bodies here imply that the pegmatitic liquids moved 
downwards, as they are constrained by the underlying harzburgite layer, 
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CASE-STUDY (7) : "REPLACEMENT OF THE MERENSKY REEF 

This case study includes samples of the so-called replaced Reef and of 
pegmatite occurrences in the immediate footwall and hanging-wall of the 
Merensky Reef. Samples were co llected from a number of localities 
(1) 5 level / 27W crosscut (prefixed 27/A-G, AG- and AU- samples) 
(2) 3 level / 30W stope (prefixed AM-) 
(3) 2 and 3 level / 44W stope (prefixed AK-) 
Sample locations are illustrated schematically below . Samples designated 
with the prefix "27-" are from a horizontal borehole drilled from the 5 
level / 27W crosscut. These samples are of quarter-sectioned BX core over 
continuous lenghts as indicated below. 

SAMPLE 

AF-Al 
AF-AZ 
AF-A3 
AF-A4 
AF-A5 
AF-A6 
AF-A7 
AF-A8 
AF-A9 

AF-2 
AF-3 
AF-4 
AF-5 

AG-l 
AG-2 
AG-3 
AG-4 
AG-5 
AG-6 
AG-7 
AG-8 
AG-9 
AG-l0 
AG-13 

AM-l 
AM-2 
AM-4 
AM-ll 

AU-4 
AU-6 

AK-l B 
AK-2 

DESCR IPT ION 

Merensky hangingwall pyroxenite 
Merensky hangingwall pyroxenite 
Partially replaced upper chromitite 
Partially replaced Reef 
Partially replaced Reef 
Partially replaced Reef 
Partially replaced Reef 
Partially replaced lower chromitite 
Pegmatite 

Rep laced Reef 
Pegmatite (replaced footwall) 
Upper chromitite and hangingwall pyroxenite 
Replaced Reef 

Replaced lower chromit ite layer 
Replaced Reef 
Replaced footwall 
Replaced Reef 
Hangingwall pyroxenite 
Replacec upper chromitite 
Hangingwall pyroxenite 
Replaced upper chromit ite 
Rep I aced Reef 
Replaced Reef 
Replaced upper chromitite layer 

Replaced hangingwall pyroxenite 
Pegmatite (Replaced Reef) 
Pegmatite (Replaced footwall) 
Merensky footwall anorthosite 

Merens ky Reef 
Partially replaced Reef 

Parti ally replaced Reef 
Partially replaced Reef 



. . ... 

, 
• 5 .... 

• 

SAMPLE 

27-Al 
27-f.2 
27-ftJ 
27-A4 
27-8 
27-C 
27-01 
27-02 
27 -El 
27-03 
27-E2 
27-F 
27 -Gl 
27 -GZ 
27-G3 
27-G4 
Ms 

AF-A 

, • 

AF-

DEPTH (m) 

23 .0 
20.0 

19.1 - 19.5 
18.8 - 19.0 
18.55 - 18.8 
18.5 - 18.55 
17.9 - 18.5 
17.3 - 17.9 
16.8 - 17.3 
16.7 - 16.8 
16.3 - 16.7 
16 . 1 - 16.3 
15.6 - 16.1 
15.0 - 15.6 

12.5 
8.0 

10.8-12.5 

OESCR [PTlON 

Hangingwall pyroxenite 
Hangingwall pyroxenite 
Hangingwall pyroxenite 
Hangingwall pyroxenite 
Replaced hangingwall pyroxenite 
Replaced upper chromitite 
Rep I aced Reef 
Replaced Reef 
Merensky Reef 
Replaced Reef 
Merensky Reef 
Replaced lower chromitite 
Pegmatite (replaced footwall) 
Pegmatite (replaced footwall) 
Pegmatite (replaced footwall) 
Pegmatite (replaced footwall) 
Massive sulphide in pegmatite 

e mot ... 

d 

, . , 

27- 14 

0 1 

, . . • L; • • 11 " . . . . . . .... ~ 
I , .- G4 

7 
-" , 

" . 
., C-) ., J/;.r1' J/;.-rJ .. • 

• .II ..... / . ' 
. . 

o 

, 
G3 

A -

2 

15 1. 17 
' I 1 

18 '" 1 

AM-

CASE-STUDY (7) - "AF". "AF-A", "AG", "AM". and "27" SAMPLES - various 
localities (see above). 

a - Merensky footwall anorthosite 
b - Merensky lower chromitite layer 
c - Merensky Reef 
d - Merensky upper chromitite layer 
e - Merensky hangingwall pyroxenite 
f - Partially replaced Reef 
9 - iron-rich ultramafic pegmatite (including replaced Reef) 

A8 -
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BOREHOLE LOGS 

(ML series, Middellaagte, Amandelbult; note for "pegmatite" read "iron-rich 
ultramafic pegmatite") 

ML 24 
POSTfION : 
DIRECTION : 
END OF HOLE 

Collared in 
Vertical 

75.02 m. 

Ni-Cu geochemical soil anomaly, middle of pipe. 

0.0 - 3.00 "Red" soil 
Weathered zone 
Partially weathered 
Pegmatite 
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3.00 - 26.67 
26.67 - 29.92 
29.92 - 49.62 
49.62 - 51.74 
51.74 - 75.02 

Zone of plagioclase-orthopyroxene-rich 
Pegmatite 

"pegmatite" (hybrid unit) 

ML 25 
POSTfION : Collared in Ni-Cu geochemical soil anomaly, middle of pipe. 
DIRECTION : Vertical 
END OF HOLE: 102.95 m. 
0.0 - 2.80 "Red" soil 
2.80 - 32.27 Weathered zone 
32.27 - 102.95 Pegmatite 
(minor plagioclase only in this hole). 

ML 26 
PTISTTION : Collared in Ni-Cu geochemical soil anomaly, middle of pipe 
DIRECTION: Vertical 
END OF HOLE: 72.05 m. 
0.0 - 3.00 "Red" soil 
3.00 - 24.80 Weathered zone 
24.80 - 57.00 Pegmatite 
57.00 - 62.65 Plagioclase - orthopyroxene-rich "pegmatite" (hybrid unit) 
62 .65 - 63.99 Pegmat i te 
63 .99 - 66.20 Plagioclase - orthopyroxene-rich "pegmatite" (hybrid unit) 
66.20 - 72.05 Pegmatite (miner plagioclase until 68.84m). 

ML 27 
PTISTTION : Collared in centre of magnetic anomaly, middle of pipe 
DIRECTION : Vertical 
END OF HOLE: 50.95 m 
0.00 - 3.00 "Red" soil 
3.00 - 22 .00 Weathered zone 
22.00 - 50.95 Pegmatite 

AMANDELBULT 

S.H. 5/27W/1 
PTI5TTION : 5 level 27W crgsscut (27m south of peg A6439) 
DIRECTION : Vertical (+90 ) 
END OF HOLE 
0.0-2.57 
2.57 
2.57 - 3.30 
3.30 - 3.77 
3.77 
3.77 - 4.32 
4.32 - 7.31 

7.31 m 
Iron-rich ultramafic pegmatite (typical) 
Magnetic Cr-Fe-Ti oxide layer 
Merensky Reef (partially replaced, olivine-rich; + sulphides) 
"Replaced" Reef (+sulphides) 
Magnetic Cr-Fe-Ti oxide layer 
Iron-rich ultramafic pegmatite (unusually fine-grained, + sulphides) 
Merensky hanging-wall pyroxenite (fine- to medium-grained, 
poikilitic feldspathic orthopyroxenite) 



8.H . 5/27W/2 
POSITION : 5 level 27W crosscut (27m south of peg A6439) 
DIRE CTION : Horizontal 
END OF HOLE : 23.57 m. 
0.0 - 16.00 Iron-rich ultramafic (typical; with massive sulphide at 3.0 m) 
16 . 12 - 16.29 "Replaced" Reef (with "xeno liths" of magnetic Cr-Fe-Ti oxide) 
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16.29 - 17 . 32 Merensky Reef (partially replaced, with replaced Reef at 16.72 - 16.80m ; 
17.32 - 18 .50 "Replaced " Reef (+ sulphides) 
18.50 - 18.55 "Replaced" Merensky upper chromitite layer (strongly magnetic) 
18.55 - 18.79 Iron-ri ch ultramafic pegmatide 
18.79 - 23.57 Merensky hangingwall pyroxenite (normal) 

B.H. 5/27W/3 
POSITION: 5 level naulayer (35m west of peg A.7127) 
DIRECTION : + 40 north 
END OF HOLE : 
0.0 - 0.41 
0.41 - 0.71 
0.71 - 2.85 
2.85 - 3.05 
3.05 - 6.65 
6.65 - 17.33 
17.33 - 17.80 
17.80 - 18.70 
18. 70 - 22. 75 
22.75 - 29 .57 
29.57 - 39.31 
39.31 - 40.63 
40.63 - 47.00 
47.00 - 49.14 

49.14 m 
Leuconorite 
Mottled anorthosite 
Upper Pseudoreef (unit C, or top band of P2 marker) 
Feldspathic harzburgite (lcm chromitite at 2.85) 
Melanorite 
Norite 
Leuconorite 
Footwall marker 
Nori te 
Leuconorite 
Mottled anorthosite (Merensky footwall anorthosite) 
Merensky Reef (Ch romitite layers at top and base) 
Merensky hanging-wall pyroxenite 
Melanorite - norite 

B.H. 4E-WINZE/l 
POSITION : Surface 
DIRECTION : Vertical 
END OF HOLE: 145.98 m 
0.0 
51.30 
55.74 
56.68 
56.91 
62.84 
64.01 
68 .60 
73.02 
76.94 
85.44 
86.77 
87.50 
91.30 
93.12 
106.53 
107.52 
111. 60 
114.23 
114.32 
122.29 
123.71 

- 51.30 No core 

124.50 -
138 .28 -
141.20 -

55.74 Giant mottled anorthosite 
56.68 Norite 
56.91 Iron-rich ultramafic pegmatite 
62.84 Nori te 
64.01 Iron-rich ultramafic pegmatite 
68.60 Norite, grading into melanorite at 67.00 
73.02 Feldspathic orthopyroxenite (fine grained) 
76.98 Bastard Reef 
85.44 Iron-rich ultramaficx pegmatite 
86.77 Norite (altered) 
87.50 Iron-rich ultramafic pegmatite 
91.30 Merensky hanging-wall pyroxenite 
93.12 Merensky Reef (some "Replaced" Reef) 
106.53 Iron-rich ultramafic pegmatite 
107.52 Melanorite 
111.60 Upper Pseudoreef (unit B/C or P2 marker) 
114.23 Iron-rich ultramafic pegmatite 
114.32 Massive Cr-Fe-To oxide layer 
122 .29 Feldspathic orthopyroxenite 
123.71 UG-2 chromitite layer 
124.50 Feldspathic orthopyroxenite (+ Chromitite 

stringers) 
138.28 Feldspathic orthopyroxenite 
140.26 UG-1 chromitite layer 
145.98 Iron-rich ultramafic pegmatite 



S.H. 57E WINZE/3 
POSITION : Surface 
DIRECTION : Vertical 
END OF HOLE: 141.20 m. 
0.0 - 73.S5 Iron-rich ultramafic pegmatite 
73.85 - 80.74 Post-Sushveld dyke (carbonatite ?) 
80.74 - 94.70 Iron-rich ultramafic pegmatite 
94.70 - 95.85 Dyke (?) 
95.85 - 126.35 Iron-rich ultramafic pegmatite 
126 .35 - 126.85 Nori te 
126 .85 - 128.58 Iron-rich ultramafic pegmat ite 
128.58 - 128.69 Norite 
128.69 - 137.20 Iron-rich ultramafic pegmetite 
137.20 - 139.64 Olivine-bearing norite (serpentinized) 
139.64 - 141.20 Iron-rich ultramafic pegmatite. 

S.H. 57E WINZE/2 
POSITION : Surface 
DIRECTION : Vertical 
END OF HOLE: 93.90 m. 
0.0 19.60 Leuconorite 
19.60 - 31 .50 Mottled anorthosite 
31.50 - 36 . 00 Spotted/mottled anorthosite 
36.00 - 38.70 Leuconorite 
38.70 - 39.20 Spotted/mottled anorthosite 
39.20 - 47.10 Giant mottled anorthosite 
47.10 - 50.15 Iron-rich ultramafic pegmatite 
50.15 - 57.60 Norite, melanorite at base 
57.60 - 65.98 Iron-rich ultramafic pegmatite (intruded by 

65. 98 - 66. 14 
66.14 - 67.33 
67.33 - 67.95 
67.95 - 68.97 
68.97 - 68.98 
68.98 - 69.07 
69.07 - 69.46 

69.46 - 70.76 
70.76 - 71.62 
71.62 - 72.80 
72.80 - 73.42 
73 .42 - 76 . 90 
76.90 - 77.10 
77 . 10 - 79. 55 
79.55 - 81.56 
81. 56 - 83.51 
83 .51 - 93 .90 

numerous post-Sushveld dyke material) 
Leuconorite 
Iron-rich ultramafic pegmatite 
Norite grading up into leuconorite 
Merensky hanging-wall pyroxenite 
Magnetic Cr-Fe-Ti oxide layer 
"Replaced" Reef (no lower chromitite) 
Mottled anorthosite (Merensky footwall 
anorthosite) 
Iron-rich ultramafic pegmatite 
Mottled anorthosite 
Leuconorite 
Iron-rich ultramafic pegmatite 
leuconorite grading into norite at 76.00 
Footwall marker 
Norite and leuconorite 
Melanorite 
Norite 
Upper Pseudoreef (unit S/C or P2 marker) 
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APPENDIX 2 IRON-RICH ULTRAMAFIC PEGMATITE BODIES AT OTHER LOCALITIES 

CASE STUDY-(8) PEGMATITE BODIES FROM THE MAIN ZCNE 

This includes samples from R.P.M. Amandelbult and Union Sections. 
from Amandelbult are restricted to core from borehole ML22 (for 
positions see Case Study-(1). Appendix 1). Samples from R.P.M. Union 
were collected and analysed by A.A. Mitchell (in prep.) - for 
locations see stratigraphic column below : 

SAMPLE DESCRIPTION LOCALITY 

ML22 -A 1 Norite Amandelbu It 
ML22 -A3 Pegmatite AmandelbuIt 
ML22 -A10 Pegmatite Amandelbult 
ML22 -A 18 Pegmatite Amandelbult 

A-.l07 Pegmatite Union 
A- 11: Pegmatite Union 
A-348 Pegmatite Union 

sOOrn 

lOOOm 

ISOOm 

SK2 

'" -~i. 
All - :~:.: 

. ,., 

Al'_ :'~~, 
. " . ... " 

.. " " 

"" -~j:; p .-,-, 
"" -J:t~ 

A1Jl 
Al)' 

4HZ 

AHO 

~ •.. ~ 
', - , ' , 

20C()m ,,)41 ~'. 

Samples 
sample 

Section 
sample 
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CASE STUDY-(9) : PEGMATITE BODIES FROM THE RUSTENBURG AREA 

This includes samples from large pipe-l ike bodies, namely Townlands (samples 
prefi xed TLP-; from boreholes TLP-1, TLP-2, TLP-3 and TLP-4), Brakspruit 
(sample RB-5) and Boschkoppie (samples prefixed BK-), and from small, 
irregular bodies adjacent to the Brakspruit pipe (other samples prefixed RB-) 
For sample locations see Figure 2.7. 

SAMPLE 

TLP-1A 
TLP-1B 
TLP-2 
TLP-3 
BK-1 
BK-2 
BK-3 
RB-5 

DESCRIPTION 

Pegmatite (hortonolite dunite) 
Pegmatite (hortonolite dunite) 
Pegmatite (wehrlite) 
Pegmatite (wehrlite) 
Pegmatite 
Pegmatite 
Pegmatite (hybrid ?) 
Pegmatite 

CASE STUDY-(10) : PEGMATITE BODIES FROM THE EASTERN BUSHVELD COMPLEX 

This includes samples from the large sheet-like body on the farm Tweefontein, 
adjacent to the Lavino Chrome Mine (originally examined by Cameron and 
Desborough, 1964 ) (samples prefixed LA-), from a small body on the farm 
Spitskop (samples prefixed EB-) and from boreholes KLF-17 and KLF-18 on the 
farm Klipfontein. For sample locations see Figure 2.1. 

SAMPLE 

LA-1 
LA-2 
LA-3 
LA-3A 
EB-1 
EB-2 
EB-3 
EB-4 
KLF-17 
KLF-18 

DESCRIPTION 

Pegmatite 
Pegmatite 
Pegmatite (massive Fe-Ti-Cr oxide) 
Pegmatite (massive Fe-Ti-Cr oxide) 
Pegmatite 
Pegmatite 
Pegmatite (massive Fe-Ti-Cr oxide) 
Pegmatite 
Pegmatite 
Pegmatite 

CASE STUDY-(ll) : Fe-Ti-Cr OXIDE PEGMATITE 

The following samples (other than those from underground at Amandelbult which 
are listed in Appendix 1) have been analysed 

AZ-1 Small, zoned, pipe-like body which cuts the LG-chromitite layers, 
north of Amandelbult. 
AZ-2: Small, zoned, pipe-like body which cuts the MG-chromitite layers, 
north of Amandelbult. 
AS-A1, A2 : Sheet-like body which is postulated to have replaced the UG-1 
chromitite layer at 7E section, Amandelbult. 
LA-3, 3A : Magnetite-chromitite layer adjacent to the pegmatite body on 
Tweefontein in the eastern Bushveld Complex. . 
EB-3 Small, pipe-like body on Spitskop in the eastern Bushveld Complex. 
LEU-1, 2: Large, zoned, pipe-like body on the farm Leeukoppie, near 
Northam. In the upper zone, cuts Magnetite layer number 8. 
LEU-3, 4 Cumulus magnetite (layer number 8) adjacent to the pipe on 
Leeukoppie. 
MAG-1,4 : Cumulus magnetite (Main Seam), Magnet Heights. 
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APPENDIX 3 THE PLATINIFEROUS ULTRAMAFIC PIPES 

These comprise samples from the four platiniferous ultramafic pipes, namely 
Driekop (DR-), Mooihoek (MO-) , Onverwacht (ON-), and Twyfelaar (TW- ). Sample 
locations are as follows (for samples from Driekop see Map 2, in folder). 

Description Location 

Magnesian dunite Main pipe 
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Samp Ie (s ) 

DR-O - DR-20 
DR-22 
between magnesian 
DR-24 - DR-27 
DR-A1 -A2, -2A 

Magnesian dunite (+ cpx) 
dunite unit and marginal envelope of 

Olivine clinopyroxenite 
Platiniferous, iron-rich dunite 

Main pipe (contact 
olivine clinopyroxenite) 

Main pipe (margin) 
Main pipe (core) 

DR-31B, -31C, -310, -32C, -330, -37, -38A : 
Olivine clinopyroxenite/clinopyroxenite Satellite bodies 

DR-40B, -41 , -42, -43, -43A, -434B, -43C, -4S, -4SA, -46, -46A, -46Y , -46Z , 
-49, -49A, -49B, -49C : 

Lherzolite pegmatite Mostly associated with partially replaced UG-3 
DR-lOS, -111 , -113, -131 : 

Magnesian dunite Satellite bodies 

DR-3SB Contact: pegmatite / leuconorite Wallrocks 

DR-28 , -29, -30, -32A, 

DR-34 

-32B, -320, -36A : 
Leuconorite (cumulate) 
Mottled anorthosite 

Bronzitite (above UG-2) DR-SOA, -SOC, -SlB, -S2 

MO-l 
MO-2 
MO-3 
MO-4 
MO-S 
MO-6 
MO-10 
MO-11 
MP -2 

ON-1 
ON-2 
ON-12 
ON-13 
ON-16 

TW-1 
TW-2 
TW-3B 

Platiniferous, iron-rich dunite 
Massive Fe-Ti-oxide 
Platiniferous, iron-rich wehrlite 
Platiniferous, hortonolite dunite 
Massive Fe-Ti-oxide 
Massive Fe-Ti-oxide 
Massive Fe-Ti-oxide 
Massive Fe-Ti-oxide 
Massive Fe-Ti-oxide 

Platiniferous, hyalosiderite dunite Surface, 
Platiniferous, hyalosiderite dunite Surface, 

Magnesian dunite Surf ace, 
Magnesian dunite Surface, 
Magnesian dunite Surface, 

Magnesian dunite Surface, 
Magnesian dunite Surface, 
Magnesian dunite Surface, 

Wall rocks 
Wa II rocks 
1 km from 

Mine dumps 
Mine dumps 
Mine dumps 
Mine dumps 
Mine dumps 
Mine dumps 
Mine dumps 
Mine dumps 
Mine dumps 

pipe 

in- situ, core of pipe 
in-situ, core of pipe 
in situ, main body 
in situ, main body 
in situ, main body 

in-situ, main body 
in-situ, main body 
in-situ, main body 

In addition samples of cumulus magnesian dunites from the lower-lower 
critical zone were analysed. 

DUN-1 Cumulus dunite, Jagdlust ("Cameron section"), lower lone, eastern 
Bushveld Complex. 

DUN-2 Cumulus dunite, lower lone, north-western, Bushveld Complex 
(provided by M.J . Botha). 

DUN-3 Cumulus dunite, Jagdlust ("Cameron Section"), lower zone, eastern 
Bushveld Complex. 



APPENDIX 4 CUMULATES 

(1) CUMULATES FROM AMANDELBULT 

Samples in t his study may be divided into the following groups 

AE - series ( see case study (2 ) , Appendix 1 ) 5L-27W crosscut 
AD series (see case study (3 ) , Append ix 1) 5L-27W crosscut 
AC seri es (see case study (4 ) , Appendix 1 ) 5L-27W haulage 
AH series (see case study (5) , Append ix 1 ) 4L-30W haulage 
AV series ( s f'P. case study (6) , Appendix 1 ) 3l-4E haula~ 

AT series: suite of samples from 5L-25W crosscut, a "normal" cumulate 
succession adjacent to the "replaced" succession sampled in SL-27W crosscut 
(for sample locations see fig. 5.4) 

SAMPLE 

AT-1 
AT-2 
AT-3 
AT-4 
AT-6 
AT-7 
AT-8 
AT-9 
AT-10 
AT-11 
AT-12 
AT -13 
AT-14 
AT-15 
AT -16 
AT -17 
AT-18 
AT-19 
AA-4 

27-A1 
27-A2 
27-A3 
27-M 

AD-20 
AD-24 
AD-36 
AD-38 
AD-25A 
AD-25A 
AD-26 
AD-27 
AD-28 
AD-29 
AD-41A 

DESCRIPTION CYCLIC UNIT / MARKER 

Melanorite 
Leuconori te 
Leuconorite 
Leuconorite 
Mottled anorthosite 
Leuconorite 
Leuconorite 

Footwall 
Footwall 
Footwall 
Footwa II 

Footwall Marker 
Footwall 
Footwall 
Footwall 

Merensky Footwall 
Merensky Footwall 
Merensky Footwall 
Merensky Footwall 

Spotted anorthosite 
Mottled anorthosite 
Mottled anorthosite 
Mottled anorthosite 
Mottled anorthosite 
Chromitite Merensky lower chromitite layer 
) 
) 
) 
) 

Pegmatoidal, feldspathic 
olivine orthopyroxenite 

Chrom i ti te Merensky 
Merensky Chromi ti te 

Feldspathic orthopyroxenite 
Feldspathic orthopyroxenite 
Feldspathic orthopyroxenite 
Feldspathic orthopyroxenite 

Feldspathic harzburgite 
Feldspathic harzburgite 
Feldspathic harzburgite 
Feldspathic harzburgite 
Plagioclase 
Leucotroctolite 
Leuconorite 
Leuconorite 
Spotted anorthosite 
Spotted anorthosite 
Leuconorite 

Merensky Reef 
Merensky Reef 
Merensky Reef 
Merensky Reef 

upper chromitite layer 
upper chromitite layer 

Merensky Hangingwall 
Merensky Hangingwall 
Merensky Hangingwall 
Merensky Hangingwall 

Upper Pseudoreef C 
Upper Pseudo reef B 
Upper Pseudoreef B 
Upper Pseudoreef C 

"P2 Middl ing" 
"P2 Middling " 
"P2 Middl ing" 
"P2 Middl ing" 
"P2 Middl ing" 
"P2 Middling" 
"P2 Middl ing" 
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SAMPLE 

AC-6 
AC-7 

AH-4 
AH-30 
AH-31 

AV-5A 
AV-8 
AV-9 
AV-10 

DESCR I PTION 

Spotted anorthosite 
Spotted anorthosite 

Chromitite stringer above 
Feldspathic harzburgite 
Mottled anorthosite 

Leuconorite 
Feldspathic harzburgite 
Mottled anorthosite 
Leuconori te 
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CYCLIC UNIT / MARKER 

Upper Pseudo A 
Upper Pseudo A 

Upper Pseudo reef A 
Upper Pseudoreef A 

Upper Pseudo A 

Upper Pseudo A 
Upper Pseudoreef A 

Upper Pseudo A 
Upper Pseudo A 

In addition, samples 27-E1, 27-E2, AK-1D, AK-3 and AU-4 are of the Merensky 
Reef adjacent to pegmatite replaced Reef (they may possibly be partially 
replaced) . 

(2) OTHER SAMPLE LOCATIONS 

Samples of olivine-ri ch cumulates from R.P.M. Union Section examined in this 
study were from the collection at Rhodes University of W.J. de Klerk (see de 
Klerk, 1982). Whole-rock analyses are from de Klerk (1982), electron 
microprobe analyses of olivines are partly after de Klerk (1982) and partly 
by the author (see Appendix 7). 

Samples from the upper zone are from a borehole drilled on the farm Bierkraal 
in the western Bushveld Complex (see Reynolds, in press). Samples referred 
to here include: IR-64,-113,-138,-226,- 330 (analyses from Reynolds (in 
press), TSM (so-called "troctolite sisal marker") and P-5 (contains 5 cumulus 
phases, namely olivine, orthopyroxene, clinopyroxene, plagioclase and Ti­
magnetite) were analysed by the author. Sample WT-128 was provided by A.A. 
Mitchell (from a borehole drilled near Northam). 



APPENDIX 5 WHOLE-ROCK ANALYSES BY XRF 

All whole-rock analyses presented in this study were completed by the author 
in the Geology Department at Rhodes University, unles otherwise stated. 
Analyses were performed on a Phillips PW 1410 semi-automatic X-ray 
fluorescence spectrometer (XRF) using standard techniques employed at Rhodes 
University (Marsh, 1979). International (lUGS) and in-house standards of 
suitable whole-rocks were used; spiked or artificial standards were not 
employed. Major elements, excluding sodium, were analysed on fusion discs 
after the method of Norrish and Hutton (1969). Sodium and selected trace 
elements (Cr, V, Co, Ni, Cu, Zn, Sc, Nb, Zr, Y, Sr, and Rb) were determined 
on powder briquettes. In-house computer programs were used for data 
reduction (see Marsh , 1979). Full corrections were made for instrumental 
drift, dead time, background, tube and spectral line interferences and matrix 
effects. Operating conditions are summarised below . 

XRF ANALYTICAL CONDITIONS 

ELEMENl' 'lUBE CRYSTAL TIME COUNl'ER COLLIMA'IDR L.L.D. C.E .• 

si cr PEl' 40 FI.fJII COARSE 
Ti cr LIF(200) 10 FI.fJII FINE 
Al cr PEl' 40 FI.fJII COARSE 
Fe cr LIF(200) 20 FI.fJII FINE 
Mil Cr LIF(200) 20 FI.fJII COARSE 
Mg cr TIJ\P 100 FI& FINE 
Ca Cr LIF(200) 10 FI& FINE 
Na cr TIJ\P 100 FI.fJII FINE 
K cr LIF(200) 10 FI.fJII FINE 
P cr GE 40 FI.fJII COARSE 
Sr W LIF(220) 200 SCINl' FINE 3.0 1.0 
Rb w LIF(220) 200 SCINl' FINE 3.0 1.0 
Zr W LIF(220) 200 SCINl' FINE 3.0 0.8 
Y w LIF(220) 200 SCINT FINE 3.0 0.9 
Nb W LIF(220) 200 SCINl' FINE 4.0 1.0 
Co w LIF(220) 100 FI& FINE 4.4 1.5 
Cr W LIF(220) 100 FI.fJII FINE 5.0 2.0 
V w LIF(220) 100 FI& FINE 6.0 2.0 
Zn I-b LIF(220) 100 FI.fJII + SCINl' FINE 1.4 0.6 
Cu ~ LIF(220) 100 FI.fJII + SCINl' FINE 1.5 0.7 
Ni ~ LIF( 220) 100 FI.fJII + SCINl' FINE 2.0 1.0 
Sc cr LIF(200) 200 FI.fJII FINE 1.5 0.4 

L.L.D. = lower limit of determination; C.E. = counting error (L.L.D and 
C.E. are base on counting statistics - see Marsh, 1979; values presented 
here are averages, rounded off to 1 or 2 significant figures). 
By convention, major e1errent oxides are rounded off to 0.01 percent. 
Elni.ssion line for each e1errent is Kc< and tube is run at 55kV, 40mA. 
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Loss on ignition (L.O.I.) was determined by heating samples in a closed oven 
at 10000C for a minimum of 8 hours . (H?O)- was not me~~ured. !~tal iron was 
determined as Fe?Ol' The relative proportion of Fe and Fe have been 
calculated as followS: . 

(1) For all samp~~s containing disseminated Ti-magnetite and ilmenite the 
percentage of Fe has been calculated using the technique of Irvine and 
Baragar (1971), thus : 

wt. % Fe203 = wt. % Ti02 + 1.5. 

This technique has been used for samples of iron-rich ultramafic pegmatite 
and iron-rich dunite and iron-rich wehrlite from the platiniferous ultramafic 
pipes. 

(2) An Fe203 / FeO ratio of 0.005 has been used for samples of magnesian 
dunite. 

(3) An Fe ° / FeO ratio of 0.10 has been used for samples of cumulates from 
the critic~13and main zones of the layered sequence, in accordance with other 
Bushveld-workers at Rhodes University. 

The results of analyses not discussed in the main text are presented in the 
following tables: 

TABLE A.5-1 Whole-rock analyses of the platiniferous ultramafic pipes. 

TABLE A.5-2 Whole-rock analyses of cumulates from the upper critical zone 
at Amandelbult 

TABLE A.5-3 Whole-rock analyses of pegmatites from the main zone in 
borehole SK-2 at Union Section (from Mitchell, in prep.). 
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CR-I CR-2 CR-3 CR-6 CR-S __ Yl-IO 1R-12 CR-16 - of-fif CR-20 
".S 

Si~ll.17 ll.71 37.BJ ll.62 37.97 39.02 38.24 ll.ll 38.53 39.1. :11.41 38.BJ 38.92 38.66 38.18 38.45 37.57 38.59 37. a; 38. 34 
TiOz .~ .~ .~ .~ .~ .~ .~ .01 .~ .01 .00 .00 .01 .01 .01 .01 .01 .01 .01 .01 
Alz03 .32 .32 . 12 .13 .19 .20 .16 .16 .17 .17 .22 .22 .16 .16 .17 .17 .!Ii .!Ii .m .m 
Fez03 .m .m .00 .00 .m .m .00 .m .m .m .00 .m .m .m .m .00 .m .m .m .m 
FaJ 14.95 15.16 17.57 17.$ 15.39 15.82 16.00 16.:D 16.31 16.59 15.07 15.22 15.11 15.11 16. 73 16.a; 15.39 15.81 15.28 15.48 
MrO .22 .22 .23 .24 .25 .26 . 24 .25 .24 .14 . 24 .24 .23 .23 . 21 .21 .20 .20 .18 .IS 
I'4J 43.65 44.26 41.01 41. 91 41.33 43.9;) 41.93 43.52 41.01 42.74 44.00 44.54 45.23 44.93 43. J5 43.47 43.29 44.46 44.45 '5.U' 
CIi) .19 .19 .54 .55 .41 .43 .36 .36 .48 .49 .20 .21 .07 .07 .15 .16 .19 .19 .11 .n 
Na;>O . 01 .~ .01 .01 .01 .01 .01 .01 Tr Tr .01 .01 .01 .OJ .OJ .01 n.d. .01 .01 
K20 n.d. n. d. n.d. n. d. n.d. n.d. n.d. n.d. n.d. n.d. • n ~ ~ 

P;P; n.d. n. d. n.d. n. d. n. d. n.d. n.d. n.d. n.d. n. d. . ~ ~ ,. 
-~ '" CrzOJ .72 .73 .27 .17 .43 .44 .39 .39 .31 .31 .43 043 .52 .52 .31 .31 .34 .31 .44 .44 ~ n 0 r 

ro c w ~ 

HiO .28 .19 .21 .21 .13 .24 .14 .14 .16 .16 .13 . 23 .23 .22 .26 .27 .25 .a; .14 .14 ~ 
0 ~ - >-

L.0.1. 1.82 2.01 2.95 1.32 2.25 1.59 1.46 1.53 1.&1 1.28 
~ ~ 

~ ~ Z ;' . 
TCTA. 100.43 100.00 99.ffi 100.00 100. a; 100.00 99.$ 100.00 100.56 100.00 100.59 100.00 101.13 100.00 100. ED 100.00 99.00 100.00 100.01 100.00 0 

n c 
wn c ~ 

3 ; 
Cr 4!)17 181S 2935 a;9;) 2092 &J7 3567 2130 2292 3001 c 0 " - '" . '" V 72 47 

c 0 0 
6l 56 53 «l 9 33 «l 54 ~ ~ 0 r 

". ~ ~ 

Co 207 211 U!l 169 196 190 1!)1 196 200 1$ ~ ~ . 
c ~ 

Hi 2232 1621 lB:D ID;1 l256 1754 1771 2074 1!)16 1856 ~ ~ ro 0 _ . ro 
" n 

Cu 24 12 11 14 51 12 S 12 9 9 
~ n n '" ro ~ ro 

Zn 90 
~ ~ n ,. 

95 !Il a; 87 ffi 81 87 76 Il3 -. ~ z 
~ ~ ,. 

5c 5 7 7 6 S 5 5 5 6 5 ' c ~ r 
a ~ ~ ~ 

3 3 ~ 
o n m 

~ ~ ~ 
". ro 

CR-Al. CR-R CR-1A 0'l-2 0'l-12 ~ 1'0-1'1' M)..ii' a.N_1H a.N-~ ro - ~ 0 , ~ 

".S - < a -. ~ ~ 

Si~36.19 " ~ cr '" 37.57 36.74 37.ffi 36.67 37.ffi 36.27 36.73 35.63 38.24 33.22 31.01 45.44 45.89 45.87 46.18 38.19 f/J.27 32.14 37.41 ~ ro ro ~ , 
TiOz .01 .01 .01 .01 .01 .01 .00 .00 .!Ii .!Ii .16 .17 .27 .27 .47 .47 .00 .00 .07 .m ~ ~ 

~ ~ ro r 
Alz03 n.d. n.d. .01 .01 n.d. .67 . 72 .12 .13 1.$ 1.!Il LED 1.81 .74 .77 1.16 1.35 ~ ~ ~ 

,. 
~ ~ 

'" ;:: Fez03 .11 .12 .11 .11 . 11 .12 .15 .15 .m .00 .12 .23 1.77 1.19 1. 97 1.!Il .!Ii • !Ii .07 .m ~ 
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FaJ 22.18 23.68 22. !Ii 22.73 22.54 23.28 :D. 27 :D. 65 16.57 17.19 43.91 44.97 13.92 14. !Ii 17.29 17.41 11.82 12.17 13.19 15.47 " ~ a ~ 

~ . '" , m 
MrO .28 .32 .28 .ll .32 .33 .48 .48 . 19 .31 .65 .67 .ll .J3 .35 .lS .17 . 17 .17 .20 , ~ • ~ , 0 

I'4J 35. 33 37.73 37.14 11. 39 lS.!Il 37.17 :D. 73 31.12 37.82 40.1'0 IS. 1'0 19.01 24.00 24.14 lB. 19 18.31 43.13 44.77 35.74 41.1'0 n ~ c , ~ 
n 

CIi) .:D .32 .27 .19 .87 .90 .59 .1'0 .50 .53 .67 .69 10. 75 lO.ffi 12.m 11. !12 .39 .f/J .m .ill ~ ~ c 
r 

Na;>O n.d. n.d. .01 .01 .01 .~ n.d. .00 .00 .12 . 12 . 17 .17 n.d. n.d. n ~ ~ 

~ ro ~ 

K20 n.d. n.d. n.d. n.d. n.d, n. d. n,d, .01 .01 n.d. n. d. 
N '!< 0 
w ,. 

P;P; n.d. n.d. n.d. n. d. .01 .01 Tr Tr .00 .ell .01 .01 n.d. n.d. ~ 
~ 

CrzOJ .03 .OJ .m .00 .01 .01 .01 .01 1.35 1045 .OJ .01 .35 .lS .19 .19 .97 1.01 3.OJ 3.53 ~ n 
~ 

HiO .13 .25 .21 .22 .27 .28 .18 .18 .18 .20 .!Ii . CG .10 . 10 .07 .07 .24 .25 .17 .20 ~ 
cr 

L.O.I. 5.41 3.57 3.19 .78 7.65 .B7 2.16 1.51 4.1l3 13.4il 
ro ~ 
ro m 

00.51 101.22 100.00 99.39 100.00 
~ ~ 

TCTA. 99.07 100.00 100.57 100.00 loo.m 100.00 99.51 100.00 100.81 100.00 100.00 101.17 100.00 100.81 100.00 

1!!". 
Cr 184 :ro 101 115 9251 41 2405 3Xl4 6531 20747 
V 47 52 f/J 9 162 51 94 11 152 
Co 247 243 253 296 183 39B 154 154 135 
Hi lB16 l6SS 2143 1424 1439 445 810 517 1876 l34B 
Cu 44 13 lCG 23 14 51 23 54 12 Jl)l 

Zn ICG 111 !Il 159 g; 166 !)I 103 68 81 
SC 7 7 10 12 9 IS 57 69 7 6 
Zr n.d. n.d. n.d. n. d. n. d. 2.B 10.0 15.B n. d. n.d. 
y 1.9 n.d. 2.4 3.5 n.d. 2.9 11.2 16.6 n.d. n. d. 
Sr n.d. n.d. 3 n.d. 3 n.d. 19 16 n.d, n. d. 
Rb n.d. n.d. n.d. n. d. n.d. n.d. n.d. n.d. 3 n.d. 



"'-<'2 "'-24 "'-11; !R-27 !R-3IB !R-3IC !R-R !R-37A !R-lIS !R-K 
"'.S 
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T;Oz .15 ./8 . <:6 .<:6 .26 .26 .00 .00 .<:6 .<:6 .00 .03 .00 .00 .. ID .ID .00 .00 

D 
C 

~ "' "' AlzOJ 10-'1) 13.2'1 6.43 6.48 3.lO 3.72 <0.62 <0.93 22.44 22.91 Ul.lO Ul.8! 11.41 17.n 1'.52 1'.52 26.11 27.]) a 0 
~ 

'ezOJ 2.<5 2.ll 1.56 1.57 1.76 1.77 .46 .46 .42 .43 .00 .61 .63 .65 .00 .00 .ll .ll 
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2 
Cr 396 1J16 7127 <26 $0 525 572 411 m 
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NO lh.3 n.d. n.d. n.d. n.d. n.d. n.d. n. d. n.d. 
Zr 11;.1 2.4 7.6 n.d. 2.8 2.5 n.d. n.d. n.d. 
y 27.5 2.2 10.8 n. d. 2.2 2.8 2.7 3.5 I., 
Sr 2165 81 31 317 2Ill 244 243 261 III 
Rb 51.5 n. d. n.d. n.d. n.d. n.d, n.d. n,d, n.d. 
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SiO;-SI.39 Sl.81 SI.E "1.!IJ 49.22 49.53 49.22 49.46 ">.211 "'.54 SO.07 "'.OJ 48.63 49.C6 49.81 49.~ 51.37 49. Ell 48.79 49.m 
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" ItO .Ol .Ol .01 .01 n.d. o.d. n.d. o.d. .29 .29 .27 .27 .27 .27 .32 .32 .01 .03 .Ol ~ 

~ 1.82 1.79 1.27 1.27 .00 .00 .55 .56 ZJ.lZ ZJ.37 Zl.lD Zl.B) 22.91 Zl.22 22.24 22.31 1. ); 7.31 7.56 c 
~ 

C'" 15. 14 14.87 14.EII 14.ffi 15.51 15.); 15.Zl 15.53 4.W 4.91 4.54 4.54 6.07 6.15 4.41 4.43 16.67 lZ.63 13.Ol 
~ 
~ 

HazO 2.lJ 2.1D 2.14 2.lJ 2.aJ 2.18 2.14 2.18 .43 .44 .51 .51 .52 .Sl .15 .:ti 2.41 1.78 1.&1 
~ 

n 
KzO .V .17 .16 .1.6 .14 . 14 .14 .14 .Ol .Ol .04 .04 .fI! .fI! .~ .fI! .)1 .Zl .~ '"' PzOs . 01 .01 .fI! .fI! .fI! .fI! .01 .01 .01 .01 .01 .01 .~ .fI! .fI! .fI! .fI! .Ol .01 -C'<'l3 .fI! .01 r, r, .52 .47 .43 .45 .lZ n ,. 
HiQ r, r, r, .11 . ()J .27 .43 .a; r 

l.O. I .33 . :ti .<S .D I.Ol .56 . 61 .99 3.31 N 
a 

roTI\.. lOZ.17 un.OO 100.55 100.00 101.19 100.00 93.41 100.00 100.61 100.00 101.27 un.OO 100.03 un.OO lOl.!1l un.OO 100. CD 100.27 100.00 '" m 
JI'! 

" 112 59 27 • 3528 3223 2922 :Il70 S73 837 
Y 18 14 9 7 168 173 152 150 8 lZ 
Co 12 6 • 2 101 110 119 1.60 3 42 
HI 39 19 15 !I>O 680 2140 ll88 aJ J]8 

C, 37 18 13 216 un 993 lJJ9 lJ 15 
lo 8 11 5 IE .. 00 lC6 :Il lCIJ 
So 7 3 2 2 15 J7 33 Jj ~2 '.3 
Hb ". d. o.d. o. d. n.d. n.d. n.d. o. d. o.d. ... d. o.d. 
Z, U 2.7 n.d. 7.5 7.0 5.5 7.8 n.d. o.d. 
y '.2 2.8 2.1 9.0 10.' 7. 1 ao n.d. 2.8 
Sr .77 487 487 63 61 $ 48 4lS 412 
Rb 3.1 2.2 o.d. o.d. 3.0 o. d. O.d. 5.2 4.3 



AT·15 1IT.1O IIT·I] Af.18 ~·1D ~·3 !U-4 27-<1 --- --27·[2 
"'.S 

Si~46.67 48.12 .LOO 51.6Z !<l.83 52. 51 52.66 SJ.42 52.IE 52.93 <S.83 46.48 41.m 48.45 51.34 51.73 49.41 !<l.a; 
flO;! . IS .IS . 17 .17 .17 .17 . ]; .]; .19 .19 .'l; .$ .'" .51 .18 .18 .43 .44 
AI,<l:j ~11 9.51 11.65 11.82 5.57 5.75 4.67 4.74 5.68 5.n 6.54 6.63 lUll 12.21 4.00 4.11 5.67 5.74 
Fez03 I.IE 1.07 .$ .W 1.07 1.11 1.11 1.12 I.a; 1.07 1.12 1.74 1.<5 1.19 1.22 I.Zl 1.2] 1.29 
FeD IO.Zl lO.m 8.59 8.12 10.10 11.C6 11.C6 11.21 1O.C6 10.10 lUD 17.44 12.51 12.1!1 12.19 12.28 12.1!1 12.1£ 

""" .3J .21 .13 .13 .18 .18 .22 .22 .3J .21 .J) .J) .19 .19 .29 .'" . 28 .28 
~ 22.90 23 .91 19.21 19 .49 24.a? 24.82 24.Z1 24. 58 Zl.73 24.15 10.97 11.12 15.10 16.18 16.19 16.49 Zl.65 Zl.'l; 
C<o '.28 4.47 5.1I 5.46 3.61 3.73 3.65 3.10 4.U '.19 14.55 14. 76 7.18 7."" 3.ll 3.32 '.n '.83 
""2'l .58 .60 • 91 .'12 .!<l .52 .43 .43 .67 .68 .43 .43 .12 .75 .31 .31 .46 .46 KzO .64 . 66 . 78 .79 .15 .16 .19 .19 .lD . 11 .1D .lD . 12 . 13 .m .ID .07 .W 
PzOs .01 .01 .IE .IE .01 .01 .IE .IE .IE .IE .ID .ID .01 .01 .IE .IE .01 .01 
C~ .]; .18 .57 .ro .SJ .09 .65 .47 
",0 .al .15 .]; .12 .10 .ID .16 .16 .11 
L.Oot. 4.22 I.al 2.01 1.41 1.14 1.1£ 1.1£ .9/ 1.13 
TOT .. 100.66 lOJ.OO lOJ.IO 100.00 9/.78 100.00 100.12 100.00 100.12 100.00 100.00 100.00 93.14 lOJ.OO 101.16 100.00 loo.!<l 100.00 

"" Cr 1497 1241 1I77 4137 :m; SR3 4411 1'15 
V SJ 44 1m l33 121 ];8 140 166 
Co 125 lOJ l.Jl IDS lDS 100 136 131 

"' ISl1 1143 lOOl $8 1250 119 a:69 all2 l3<B ~ ~ c, III 9/ 810 l.Jl 340 129 1D41 1£1 175 ~ >-
~ '" In 68 57 83 '12 83 IC6 lOJ sa 'fI 0 r w m 

Sc 9 4 al 25 27 1£ 19 II l' - >-

"' n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. ~ ~ 

Ir 14.7 1£.0 1S.6 8.6 lS.l 
~ , 

11.4 li.O 18.6 8.7 0 ~ 

y 5.5 5.3 5.6 7.1 6.0 18.7 8.5 6.6 8.3 
5r 109 I<S 65 49 )6 li2 all 4S n 0 

n R' 29 28 5 6 5 3 2 n.d. 3 0 , '" .... 
fC.O /C·7 ","31 N·" AV-9 AI-IO ..... 16 ..... 17 ..... 19 ...... 1A Z "'., ~ 

m 
Si~4S.OI 46.C6 48.00 48.n 49.07 48.9\ 48.63 47.92 46.61 <S.7l 48.57 48.93 49.82 49.fIl 48.39 49.91 5! 
TiOz .19 .19 .16 .16 .lD .lD .00 .00 .16 .16 .C6 .C6 .11 .09 .01 .07 
Al,<l:j 31.16 31.1£ 31.16 31 .14 19.]; 29.11 ll.17 29.00 ll.46 29.W 28.83 29.01 24.00 25.17 32.19 24.n 
Fez03 .IB .IB .11 .11 .IB .18 .21 .21 .41 .41 .21 .21 .34 .'" .00 .31 
FeD 1.79 1.83 1.C6 1.C6 1. 79 1.78 2.09 2.!li 4.13 4.C6 2.10 1.12 3.38 2.91 .75 3.13 

""" Tr Tr n. d. n. d. .01 .01 .01 .01 .IE . IE Tr Tr .01 .ID n.d. .m 
~ LIB 1.21 1.C6 1.C6 3.66 3.65 3.47 3.42 3.IE 1.$ 3.9/ 4.IE 8.73 7.57 .'l; 7.1£ 
CaJ 15.82 16.17 14.82 14.81 14. ]; 14. ll 14.1B 14.66 15.64 15.34 14.C6 14.16 li.Bl 12.22 15.12 12.00 

H>zo 2.21 2.16 2.65 1.65 1.9\ 1.83 1. 12 1.69 1.43 I."" 1.37 1.38 1.65 1.12 2.13 1.12 
KzO .'" .'" .27 .27 .10 .09 .13 . 13 .07 .W .09 .09 .00 .00 .25 .lD 
PzOs .IE .IE .01 .01 .01 .01 Tr Tr .IE .a! n.d. Tr .01 Tr .ID 
C~ .00 .00 .09 .lD .W .lD 
NiO Tr Tr .01 .01 .12 .01 
l.0.1 . 2.00 1.66 . 46 . 65 .47 .57 
TOT .. 100.78 lOJ.oo 101.10 100.00 lOLa! 100.00 1a!.16 100.00 102.54 100.00 9/.91 100.00 100.00 100.00 100.00 100.00 

~ 
Cr 57l !ll2 638 664 463 1113 ll!<l 912 410 lllll 
V 49 15 21 28 32 Zl ]; 31 9 II 
Co 9 5 14 14 '" 14 31 16 4 28 
Hi 34 16 9\ 12 'l31 1£ 19l 173 32 140 
C, 18 17 \9 12 210 13 '" '" 9 53 
In II 7 13 15 144 13 '" 21 5 10 
Sc 8 6 6 9 lD lD 10 9 • lD 
H' n.d. n.d. n.d. n.d. n.d. 4.9 n.d. n.d. n.d. n.d. 
Ir n.d. 5.6 n.d. n.d. n. d. n.d. 1.1 n.d. n.d. n.d. 
y 3.7 4.1 3. 7 3.' 2.1 '.7 1.7 2.9 n.d. 2.1 
Sr 464 456 <37 .11 413 425 :!;O 373 479 377 
R' 5.' 6.6 n. d. n.d. n.d. 3.0 n.d. n.d. 3.0 n.d. 



S102 
T102 

A120
3 

re20] 

",,0 

",0 

COO 

'.,0 
',0 
'20~ 
LOI .,0-
IOTAL 

c. 
C< 

Y 

to 

c. 
Wi 

" 
T .. .. 
J, 

I. 

I, 

".% 
Si~37.91 
Till.! .15 
AlzOJ 5.67 
FezOJ 1.22 
FeO 12.1B 
MrO .19 
~ 18.91 
Cill 2.li 
N'2<l • <Ii 
KzO .OJ 
P~ n.d. 
CrzOJ 1.99 
N;O .36 
L.O.1. 8.36 

TABLE A.5-2 

41.57 
.IB 

6.21 
1.1l 

lJ.li 
.21 

31.69 
2.57 
.28 
.01 

n. d. 
2.1B 
.39 

39.'ll 
.10 

J.ffi 
I.ll 

lJ.12 
.IB 

lJ.01 
2.24 
.lJ 
.OJ 

n.d. 
.IB 
.ll 

8.57 

(CONTiNUED ) 

All samples here of the pseudoreefs. 

AV-8 

43.67 
.11 

4.22 
1.43 

14.li 
.m 

32.82 
2.45 
.15 
.01 

n. d. 
.20 
.36 

43.89 
.lJ 

6.20 
1.15 

1l.48 
.19 

1l.07 
3.20 
.18 
.IE 
.01 
.19 
.26 

39.25 
.19 

4.31 
1.16 

11.59 
.15 

31.IE 
2.39 
.lJ 
.IE 

n.d. 
.17 
.25 

10.45 

AlJ..24 

43.29 
.21 

4.75 
1.18 

12.19 
.17 

34.25 
2.64 
. 14 
.07 
n.d. 
.17 
.25 

JIl.46 
.n 

3.21 
I.IB 

lI.n 
.15 

ll.OJ 
2.87 
.n 
.IE 

n.d. 
.IB 
.<Ii 

10.91 

AlJ..36 

43.IE 
. lJ 

3.59 
1.32 

13.17 
.17 

34.74 
3.22 
.12 
.IE 

n.d. 
.18 
.26 

AlJ..JIl 

44. ill 
.IB 

4.55 
1.19 

1I.'ll 
.15 

1l.73 
2.91 
.12 
.IE 

n.d. 
.21 
.24 

TOTK. 99.69 100.00 100.01 loo.1D IID.ID 101.15 lro.ro loo.lJ lro.1D 100.00 
.IE" 

Cr 13609 
V 145 
Co 169 
Ni 2854 
Cu 688 
Zn 97 
Sc 9 
Nb n.d. 
Zr 2.9 
Y n.d. 
Sr 61 
Rb n. d. 

1227 
41 

166 
25!D 
JIl6 
6J 
11 
n.d. 
4.4 
3.8 

53 
n.d. 

1139 
34 

139 
1791 

11 
79 
8 

n.d. 
5.8 
3.3 

75 
2.4 

1056 
41 

152 
1827 

10 
83 
8 

n.d. 
5.2 
3.7 

Bl 
2.5 

1126 
51 

146 
17Bl 

8 
Bl 
10 
n.d. 
5.9 
4.6 

54 
n.d. 

TABLE A.5-3 WHOLE-ROCK ANALYSES OF PEGMATITES FROM THE MAIN ZONE 

IN BOREHOLE SK2 AT UNION SECTION 

107.29 Io2.U 

0.9& 3 . 17 

I1.S6 6.72 

21,92 211.107 

0.26 0.39 

4.12 S.B 

1!')2 13.03 

2.24 1..46 

0.22 O.ll 

O.ll 0.17 

+1.01 +1.14 

0.311 0.0] 

Total Fe presented as Fe203. 

39.4S 41.22 

0.61 1.6S 

11.79 12.12 

)0.31 27.08 

0.311 0.)) 

S.H 4,99 

11.29 to.96 

2.07 2.09 

0.22 0.18 

2.211 2.16 

+1.23 +1.15 

0.04 0.03 

109.51 4ld7 

o.sa 1.)5 

B.n 2.27 

\S.ot 23.a4 

0 .2l 0.2a 

10.01 12.SIo 

ll.14 15.13 

2.95 0.21 

0.21 0 . 00 

1.19 0.01 

+0.29 +1.)3 

0.07 0.01 

42.6) 

2.23 

12.32 

24.29 

0.22 

6.14 

12.08 

1.87 

0.12 

0.01 

+1 . 6t 

0.00 

From Mitchell (in prep .) . 

)0 . " 

0.l9 

1'1.)4 

1 . 64 

0.11 

10 .6) 

13.3S 

2.82 

0.2' 

0.00 

0.20 

O.OS 

101.68 

) . 26 

11.110 

23.8) 

0.15 

7.23 

11.93 

1.66 

0.10 

0.01 

+0.68 

O.Ol 

106.26 106.62 

1.62 1.81 

13.101 1l.n 
IS . '8 16.18 

0.20 O.la 

6.108 6.24 

13." n.61 

2.26 1.41 

o.ll 0.23 

0.01 0.0' 

+O,4S +O.~] 

0.04 0,04 

tOloH 79.1) 100.01 101.» 101.99 tOO.65 100.32 99.77 101.04 99.07 99.41 

5] " 60 1211 

77 29 )6 26 

aa 216 112 11 

III t.] u.. U6 

sa 156 140 104 

sa lit 184 52 

26.2 34.' 16 . ) 6.' 

20. 1 25,S ]S.t 210.0 

,,4 .d lid nd 

,,4 "d 114 nd 

UO ll' 274 ]01 

123 • to 101 12' 

'1 162 62 15 

a] )11 1710 

10 6 15S 

6S 19 S66 

127 B2 96 

tlo) 12 730 

JJ SS 2)0 

1.1 11.1 16.1 

29.1 30.0 11.0 

nd n4 nd 

nd ftd nd 

]01 )6' U 

121 lSt It 

43 7] 119 

247 

" 49' 

'" 
'00' 

'" .. , 
10 . 2 

•• 
•• 
'07 

61 

" 

" 11 

n 

" 
" 60 , .. 

•. 1 

•• 
4.' 
114 .. . ., 

112 

61 ... 
10 

J6 

1l 

17 . 6 

11.6 

•• 1 

• • 
110 

12 

14 

, 91 

~ H1 

a lS2 

20 89 

J1 181 

19 110 

2 . 2 U.S 

1.2 ,.] 

.. d fld 

.. 4 1., 

5Sf 234 

101 .. 

].) 11 

'0 124 

61 291 

]76 )1) 

91 I] 

1'1 140 

6S 10) 

t4.] 16.0 

14.] 11 . 6 

nd nd 

4.' •. S 

234 II 

113 )1 

" lJ4 

1346 
46 

145 
1746 

21 
67 
10 
n.d. 
6.2 
3.9 

59 
n.d. 

" 
'" ]II 

11 .. 
141 

1l.0 

12.2 

•• 
1.1 

160 

11 .. 

24.41 41.96 

6.61 1.16 

l.O) 4." 
'1.4' la.12 

0 . ]3 0.20 

6.31 12.91 

1.36 IS." 

0.23 0,39 

0.01 0.0) 

0. 00 0 .01 

+1.1) +0.62 

0.02 0.10 

26.2' 

1.'4 

1.99 

107.'6 

0 . 37 

to.91 

6.29 

0.01 

0.00 

0.00 

+2.44 

0,01 

9a.69 100.13 99.00 

411 117 

50l 703 

121S 1090 

]14 496 

'''] 1142 

1111 1]6' 

14.. 16,3 

, . t 15.' 
"d nd 

fl4 a4 

,. 40 

30 2' 

)It 117 

'" 
1465 

2076 

'" .. , 
54' 

16.' 

••• 
•• 
1.' 
I. 

" .. 
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APPENDIX 6 THE CIPW NORM 

CIPW norms have been calculated for most of the whole-rock samoles analysed 
in this study, using an in-house computer program based on an 
algorithm developed by Kelsey (1965). In this study the weight percent norm 
has been used exclusively . Major element oxides .(normalised, L.O.I. free, 
using the relevent Fe,Oj/FeO ratio) are input into the program. CrZ03 and 
NiO were only input where thay comprise significant components. CIPW norms 
calculated in this study are presented in Table A.6. 

The following abbreviations are used: 

AP (apatite); CM (chromite); IL (ilmenite); OR (orthoclase); AS (albite); 
AN (anorthosite); C (corundum); RU (rutile); MT (magnetite); 
OlEN (clinopyroxene - enstatite); DIFS (clinopyroxene - ferrosilite); 
DINO (climopyroxene - mollastonite); HYEN (arthopyroxene - enstatite); 
HYFS (orthopyroxene - ferrosilite); Q (quartz); FO (olivine - fosterite); 
FA (olivine-fayalite); NE (nepheline); LC (leucite); CS (sodium metasilicate) 
KP (kerrophyllite). 

In addition, two ratios are also tabulated, namely, the differentiation index 
(0.1. = norm. A + Or + Ab + Ne + Ks + Lc) and the Mg-number (Mg =If. = atomic % 
Mg/ (Mg + FeH

). 

REFERENCES 

KELSEY, C.H. (1965) Calculation of the CIPW norm. Mineral. Mag. 34, 
276-283. 
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" AI 

" " DIU 
ClfS 
~m 
jn[Jj 

HYF5 
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" " lC 
CS 
TrtilOL 

D.1. 

"" 
SWlE 
II 
Il 
O. 
AI 
A' 

"' DIE" 
DIFS 
DJiO 
H1EJI 
HlfS , 
" " 11£ 
lC 

cs 
" UTA/. 

O. I. 

"" 

TABLE A.6 

1'II..27-J 
.0) 

13.0] 
.00 
.00 

2.l1 
11 . 91 
10.18 
11.&2 

14.9J 
.00 
.00 

tZ.48 
lb. II 
1.01 
.OS 

1.97 

!'Il21-5 
.\li 

11. ~S 

.0' 

.'1 

." 
11.11 
4.40 
5. 00 
9.n 
4. 17 
5.42 

2'.45 
25.&0 

.&0 

.00 

.CO 

(continued ) 

IIl~H IIl17-2 
.12 .IZ 

8.95 8.85 
.00 .11 

1.51 1.12 
1.29 l.H 
8.95 &.82 
7.17 7.a2 
S.13 8.41 

15.98 a.411 
I.J8 J.n 
L.h'l J.75 

18.94 11.14 
25.H 21.03 

.00 .00 

.00 .00 

.00 .09 

IIlH-6 
.07 

8.&5 
.O! 

l. 9S 
1.84 
B.8& 
7.n 
9.12 

17.08 
.7l 
.Bl 

IB.80 
24.11 

.00 

.00 

.00 
101.7; 100.16 1~.15 100.111 100.1l 

KllH I1ll7-7 I1l2H 
.12 .12 .81 

5.111 7.16 Z.3~ 
.12 .12 .Hi 

2.62 2.~4 1.12 
1.96 1.49 1.07 
&.05 7.53 4.02 

13.59 n . 6! 1.92 
13.12 10.71 2.90 
27.28 2'j,20 4.66 
2.~8 6.18 .00 
2. 21) 4.85 .00 

12.40 1t.04 29.42 
!l.19 ~.~6 51.62 

.00 • Oil .il8 

. 00 . iii) .O{J 

.00 .00 .00 
lilO. 09 10<1.11 liIoJ.06 

I1l24-8 
.07 

1.60 ... 
2. 31 
1.73 
3.42 
1.25 
1. 91 
J.11 
.06 
.10 

lO.62 
53.27 

.00 

.00 

.0' 
100.04 

I1l24-9 
.51 

6.45 
. .. 
.16 

3.04 
1.08 
5.B8 
lI.n 

14.45 
.00 
.00 

19.80 
32.26 

.98 

.00 

.00 
100.12 

IIl14-2 
.14 

2.9& 

." 
1.28 
1.41 
4.41 
9.10 

10.88 
10.12 

2.93 
3.51 

11.67 
23.17 

.00 

.00 

.00 
100.06 

I1ll4-3 
.19 
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APPENDIX 7 ELECTRON MICROPROBE ANALYSIS OF OLIVINE 

All electron microprobe analyses presented in this study, unless otherwise 
stated, were completed by the author in the Geology Department at Rhodes 
University. These data were determined using a Cambridge Microscan Unit 
operating at an accelerating voltage of 20 KV, using wave length dispersive 
crystal spectrometers. Count rates were corrected using the Bence-Albee 
routine (Bence & Albee, 1968) on an in-house computer program developed by 
H.V. Eales. 

The following analytical configuration was used for analYSis of olivine: 

Left Hand Spectrometer 

Right Hand Spectrometer 

(LiF crystal) FeD (St. John's Island olivine) 
NiO (Nickel magnetite) 
MnO (Rhodonite) 
CaD (Pyroxene) 

(RAP crystal) MgO (St. John's Island olivine) 
Si02 (St. John's Island olivine) 

Analyses 
following 

of olivines not included in the main text are 
Tables (for recalculation program see below) : 

presented in the 

TABLE A.7-1 : Electron microprobe analYSis of olivines from the platiniferous 
ultramafic pipes. 

TABLE A.7-2 Electron microprobe analysis of olivines from cumulates in the 
upper critical zone at Amandelbult. 

TABLE A.7-3 Electron microprobe analysis of olivines from the Skaergaard 
intrusion. 

REFERENCES 

BENCE, A.E. & ALBEE, A.L. (1968) : 
electron microanalysis of 
382-403. 

10 R£1I1X.1~IIIE CON'. CAlCtlATHlNS 

Empirical correction 
silicates and oxides. 

20 PIIIIIT 'TYPE III OlIYHI£ A)lAl.YSIS ISID2IFED/MO/IIGD/CAD/HIDJ' 
30 INPUT AI,'I,Cl,Dl,£JlJ 
40 LET A2~Al/&O . O' 

~ LET I2-S1111.85 
60 LET C~~CIf10. 94 
10 LET D2~DIHO.J2 
aD LET £2%El/5 •• 08 
'0 LET F2=FIJ14.4' 
100 LET A1211212 
110 lU GI"'Al'Sl'C2'Dl.£2'F2 
120 LET HI24/61 
no LET A4=HI'1I2 
140 LET 14-HltS2 
m LET (4-H1.t2 
ao l£T 04-111'''2 
170 LET HaMIIE2 
180 UT F4aMHF2 
no LET U·I4'C4'D4tEhF4 
If2 LET T-64'44 
100 LET H4-IOO'Q4IIDhl.1 
210 PIIIIT • 5102 .... 
21 I PlIIiT • frO • '14 
212 Pilar • _ • 'C4 
21l Pllir • 
2U PI,.' • 
lIS nllT • 
220 PlIMT • 
227 nllIT • 
230 PlIlIT • 
24#010 

1'160 • '0' 
CAO • '[4 
.1110 • ',. 

R£SI •• " 
TOUI.. • oJ -
fD • 'H4'1" 

factors for the 
J. Geology 76, 



ffi-.'.l ffi-2A ffi·:r -IR-6 ffi-lD ffi-12 - -Of:r6 ffi-22 ffi-25 ffi-27 
... . S x d n x d n· x d n x d n x d n x d n x d n x d n x d n x 

S;02 lB:-55 .iiis14 37:-fil .44414 39.26 .1246 7 39:-81 .1411 ) 39:-ffi .4636 4 4Q.CE .il312 39:-J; .&113 2 lB:-11 .23164 lem .2473 4 lB:-211 .I!I'll 4 
FaJ 24.22 .1352 4 25.26 .2431 4 15.65 .lB58 7 15.19 . 1153 3 15.65 .1573 4 15.15 .CE!13 2 16.00 .1131 2 24.31 .1682 4 3).32 .2532 4 3).73 .2317 4 
fW .32 .(E89 4 .J; .CE21 4 .21 .00lB 7 .21 .0058 3 .23 . ffi56 4 .23 .CE12 2 . al .<:666 2 .ll .0171 4 .42 .0115 4 .43 .fill 4 
M!P 36.00 .25764 37. 21 ._4 44.59 .5456 7 44.69 .am 3 44.lB .4135 4 44.27 .3182 2 43.11 .1273 2 lB.W .0963 4 32.31 ."fIJ7 4 31.67 .2117 4 
Cd) • III .=4 .07 .CE50 4 .C6 .mss 7 .C6 - 3 .m - 4 .Ill .<:666 2 .m 2 .W .0141 4 .01 .!Il'li 4 .01 .0I!ll 4 
NiO .24 .CE06 4 .27 .=4 .<Il .0146 7 .21 .0100 3 .<Il .W82 4 .26 2 .26 2 .27 .0171 4 .al 4 .21 .!l89 4 
TOTA. 100.01 100.83 l00.C6 100.17 100. 48 lDO.CE 99.79 lD1.CE lD1.32 lD1.); 

c.atioos 
~ ,. 

S;--1.OO46 '" . !lI8J .99C6 .9994 .9997 1.0056 .9J89 .9919 1.0133 1.= • m 
FeZ' .5320 .5541 .33CE .3189 .32ffi . 3184 .]';24 .5292 . fil56 .61l52 ,. 
It> .007l .W78 .W45 .W45 . • W49 .W49 .W43 .0066 .!Il'li .0097 ~ , 
Mg 1.4440 1.4545 I.fil67 1.6720 1.6593 1.6578 1.6381 1.4740 1.= 1.2583 
C. .1XJ25 .= .W16 . CUl6 .0J22 .0024 .0022 .(l)(lJ .Wll .00ll 

W43 .0J57 .0J53 .0J53 .0J57 .W43 .W45 I;" m 
• ,. m 

~ n 
;; ~ 

~ 
0 

Fo 73.m .C688 4 72.41 .18934 83.54 .2927 7 !l3. 'll .1011 3 83.47 .2588 4 113.00 .0707 2 82.3) .<:666 2 73.SS .1258 4 65.50 .);99 4 6U5 .1l14 4 I;:: z 
~ :< 
0 c n 

ffi-32. ffi-42 ffi-46C ffi-468 ffi-lll ~-2 1-0-4 Ml-3 TW-l IW-I 
~ ~ 

0 c ~ 

.... S x d n x d n x d n x d n x d n x d n x d n x d n x d n x • ~ 
~ 0 

S~ );:-81 .H;o2 39:-37 .1778 4 38:-% .ful) 39.56 .1ii66 2 39:-% .J2s34 37:-68 .iJ44 5' 35:-23 . ~65' );:-lJ .0\93 ) 4CCE 1.4213 2 40:-16 .6550 5 ~ '" ~ m 
FaJ 32. Il .2401 2 19.69 . 1638 4 19.41 .1144 3 17.24 .2C61 2 14.48 .1C60 4 31.Il .2915 5 45.75 .17CE 5 39.21 .1'll1 3 15.15 .CU)} 2 12.lB .t:m 5 ,. ,. 
fW .47 .0141 2 . 21 .0141 2 .lB .= 5 

~ z 
.26 .!Il'li 4 .21 - 3 . 24 .007l 2 . al .0058 4 .41 .CEII 5 .66 .0116 5 .51 .CE31 3 n » • M!P )).57 .(£81 2 41. <Il .llC6 4 41.26 .1744 3 42.69 .1131 2 44.84 .2468 4 31.34 . all3 5 19.48 .))48 5 24.43 .2(65 3 44.48 .6293 2 46.74 . 3003 5 ~ 

~ 
~ 

Cd) .ro .=2 .m - 4 .m - 3 .m - 2 .01 .0153 4 .01 .0150 5 .01 .03C6 5 .01 .0115 3 :;; v; 
NiO .al .CU7l 2 .32 .0171 4 .ll .ffi46 3 .34 .=2 .34 4 .21 .0164 5 .()J .0141 5 .lJ .0153 3 .26 .CE83 2 .ll .0164 5 m 

~ 0 

TOlIl. 100.47 100.% 100.23 100.10 99.83 101.01 101.25 100.45 101.12 99.;'; 
~ 

0 
cations • 

S;--1.OO38 I.CUl5 .9900 1.0036 1.0033 1.0127 1.0100 1.0175 1.0161 .'PJ5 < 

FeZ' . .7);1 . 4189 .4158 .J;SS .ll41 .1042 1.1056 .9235 .3140 .2577 
;; 
m 
~ 

It> .cnm .0056 .0J59 .0J52 .W43 .0J93 . cn62 .0121 .0044 .00lB 
~ 

Mg 1.24QJ 1.5650 1.5752 1.6141 I.fil79 1.2553 .8389 I.CE53 1.6411 1.7336 ~ 
0 

C. • (l)()J • (l)(lJ • (l)(lJ • (l)(lJ .(1XJ3 .CU12 .CU12 .CU12 OJ: 

H; .0044 .0066 .0062 .CUIO .0J69 .0046 .0021 .CUll .0J52 .Irnl 
~ 
r 

TOTA. 3.0005 
m 

2.9963 2.9985 3.= 2.9964 2.<n,1 2. 'll73 2.'l32O 2. 'l326 2. 'l333 
1101.S 

Fo 62.;'; .6435 4 78.88 .2541 4 79.11 .m19 3 81.52 .2192 2 84.66 .l6ffi 4 64 .C6 .IlSS 5 43.14 .4383 5 52.61 . 3259 3 83.% .IBJB 2 87.C6 .1346 5 



TABLE A.7-2 ELECTRON .'ICROPROB E ANAUSIS Of OU'II NES fROM C~MULATES 

IN THE UPP ER CRITICAL ZONE AT AMANOELBULT 

2 3 • S 6 B 9 10 11 12 
Iot.S 

Si~39_44 39.39 39.4S 38.7'l 38.75 38.65 38. ED 38. 23 37.7J 38.11 37.56 38_SS 
feD 17.'9 17.44 17.£9 17.a; 18.1' 18.01 IB.OO 19.53 18.90 18.00 19.CI' 19.93 
MnJ .24 .29 .2' .ll .24 .3 .25 .28 .23 .24 . 26 .2 • 
M!P 41.54 42.62 41.88 42.'9 41.% '1.79 'I.Bl '1.64 42.16 '1.89 'I.CI' 41.30 
CO) .00 .01 .01 .00 .10 .07 .a; .CI' .CI' .01 .a; .01 
NiO .J! .J; .37 .38 .31 .30 .31 .42 .41 .44 .43 .42 
TarA. 99.11 100.12 99. 24 ~.97 99.50 99. 07 99.(1; 100.10 99 .• 5 99.57 'IUS 100.48 
catioos . 

STl.0I16 I.Qlll 1.0100 .9956 .9951 .9%3 .9954 .'E37 .9759 .'E34 .'E33 .~1 
feZ+ .3752 .J7C6 .3702 .);66 .38% .J883 .J888 .42aJ • «:liS • <1:)75 .'164 .4276 
Mn .0062 .0062 .0062 .0048 .mi2 .mi5 .mi5 .0C61 .0C60 .mi2 .ro;a .0062 
Mg 1.5879 1.6139 1.5!ID 1.6269 1.5C69 1.5C65 1.6C68 1.5969 1.6252 1.6110 I.IllJ4 1.5792 
C. .Qlll .QO(lJ .QO(lJ .ax:s .1D28 .0019 .0017 .0006 .0006 .QO(lJ .0017 .0011 

fo 80.69 B1.33 B1.19 BI.61 80.48 80.53 80.52 7'l.16 79.90 7'l.81 79.35 78.69 

13 14 15 16 17 18 19 <lJ 21 II 23 
Iot.S 

SiOZ 38.57 38.31 38.10 38.'5 37.42 37.42 37. )U 38.30 37.56 37.78 38.00 
feD 19.62 19.~ 19.71 <lJ.69 aJ.39 19.~ <lJ.56 21.78 21.95 12.00 <lJ.69 
MnO .26 .24 .26 . 27 .ll .28 .26 .<lJ .28 .30 .26 
M!P 41.38 41.19 41.58 40.58 40.56 40.67 'iO.46 39.76 39.62 39.54 40.61 
CO) .00 .16 .00 .01 .(1; .(1; .00 .00 .01 .01 .01 
NiO .42 .42 .46 .39 .38 .42 .42 .39 .39 .40 .42 
TarA. 100.28 100.31 100.13 100.'1 99.CI' ~.82 99.43 100.46 99.84 100.11 IOO.CI' 
cations 

S-i--.<ro! .~ . !IllS .9905 .97'lO .9796 .'E2S .9910 .~12 .~2 .~3 
feZ+ .4212 .4300 .4246 .4458 .4462 .4375 .4481 .4713 .4796 .4811 .4482 
Mn .mi7 .0062 .mi7 .mi9 .0049 .0062 .mi7 .0044 .0062 .0066 .0067 
Mg 1.5832 1.57% 1.5963 1.S5lD 1.5815 1.5Il58 1.5715 1.5533 1.5425 1.5352 1.5677 
C. .ax:s .0041 .Qlll .0011 .0014 .001' .ax:s .Qlll .0011 .QO(lJ .0011 
Hi .(Ill7 .0000 .0096 • (Illl .0080 .0089 .0088 .(Illl .Clll2 .0084 .0000 
TarA. 3.0096 3.0139 3.0185 3.0094 3.CI'10 3.= 3.0175 3.(lJ9O 3.0100 3.0157 3.0158 

<lD1S 
Fo 78.90 78. ED 78.99 77.75 78.00 78.39 77.Bl 76.'9 76.28 76.1' 77.77 

n.d.: rot ~tected; - rot ci!tennined. 
1,2 : L_ pseudlreef (PI); 3,4 : I.\Jper pseudl .... f (P2); 5-7: Troctolite, P2 miQ:lle marker; 
1>-19: Ncrmall'e'enky Reef, Ar.lndelbJlt; 20-23 : Remant "lllreplaced" f.'erensky Reef enclosed by ~tite. 

TABLE A.7-3 ELECTRON MICROPROBE ANALYSIS OF OLIVINES FROM THE SKAERGAARO 

INTRUSION 

5196 5321 5312 
Iot.S x d n x d n x d n 

SiOZ 3£--:37 .li1i; '3 30--:76 .li1i; 3 33--:00 .aila "2 
feD 51. <lJ .6158 3 ED.'1 .4215 3 49.01 .3£53 2 
MnJ .76 .CI'31 3 1.27 .CI'31 3 .71 .0141 2 
M!P 13.59 .2466 3 6.<lJ .1261 3 16.35 .1909 2 
Ciil .25 .0195 3 .07 .crol 3 .26 .CI'8J 2 
NiO n. d. n. d. n. d. 
TarA. ~.17 ~.7I 99.7. 

catiOl1s 
-Si-- 1.0069 1.0C60 1.0ll2 
Fe2+ 1.33C6 1.65C6 l.ll41 
Mn .CI'OO .0051 .0179 
Mg .6291 .3019 .7173 
C. .CIl!3 .0025 . CIl!3 
Hi 

TarA. 2.9941 2.9950 2.'ES8 

ncl.% Fa 32.12 .2463 3 15.46 .5214 3 J!.26 .4282 2 
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APPENDIX 8 ELECTRON MICROPROBE ANALYSIS OF PYROXENE 

Both orthopyroxene and clinopyroxene were analysed for using the following 
configuration 

Left Hand Spectrometer (LiF crystal) CaD (Pyroxene) 
FeD (St. John's Island olivine) 
TiD. (i Imeni te) 
Cr.O, (Chromite) 
NiO (Nickel magnetite) 
MnO (Rhodonite) 

Right Hand Spectrometer (RAP crystal) Si02 (Jadeite) 
Na 2 0 (Jadeite) 
AI 2 03 (Jadeite) 
MgO (St. John's Isl and olivine) 

Relevant oxide pairs, FeO-MgO, Cr203 - AI 203 etc. were analysed concomitantly 
to minimise errors. 

Analyses were 
(see below). 
or XM~ ratio 
Total Iron is 

recalculated assuming a structural formul ae bases on 6 oxygens 
In addition, the ratio of cations AI/cations Cr and the mmf, 

(cations Mg/Mg + Fe2t ) have been calculated for each analysis. 
presented as FeD. 

The majority of analyses completed in this study are presented in the 
following Tables. "c" refers to analyses of the cores of grains and "m" 
denotes the margin. Averages of each sample group are presented where 
appropriate. 

TABLE A.8-1 Electron microprobe analysis of pyroxenes from iron-rich 
ultramafic pegmatite bodies at Amandelbult. 

TABLE A.8-2 Electron microprobe analysis of pyroxenes from the platiniferous 
ultramafic pipes. 

TABLE A.8-3 Electron microprobe analysi s of pyroxenes from cumulates in the 
upper critical zone at Amandelbult. 

TABLE A.8-4 Electron microprobe analysis of pyroxenes from pegmatites 
bod ies in the main zone in borehole SK2, Union Section (from 
Mitchell, in prep.). 

REFERENCES 

MITCHELL, A.A. : The geochemistry and orIgIn of the main zone, western 
Bushveld Complex. Ph.D thesis (in prep. ), Rhodes Univ., 
Grahamstown. 

---------------------



TABLE A.B-1 EL[CT RON MIC ROPR OBE ANALYSIS OF PYROXENES FROM IRON- RiCH 

ULTRAMAF IC PEGMATITE BODIES AT AMANOElBUlT 

if.-9 1f.-9 1f.-12 1f.-12 1f.-9.12 1f.-1O 1f.-1O 1f.-1O PE-20 1f.-1O f€.-zo Jt:-ZO 1£-10 
wt.% c c c c x d ~ c c c c c c c x d n 

SiOZ-52.15 52.55 52.64 50.60 5C99 .9176 4 52.fiI 52.Zl SUD 50.93 48.99 51.36 5O.lD 5C50 .i6oo 5 
TiOz .fiI .49 .51 .62 .57 .!ll66 4 .12 .15 . 14 .16 .64 .lB .63 .15 .~4 5 
A I;>OJ 2. 1E 2.1E 2.01 2.1E 2.07 .Cl'CO 4 .81 . I!! .95 .!!l 2. 13 1.24 2.11 .97 .1636 5 
FeO 12.82 11.64 12.19 12. 71 12.34 .5415 4 II.4S 11.66 11.55 1l.93 12.66 11 ,73 12.52 11.66 .J8l) 5 
MrO .ll .Zl . 32 .ll .29 .0395 4 .25 .25 .25 .25 .28 .Zl .25 .25 .(009 5 
l'qJ 12.19 12.45 13.Zl 12.:E 12.55 . 4584 4 12.10 12.25 12.00 12.50 12. i1l 12.48 12.06 12.27 .22lJ 5 
C<il 21.27 22.01 20.49 21.13 21.Zl .6238 4 Zl.24 22.85 21.99 21.99 21.52 22 .00 21.21 22.53 .5465 5 
NazO .17 .15 . 24 .24 .20 .0169 4 .ro . 12 .14 .Zl .01 .29 .00 .0645 5 
Cr;>OJ .06 . 07 .07 .00 .07 .aJ82 4 . ro .06 .07 .01 .07 .01 .00 .06 .Oln 5 
NiO 
Tar~ 101.71 101.67 101. 71 100.13 101.32 llXl.66 100.36 !!l.1O !!l.92 99. 22 99.87 100.06 99.46 

cat ions/ 6 ox.~s 
Si 1.9116 1.6177 1.9183 1.9202 1.9399 1.9787 1. 9702 1.9591 1.9539 1.!Il63 1.9195 1.9286 1.9523 
Ti .0188 .0113 .0142 .0177 .0100 .0033 .(1)43 .(1)41 .(1)46 .0185 .0051 .DllD . (1)43 
Al .C91l .7547 .1B9J . an) .• C91O .aJS9 .0091 .0132 .0143 .[JJf,7 .0655 .1:944 .0136 
feZ+ .3992 . 2997 .3773 . 4034 .:E50 .lS97 .3678 .3718 .:E2B .t(Jn .3724 .3975 . 3716 
Mn .0J95 .aJBl .0100 .aJ96 .am .rom .(l)BJ .aJ82 .rosl .aJ91 .0074 .CIl34 .aJ8l 
Mg .6764 .5712 .71!!l • i1lOl .6!l!4 .6775 .6!l92 .69J2 .7147 .7188 • i1l6O .8823 .-Cd .B4BS .7100 .8126 .1592 .B4BB .9355 .9236 .'ll94 .9lJ9 .1!!79 .9192 .1528 .91!!l 
Nd .0123 .(l)!I) .0172 .00n .0145 .aJ22 • (l)!I) .0104 .0172 .0007 .om .0059 
Cr .0018 .0017 .aJ1O .0240 .0021 .0009 .0018 .0021 . 0012 .0021 . 0012 .0024 .0015 
Ni 

Tar~ 3.9992 3.9972 4.0006 4.0233 4.= 3.99!15 4.= 4.aJB3 4.0240 4.0453 4.0173 4.0157 4.0138 

Wo 44.10 45.46 42.33 43.78 43.93 34.34 34.00 34.99 35.71 43.95 46.a! 44.41 46.27 
En 35.15 lS.n :E.OI lS.ES 36.15 18.24 18.57 18.90 19.13 36.00 35.34 35.12 35.06 
Fs 10.75 18.n 19.66 20.55 19.93 47.42 46.63 46.11 45.17 20.14 18.64 20.46 18.69 

rrmf .629 .656 .659 .634 .645 .0152 4 .653 .!li2 .649 .!lil .641 . !liS .632 .662 .0022 5 
Al/Cr 51.69 44.ll 43.45 :E.n 44.00 t(J.25 21. 87 1O.Zl 36.53 45.37 46 .22 39.32 28. 93 

AD-5 AD-5 AD-32 AD-32 AD-32 1'IJ.41 AD-41 AD-41 AD-5,32.41 11:-5 PC-5 1C-5 11:-5 11:-5 
wt .% c c c c c c c c x d n c c c c x d n 

5iOZ-51.45 51.00 52.lB 51. 47 51. 72 5l.l8 51. 73 51.00 5C49 .31sa B 51.:E sa. 43 50.78 sa. 57 sa~79 .4188 4 
THlz .55 .47 .52 .55 .54 .57 .24 .69 .55 .0673 7 .57 .52 .59 .52 .55 .roS6 4 
AI;>OJ 1.91 1.78 I.Iil 1.81 1.91 2. a! 1.61 2.12 1.92 . 1176 7 2.00 2.39 2.00 I.Iil 2.00 . 2146 4 
feO 12.16 12.ES 13.06 13.12 12.91 12.ffi 12.01 12.95 12.78 .3434 8 12.ro 12.43 12.01 12.32 12.21 .1014 4 
MrO .14 .25 .31 .25 .26 . 27 .26 .25 .25 .a!07 8 .25 .Zl .Zl .25 .24 .01lS 4 
l'qJ 12.13 1l.S9 12.Zl 12.31 11.91 12.00 12.01 11. 92 12. a! .2218 8 11.34 12.03 12.01 12.10 ILl!! . 3597 4 
C<il 22.03 21.58 22.a! 22.18 22.95 22.15 23.06 22.41 22.18 .3925 7 22.43 22.13 22 . 31 22.12 22.22 .1411 4 
NazO .21 .14 .27 .12 .12 .12 .11 .12 .0110 5 .18 .27 .21 .lB .21 .0124 4 
Cr;>O:J .10 .00 .01 .00 .00 .01 .a! .04 .07 .a!34 7 .06 .Il .rJI .06 .07 .a!63 4 
NiD .02 .01 .01 .01 .01 .02 .01 .06 .01 .(1)49 7 .02 .01 .ro .02 .OHD 3 
Tar~ 101.49 99.69 102.56 101.90 102.35 101.22 101.01 101.54 101.40 100.33 100.54 lOO.ll 100. 01 llXl.2B 

cations! 6 ox~ns 
5i 1.92fIl 1.9162 1. 9345 1.9242 1.9258 1. 9245 1.9140 1. 9170 1.9309 1. 9119 1.9D!Il 1.9234 1.9233 1.9247 
Ti .0158 . OIlS .0145 .0155 .0151 .0161 .1ll68 .0195 .. 0155 .0162 .0I4B .OIES .0149 .0157 
Al .CllS7 .0799 .C826 .07!1l .C83B .C895 .0713 .OO:E .0049 .1JJ27 .lOO6 .C893 .Cll41 .C934 
feZ+ .3999 . 4040 .4019 . 4102 .4020 .4011 .m5 . 4036 .4000 .llJ3 .3935 .:E14 .3919 .3870 
Mn .(Dl6 .CIl34 .0091 . 1J)J2 . 0076 .aJ95 .aJB3 .rom .aJ83 .rom .0074 .0014 .rom .0077 
Mg .6774 .65Bl .6757 .6859 .6626 .6725 • filfIJ .f666 .fil lB .6387 .6787 • fil9I .E8S9 .6709 
Cd .1ll45 .!ml .ffl47 .!lJ8S .9121 .8925 .92B6 .9010 .8912 .!Ill4 .1il76 .!ni5 .9014 .9022 
Nd .0195 .0103 .0191 . COOI .ros7 . 0081 .aJ83 • COOl .0132 .0198 .0154 .0133 .0154 
Cr .DOll .0021 .0021 .0024 .0024 .0012 .0006 .0012 . 0021 .0015 .0033 .0021 .0018 .0021 
Ni 

We> 45.00 45.34 44.73 44.n 46.14 45.32 46.ffi 45. 71 45.38 47.13 45 .57 46.01 4S.56 46.03 
En 34.53 33. ffI 34.56 34.56 33.52 34.15 34.11 33.82 34.21 33. 14 34.45 :11 . 56 34.65 :II.Zl 
f' 10.]! 10.79 20.71 2O.fiI 10.34 20. 52 19.01 10.41 20.41 19.73 19. !Il 19.39 19.00 19.74 

rrmf .629 .620 .625 .626 . 622 .625 .642 . 6Zl .fQ7 .1ll68 8 .fQ7 . 633 .fAl .636 .634 .CDS9 4 
Al/tr 28.93 29.49 40. 25 33.73 35.00 75.29 120.02 79.02 40. 90 fQ.02 32.39 42.00 46.91 44. 52 
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S iO(-54. 56 SUB 
Ti~ .21 .12 
Al~ lorn 1.Tl 
F~ 15.69 U.as 
1+'0 .n .29 
~ 16.'" 21.34 
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C..,o,.<5 .52 
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TOTA.. 99.91 lOll! 

catiom:/ 6 m~ 
Si 1.9717 1.9X:D 
TI .(1)57 .aJ32 
Al .0'19 .0721 
feZ •. 4742 . 4141 
11'1 .0101 .am 
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" .- .,... .051B .<B>l .8161 ."18 .81" • .,15 .. ,(1120 ."'" .mll .IDOl 
cr .1DI8 .0122 .- .OlJ1 .- .W., .O<BB . W75 .. .1D1O .<D16 .0011 .CDZl .allS .CD]; .CDID .<Illl 

Tar ... 3. IJI27 J."" J.9961 '''''' 3.9776 3."" J.9750 J.Wl7 

... . 2 • .11 1." 1.71 '.1B 46.'" .'.47 41.11 46." 

" 74.9' 75.'" 81." n.~ <S.U ..... 51.<l <S." 

" 21." ll." IS." U.69 '-Ill 1.111 .... 1.B 

"" ... .crr.o 1 .no .,..., • 811 .001< • .811 .ron 2 .831 .mlJ 5 .ffiO .91' ... , 
AI/O' '-W 1.07 1 '.13 .751 , ' .74 .01J • .. ., .,., 1 6.17 1.69 , 1." J." 3.91 



TABLE ~ . a-3 ELECTRON MICROPROB E ANALYSIS OF PYROXENES FROM CUMULATES 

IN THE UPPER CRITICAL ZONE AT AMANOELBULT 

2 3 • 5 6 7 8 9 10 II Il 13 14 
lot .S 

SiO;-54.'E 54.2' 54.'9 54.99 54.17 54.52 54.27 54.97 54.'E 55.14 55.37 55.!!l 55.44 55.73 
TiOz .Il .1' .15 .17 .13 .<ll .27 .lB .17 .15 .17 .ID .17 .19 
AlzOl 1.74 1.70 1.76 1.41 1.62 1.51 1.3l 1.79 1.82 1.67 1.33 1.66 1.37 1. 2'1 
Fell 12.41 ll.lB 1l.69 1l.54 15.21 14.&1 13.46 1l.1lI 13.01 1l.66 13.01 1l.'E 13.52 14.27 
MrO .28 .28 .22 .26 .19 .19 .28 .15 .19 .24 .19 .26 .26 .lD 
Mgl 28.33 28.76 28.lB 27.68 25.59 26.23 27.17 27.7' 28.06 27. !ll 28.45 28.27 28.1l 28.67 
Cal 2.00 1.41 2.14 I. 97 2.21 I.Bl 1.92 2.31 1.44 1.81 1.72 1.49 1.43 .BI 
NazO n.d. n.d. n.d. . lB .<ll n.d. .23 n.d. .01 n.d. n.d. n. d. n.d. n.d. 
CrzOl .58 .49 .44 .36 .49 .:11 .44 .52 .51 .51 .52 .40 .45 .~ 

NiO .Il .11 .Il .Il .13 .09 .09 .00 .ID .ID .10 .00 .1lI 
TOTA. 100.56 99.31 100. 19 99.68 100.03 99.89 99.95 99.93 1DO.:I1 100.25 101.46 1DO.93 lOO.BI 101.64 

cations/ 6 ax:~ 
Si 1.9516 1.9169 1.9158 1.'E!l8 . 1.'E09 1.9577 1.9193 1.'E09 1.9560 1.'E24 I. 9570 1.9716 1.9S69 1.'E47 
Ti .= .DD:Il .0040 .0D46 .00lS .0054 .0073 .0048 .0D46 .0040 . 0045 .0a17 .0045 • (])5() 

Al .0728 .0719 .0741 .0695 .0691 .0642 .om .0753 .0763 .0701 .0652 .0687 .0673 .(615 
FeZ+ .l586 .3656 .3793 .3757 .4605 .44!!l .<043 . 3604 .ll72 .3766 .l8l4 .:1330 .4012 .4207 
Mn . 00&1 .0086 .0067 .0079 .0089 .0089 .0086 .0076 .am .0072 . 0D86 .0078 .0078 .OD9J 
Mg 1.4993 1.5:Il5 1.4997 1.4777 1.:m5 1.4109 1.4544 1.4748 1.4800 1.4843 1.4928 1.489J 1.4863 1.506l 
Ca .0772 .0642 .1lI19 .0756 .CBS7 .07(8 .0739 .tHll .0649 .0693 .0649 .0664 .0644 .0017 
Na .0125 .0140 .0160 .0014 
Cr .0163 .0119 .01l4 .0101 .0140 .0100 .0125 .0147 .0143 .0144 .0145 .0D84 .0126 .0D89 

\I:) 3.72 2.71 4.lB 3.92 4.45 3.67 3.82 4.59 2.BI 3.58 3.34 2.93 2.!!l 1.62 
En 77.1lI 78.56 76.49 76.60 71.65 73.1l 75.26 76.67 77.10 76.91 76.91 71.21 76 .54 76.93 
Fs 18.95 18.67 19.33 19.48 23.93 23.21 <ll.92 18.74 <ll.06 19.51 19.75 19.86 <ll.55 21.48 

rrmf .!!ll .!!lB .m .797 .750 .759 .782 .804 .794 .798 .7'1; .7'1; .787 .782 
A1/Cr 4.47 5.17 5.'E 5.BI 4.93 5.92 6.<ll 5.13 5.~ 4.E!l 3.81 3.<ll 4.54 5.78 

n.d..: rot ~tected; - rot determined. 
1-4 : ~l fw8'"ensky Reef (sarples AT-15 & -17;cores of large cllTlJlus g"ains) 
5-8 : fw8'"ensky Reef eoclosed by pegnatite (sarple E2;5,7,S-cores of large CU1lJlus gralns.&-<rorgin of grain 5) 
9-14 : l'e"eflSky pyroxenite (sarples PA-4 &. A1;9-13-eores of large CLmJlus grains,l~gin of grain 13) 

2 3 4 5 6 7 8 9 10 
lot.S 

SiO;-54.n 55.54 55.89 55.40 55.17 55.79 52.40 54.89 55.56 55. 24 
TiOz . lD .17 .14 .11 .00 .Il .42 .20 .13 .Il 
AlzOl 1.39 1.19 1.71 1.64 1.72 1.32 2.06 1.33 1.19 I.SO 
FeO 14.1l 13. 79 11.09 IO.Bl 11.25 10.76 5.85 1l.35 13.44 l3.00 
MoD .28 .32 .23 .22 .23 .21 .26 . 22 .26 .24 
MgJ 27.22 28.14 19.1B 19.63 lD.06 lD.56 14. SO 27. l6 28.48 28.44 
CaD LOS .67 U!i 1.28 1.00 .89 23.23 3.36 .89 1.58 
NazO n.d. n.d. n.d. n.d. n.d. n. d. .31 n.d . n.d. n.d. 
CrzOJ .35 .31 • SO .SO .51 .34 .73 .49 .39 .57 
NlO . 09 .Il .Il .07 .10 .07 .00 .Il .10 .00 
TOTA. 99.51 100.14 leo. 71 99.74 . 100.19 100.06 99.&1 100.32 leo.54 leo. 71 

cations/ 6 ox~ns 
Si 1.9709 1.9772 I.'ESO 1.'E55 I. 9501 1.9664 1.9117 1.9604 1.9701 1.95ffi 
TI .0081 .0046 .0037 .0a19 .0a14 .= .0117 .0054 .0035 .= 
Al .0593 .0641 .0709 .D686 .0717 .0548 .09C0 .0560 .0641 .0627 
FeZ+ .4254 .4106 .3261 .3154 .3326 .3172 .lBll .3689 . 4ODI .l!S5 
Mn .0086 .0096 .0068 .0066 .0069 .0063 .0ll2 .0067 .1D78 .1D72 
Mg 1.4614 1.4930 1.5293 1.5667 1.58lO I.fIl53 .1IDl 1.4563 1.5105 I .SOlD 
Ca .0105 .1:1'56 . 0701 .()187 .0409 .Clll7 • !l'24 .lZ86 .Clll9 .IID) 

Ha .(J123 
Cr .0100 .0087 .0139 .0140 .0143 .0095 .0114 .0138 .0100 .0160 
Hi 

I/o 2.10 1.32 3.64 2.52 2.00 1.72 48.43 6.58 1.75 3.00 
En 75.82 77.39 79.42 81.14 00.91 82.07 42.!l; 74.54 77.fIJ 77.1J 
Fs 22.07 22.07 21.28 16.14 17.00 16.22 9.52 18.00 20.57 19.79 

rrmf .m .784 .824 .832 .826 • IDS .815 .798 .791 .796 
AlICr 5.'>' 6.al 5.JO 4.89 5.00 5.79 4.21 4.05 4.93 3.'>' 

n.d.: rot Q!:tected; - rot ci!termined. 
1,2 : ~ttled ¥<>rtOOsite, _. PI (_1. '*i-4; interC\mJlus orthopyroxenes in ""'ttles") 
3~ : Lc ... • pseudlreef (PI) (_Ies A'i-4 & '*i-2OB;curulus ortfupyroxenes) 
7: ItIttled ¥()rtrosite. atove PI (5a'It)1e JlH-2C6;curulus clil'"OP)'l"'OXere) 
8-10 : leu:onorite in P2 middle marker (soJTl)le PD-4lA;c\Jl1Jlus <J'1:hopyraxeres) 



""'.\ 
SiD2 
TiD2 
Al:203 
FeO 
MnO 

"10 
caO 
Na20 
Cr :203 

51. 61 
.3' 

2.51 
8.22 

. 22 
12.91 
23 . 16 

.32 

. 14 

99.43 
cationsl 6 oxygens 

2 

51. '0 
.26 

2.65 
7.90 

.20 
12.81 
23.12 

.28 

.12 

98.74 

Si 1. 9383 1. 9405 
Ti .0096 .0074 
Al .Ull .U79 
Fe2+ .2582 .2494 
Mn .0070 .0064 
"'J . 7226 .7207 
ca .9320.9352 
Na . 0233 .0205 

We 
En 
Fs -AlICr 

48.73 
37.78 
13.50 
26 . 73 
.737 

49.08 
37.83 
13.09 
32.93 
.743 

TABLE A.B-3 (CONTINUEO) 

3 

51. 71 
.3' 

2.52 
8.69 

.22 
ll.22 
23.15 

.32 

.14 

100.31 • 

1. 9292 
.0095 
.1108 
.2711 
.0070 
.7350 
.9254 
.0231 

47.91 
38.05 
14.04 
26.84 
.731 

• 
51.29 

.'6 
2.15 
8.9' 

.21 
ll.3' 
22.29 

.23 

.ll 

99.44 

1. 9371 
.0131 
.0957 
.2824 
.0067 
.7508 
.9021 
.0168 

46.61 
38.80 
14.59 
24.66 
.727 

5 

51.19 
.50 

1. 70 
9.75 
.2' 

ll.55 
22.31 

.28 

. 14 

99.66 

1. 9313 
.0142 
.0756 
.3076 
.0077 
.7619 
.9019 
.0205 

45.75 
38.64 
15.61 
18.10 
.712 

6 

51.00 
.45 

2.84 
8.65 

.25 
12.59 
22.58 

. 35 

.13 

98.84 

1. 9294 
.0128 
.1266 
.2737 
.0080 
.7099 
.9153 
.0257 

48.20 
37.38 
14.41 
32.57 
.722 

7 

51.39 
.3' 

2.51 
8 . 7B 

.22 
12.57 
22.75 

.32 

.14 

99.02 

1. 9411 
.0097 
.il18 
.2774 
.0070 
.7076 
.9208 
.0234 

48.32 
37.D 
14.55 
26 . 73 
.718 

8 

51.20 
.3' 

2.5B 
8.0B 

.22 
U.65 
22.57 

.32 

.14 

97.10 

1.9655 
.0098 
.1131 
.2594 
.0072 
.6666 
.9284 
.0238 

50.07 
35.94 
13.99 
26.62 
.720 

9 

50 . 69 
.34 

2.53 
9.19 

.22 
ll.42 
22.50 

.32 

.14 

99.35 

1. 9150 
.0097 
.il27 
.2904 
.0070 
.7556 
.9108 
.0234 

46.55 
38.61 
14.84 
26.94 
.722 

10 

52.72 
.3' 

2.53 
9.54 

.22 
13.75 
22.57 

.32 

.14 

100.ll 

1. 9356 
.0094 
.1095 
.2929 
.0068 
.7524 
.8761 
.0228 

45.60 
39.16 
15.25 
26.94 
.720 

Sample AT-1J - ail sliver-like grdins of intercl!mulu5 clinopyroxene in mottlGd ar.or~~:'csite. 

wt.\ 
SiD2--
TiD2 
Al20) 
FeO 
MnO 

"10 
caO 
Na20 
Cr20) 
NiO 

TOrAL 

1 

55.19 
.19 

1.40 
13.19 

.26 
28.60 
1.01 

.01 

.41 

100.26 

2 

54 . 89 
.20 

1.33 
12.35 

.22 
27.36 

3.36 

.49 

.12 

100.32 
cations/ 6 oxygens 

Si 1. 9641 1. 9604 
Ti 
Al 
Fe2+ 
Mn .., 
ca 
Na 
Cr 
Ni 

TOrAL 

We 
En 
F. 

AlICr 
mnf 

. 0051 

.0059 

.3926 

.0079 
1.5169 

.0385 

.0007 

.0012 

3.9960 

1.98 
77 . 87 
20.15 

5.09 
.794 

.005' 

.0560 

.3689 

.0067 
1.'563 

.12B6 

.Oll8 

.0035 

3.9994 

6.58 
74.5' 
18.88 

4.05 
.798 

3 

55.56 
.13 

1.29 
D.44 

.26 
28.48 

.89 

. 39 

.10 

100.54 

1.9701 
.0035 
.0541 
.4001 
.0078 

1. 5105 
.0339 

.0100 

.0029 

3.9939 

1.75 
77.68 
20.57 

4 . 93 
.791 

4 

55.2' 
.12 

1.50 
13.00 

.2' 
28.44 
1.58 

. 57 

.08 

100.77 

1.958B 
.0032 
.0627 
.3855 
.0072 

1. 5030 
.0600 

.0160 

.0029 

3.9987 

3. 0B 
77.13 
19.79 

3.92 
.796 

5 

53.37 
.32 

3.35 
4.17 
.D 

15.31 
23.44 

.43 

.68 

101.10 

1. 9302 
.0087 
.1428 
.1261 
.0040 
.8252 
.9084 
.0315 
.0194 

3.9950 

48 .84 
44.37 
6.78 
7.35 
.867 

6 

53.06 
.35 

2.95 
4.29 

.15 
15.39 
23.21 

.42 

.74 

100.56 

1. 9334 
.0096 
.1267 
.D07 
.00.6 
.8357 
.9062 
.0297 
.0213 

3.9979 

48.39 
44.63 

6.98 
5.9' 
.865 

7 

52 . 94 
.35 

2.94 
4.06 

.15 
14.55 
22.96 

.42 

.74 

99.11 

1.9523 
.0097 
.1278 
.1252 
.00.7 
.7997 
.9073 
.0300 
.0216 

3.9783 

49.52 
43.65 
6.84 
5.92 
.865 

8 

53.33 
.32 

2.45 
4.81 

.14 
15.49 
22.93 

.32 

.53 

100.32 

1.9486 
.0088 
.1055 
.1470 
.0043 
.8435 
.8978 
.0227 
.0153 

3.9935 

47.54 
44.67 
7.78 
6.89 
.852 

Sample AT-11 - nos. 1-4 orthopyroxene mottles; 5-8 clincpyrc,ene mottles. 



TABLE A.B-4 ELECTRON ,~ICROPROBE ANALYSIS OF PYROXENES FROM PEGMATITE BOOIES 

IN THE "AIN ZONE. FROM BOREHOLE SK2 AT UNION SECTION 

(Fran Mitchell, in prep.). 

SlO! ".11 41 . 611 U.:t n ,H ",n U.17 50.14 }O.)I U." sO.U 50.40 ~." 1(1,70 SO,U ){l.U 

TlOz 0 . 41 0,)4 D... 0 . 41 O.~l D,H 0.16 D.H 0.1' 0.S4 0.)0 O,S\ 0 . " O.W 0." 

UZO} 1.]4 I,U \.49 0." loU Ion 0.'4 1.40 1.14 1.6) 1.60 1.600 l,U 1.34 I.H 

hO 14,16 n ." 1).04 H .14 ll.U n.n H.H H.H I/o.}! 19.14 19,') II ,U 11.41 U." 10.11 

ItnO 0 .• ' 0.66 0 . 61 O.U 0 . 66 D... 0." 0." 0.46 0.41 O.U D.H 0.41 O.U o.n 
1'1.&0 '.17 6.n '.n t ... " J.lt I.n '4.4) \0.,6 10.01 '.Il ',It '.14 '.lI '.11 '.16 

e.o II." u .n U.44 4.H lI.'S 11 . 3\ loU U.H D.n 11.11 \1,60 zO .n n . ll 10.lS 1' .20 

II~ZO D.H 0.11 D.U 0.11 D.l' D,U 0 ,00 o.H D,ll 0.110 D,ll D. t) D. ll D. 1l 0.1l 

eflD} 0,00 0,0\ D.O} 0 , 00 0 ,00 0,00 0.01 0.0\ 0,01 0,010 0,0] 0,00 0 . 00 0,00 0,01 

IHO 0.0) D,OJ 0 .0) D,Ol D,O} 0.0) o.~ 0,00 0.00 0,00 0.00 0 . 00 0,00 0,00 0 , 00 

l'1JToI.t.. 100.14. 100.64 100.60 tOLl' 100.41 loo .n 100.61 100 .• 0 lOO.~ lOO.n lOO.n 101.J4. 100 . 57 101.01 100." 

" n .. 
'" 

,. 
" 
" 

Sial 

flO
l 

UtO, 

'". 
~. ... 
c.. 

"',' 
erlo) 

'" 
TOfAl. 

.. 
n .. 
'" ~ 

.el. till .. .. 

1.'" I .Ut l.'U 1.,n 1.941 I.U4 1.96' 1.9') l.tH 1.94' 

o.ot) 0.01t 0.01) 0.012 o.ou 0.012 0.00' 0.016 0.01' 0.016 

o.ou 0.060 0 .0" o.on 0.069 o.ou O.OU 0.0" 0.01) 0.014 

0.'0' O.1U 0.160 1 .I H 0.114 0.711 1.0)) o . Uo 0.801 0 . 610 

o.on 0.021 O.Oll 0.012 o.on o.on 0.019 0.0\1 0.01) 0.0l) 

0.400 0.4.01 0.401 O. ~6J 0.4H O.UO 0.1"\ O.lU 0.'11 o. S61 

0.7U o.H' 0.n9 0.1" 0.1)1 0.128 0.1I0 0.611 0.'71 0.7~4 

0.0\) 0.00II O.OD 0.014 O.Oil O.OlZ 0.000 0.011 0.011 0 . 010 

0.000 0.000 0.001 0 .000 .. - .- .. - .. - ..• .-
0 .001 0.00\ 0.00\ 0.001 0.001 0.00\ 0.001 O.COO 0.000 0.000 

10." 20.n 10." 21.n n.ll n.n U.lf )O.OS H.n 19.1)t 

41 .]) 40.)1 19.04 H.l'- 19 . 77 3'.91 SLor J'-41 4.0.51 31 . 00 

)1.11 ) •• " 40.0) 10.0\ 31.'0 )1.4.1 s.n ]10.4' 1t . 40 n.n 

0.311 O.lll 0.1" 0.31' 0.360 0.161 0.4'9 0.4n 0.'11 0.416 

n.u H." }0.11 )1.'0 H.U )O ,I! SO . ., 

0.1o} 0.4) 0 . 41 0 . 4] O.U. 0,41 0.4) 

1.11 1.6\ 1.15 L4S 1.10 1." 1.49 

14.'0 a.12 U.H 14.1) n.49 U . 4' 16.n 

0 •• ' 0.4.1 0.41 0.41 0.47 0,41 0," 

lI.n U.ll 10.7) 10 .91 11." 11.tt H.O) 

It.to 19.51 11.]4 n.n 11.11 U.S) 19." 

0,11 0 . 17 0.11 0,11 0,11 0.18 0.18 

0.01 0.01 0.04 0 .01 0,10 0.01 0.0) 

0,00 0 ,00 0.00 0.00 0.01 0 , 02 0.01 

I... • .• ..M •. M ,., .,. _n •. n 

1.,40 l.ut LU' 1.941 1.9)1 1.941 

O, OU 0 .01l 0.011 O.OU 0.011 O.on 

0,011 0.011 0.010 0.061 0,093 0.014 

0 .461 0.4$) 0 ,4" 0,4" 0 ,"1 0,'" 

0 .01S O.OU O.OD 0.01~ o.ot' o.on 

O.nl o,n. 0 .60' 0.'" 0.") 0 ./010 ) 

0,'00 0.19' o .• n 0.11' O.lto 0.7n 

o.ou O.OU 0,011 0,012 o ,on O.ou 

0 .001 o.ocH o .oot 0.001 0 .(0) 0.001 

0 .000 0.000 0.000 0 ,000 0 . 001 0,001 

4.oU ',001 4.021 '.014 4,009 4.011 

11 .31 3).90 lO.14 n.)) )).11 n,l, 

n.7l n,Jo 15,01 2).n 10 .17 n,lO 

'0." 100.10 "'.Of 44.74 44.01 " ,71 

0.'''' O,~ 0."1 0.)7\ 0.61) O,))S 

1."" 
O.OU 

O.OU 

o.H) 

O.O\) 

o .'n 

0.106 

0.0l) 

o,oot 

0 .001 

4,014 

]2.12 

n.n 
'1.16 

$0.07 H.06 49.0) 

0, 10 0.44 A." 
0,64 2.ll 1.00 

n.n 12.91 1~.100 

0,64 0,41 O,H 

14.n 11." 10 . " 

1.71 !l.16 n.ll 

0.00 0.11 0,11 

0.01 o.ot 0.01 

0,0) 0.02 0.00 

" . n 100." fI.t1 

1.U3 1.91' 1.901 

0.006 O.OU 0 . 010 

0.010 0 . 101 0.092 

La)) 0.'10 0.441 

0,011 0.01) 0.01l 

o.au 0 , '" 0.63) 

O,OIl 0.'" 0.'" 
0.000 O.OU o,on 

0.001 0,001 0.001 

0 , 001 0.001 0.000 

4.004 4,on 4.01' 

41.74 )4.n H." 

Jl.H H.14 n.s" 

1." t.4.U 44.n 

0 , 444 0,611 O,SH 

l.,n 1. 941 I.UO 1.94' 

O.OU 0.01~ 0.0\4 0.014 

0 .01) 0 ,01) O.OSI 0.061 

0.641 O.S" O.~fKI O.st. 

0.01S 0.01) O,OU O.OlS 

0 . H4 0.'14. O. Sll O.H' 

0.111 0.'11 0."0 0.')) 

0.010 0.010 O.tlIn 0.010 

0.001 0.000 0.000 0.000 

0.000 0.000 0,000 0,000 

16.S1 26.7) H.U a.t7 
n.u 30.5' 11." 10.41 

".91 4.1.14 44.11 H.H 

0.441 o . ur 0.4'1 0.410 

1.9)1 

o.ou 
o.on 

O,'SO 

0 . 01) 

o.n. 
o.ln 

0 .010 .. -.. -
21.lZ 

J) . " 

)t.02 

".2' n.)! )1.87 st.ll SI.lI 11.16 

0.69 0.69 0,4.) 0.~4. 0.44 0.4} 

1.&4 1,101 I.,' 1.60 I.H : .1 4 

1' , 10 \l,U 14.11 10,'0 12.12 0.9) 

0,11 o.n 0,47 0.41 0.41 0.47 

11.46 n.to 14.17 13.11 l1,n 14.06 

ZO.n 11,61 It,n n , lI lI,n n," 

0.11 0,11 0.11 0,11 0.11 0.17 

0.01 0.01 0.06 0.01 0.1l 0.0' 

0.00 0.00 0.02 0.02 O.OZ 0.0l. 

".n 100.91 100. 11 100.'0 100.4) 101.22 

t,UI 

0.010 

0.084 

0.4" 

O.ou 

0 , 66' 

0.'" 
O,Otl .. -
'.-
4,011 

)J.lt 

n." 
'),70 

o,sn 
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APPEND[X 9 ELECTRON M[CROPROBE ANALYS[S OF AMPH[BOLE AND M[CA 

These analyses were performed using the same configuration on the electron 
microprobe as used for the analysis of pyroxenes, except that K20 was 
determined on the left hand spectrometer using the qua rtz crystal with an 
orthoclase standard. Iron was analysed as total FeO. The percentage of 
Fe 0 was th en calculated (see below) assuming Fez03/FeO equals 0.4, after 
the method of Allen and Boettcher, 1983). The structural formula was 
computed for 23 oxygens on a water-free basis, again, using the method of 
Allen and Boettcher (see below). All analyses are presented in the main 
text. 
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APPENDIX 10 ELECTRON MICROPROBE ANALYSIS OF Fe-Ti-Cr-OXIDES 

Fe-Ti-Cr oxides, including chromium-spinel, iron-titanium-spinel and ilmenite 
were analysed on the elect ron microprobe using the following configuration 

Left Hand Spectrometer: (LiF crystal) Cr203 (Chromite) 
NiO, FeO (Nickel magnetite) 
Ti O~ (I lmen i te) 
MnO (Rhodon i te) 

Right Hand Spectrometer: (RAP crystal) MgO (Synthetic spinel) 
AI 203 (Synthetic spinel) 

Vanadium and zinc were not analysed for . 
The percentage of Fe~O~ was then calculated 
using one of two recalculation programs : 

Total iron was determined as FeO. 
assuming structural stochiometry 

(1) An in-house computer program developed by H.V. Eales ("Spinel 3") which 
assumes a structural formulae (stoichometry is adjusted during the 
calculation of Fe,O,) based on 32 oxygens. This method was used for all Cr­
rich spinels (chromites and chromium-magnetites). The recalculated cations 
sum to 24.000 (see below). 

(2) For chromium-poor spinels (less than 2 wt. percent CrZ 03 ) and ilmenites 
the recalculation technique of Stormer (1983) was used. In this method the 
cations sum to 3.000 for magnetite and 2.000 for ilmenite. This technique 
also calculates the mole fractions of ilmenite and ulvospinel (see below). 

The results of analyses not discussed in the main text are presented in the 
following Tables : 

TABLE A.10-1 Electron microprobe analysis of chromites from cumulates in 
the upper critical zone at Amandelbult. 

TABLE A.l0-2 Electron microprobe analysiS of Fe-Ti oxides from pegmatite 
bodies in the main zone in borehole SK2, Union Section (from 
Mitchell, in prep.). 
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TABLE A.l0-2 ELECTRON MICROPROBE ANALYSIS OF CHROMfTES FROM PEGMATfTE BODIES 

IN THE MAIN lONE, FROM BOREHOLE SK2 AT UNfON SECTfON 

(From Mitchell , in prep.). 
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101.ot 10:1. U lOt... 101. n 

0 .1' o.n •. n 0.1t 
•. 1. 0.01 0 .01 0.14 

I.U 0." 0 . 11 1.11 

I.» •. 11 0.10 1." 
•. 01 0 .01 0 .1Il 0 .01 

•• GII 1:1.01 1:1.01 1:1.01:1 

I:I .GII 0 ,00 1:1.00 0.1:1] 

1I.CO "".40 ..... n ' .n '.0' '0." U,16 )0 ," 300,11 n .n U." 

J.n 0,1' o.n loU z." G.U 4.0J o.n 0,2) 1.U 0.16 

4I.n lO." 41.14 34.U ,.,n 1,).70 41 . 31 41.n ".l' U,Jt lI,n 

)\.11 10,06 t .)) )t.1t n... '.n n ." '.H l . n 4t.H '.11 
D.H 1.10 1.34 0.40 0,)1 o.a 0.44 0.61 0.16 O.l) o.too 
G,n O,H 0.5' 1.01 D.1l O.U O.lt 0." D.n 0. 27 o.lf 

0.0 ) 0.01 0,00 0,04 I) ,Of 0.01 0,04 0 ,00 0.04 0 , 20 0 ,0) 

n.n 101.'" 100." H.n ".71 IOO , n H,n 100." 102 . 0) fl ." 101.PO 

0.41 O.to o.n 0 . 10 O.IF 0." 0.)' o.n 0." o.n o.n 
O, U 0,00 0,00 0,01 O,It 0.00 ,0,11 0.1» 0 . 00 o . U 0,00 

t,H 0." 0." t.1l loU o.H ~.H O.tl 0.91 loll a . ., 

0 ." O.U o.n 1.31 t.n 0 , 09 1.06 O.Of ~.IO 1.11 O. U 

0,01 O,OJ O,OJ 0 . 01 0.01 o,Got 0.01 0.01 G,OI 0 .01 0.0:1 

0,0\ O,OJ 0,01 0." 0,01 o.D1 0.0:1 O.~ O.M O.~ O.M 

0,00 0 ,00 0,00 0.00 0.00 0,00 0.00 O.CD 0.00 0.01 0.00 

' .09 H.ll 14.0' 2.11 4.to so.n SO.tl D." H.H II.M 

1.61 o.n lI.n I." I." o.n •. 11 4.41 0.1. '.1\ 
) •. ,. 'I ." 'l.~ ll.n n . n ".tI 42,010 'l,U U.lJ 'J . n 

, •. u '.\0 11.11 .... n n." 1.100 S." ",U '-11 It." 
0.16 1.1' 0.'1 0.01 o.n 1.U 0." O.H 0 . " O. H 

O.H I.U 1." o.n O.U 0.14 1.11 o.n 1.11 0." 
0.1t 0,'" 0.11 o.H .,,. O. OJ . ,., o,er • . 0J o.n 

n." 100." 10,-H 101.tt '00.1 ' loo.n 101.)1 101.)4 101.14 101.'1 

0,11 0." o.n 0 .06 •. Of o.U 0." 0," • . " 0." 
0.0' . ,01 o.U .,.. 0.09 •. 01 . , 01 0." 0.01 0.11 

I." 0.1t "Ii 1.01 1.11 O.to 0.17 1.)1 0 , " 1.)0 

I.It 0,01 0." 1.'0 1.61 O,ot o.n 1."" 0.10 l.ot 
~ ~ ~ ,. ~ L. ~ ,. ,. , • 
0,01 0,0' O,U 0,01 0 ,01 O.at 0 ,0' •. 0' 0 .0' 0 ,'" 

0,01 0 ,00 0,01 O.ot o .ot 0.00 0,00 0 .01 0 .00 o . OJ 
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APPENDIX 11 ELECTRON MICROPROBE ANALYSIS OF PLAGIOCLASE 

The following configuration was used for the electron microprobe analysis of 
plagioclase and its alteration products clinozoisite-epidote 

Left Hand Spectrometer : (Quartz crystal) CaO (Pyroxene) 

Right Hand Spectrometer (KAP crystal) 

FeO (Ilmenite) 
K20 (Orthoclase) 

SiO. (Pyroxene) 
Na.O (Jadeite) 
Al 2 03 (Synthetic spinel) 

All plagioclase analyses completed by the author are presented in the main 
text. Total iron was analysed as FeO. The percentage of Fe~03 has not been 
calculated. Plagioclase analyses were recalculated for cations using a 
computer program provided by A.A. Mitchell . 
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APPENDIX 12 ELECTRON MICROPROBE ANALYSIS OF SULPHIDES 

Electron microprobe analyses of sul phide phases were determined on the 
authors samples at Johannesburg Consolidated Investment Minerals Processing 
and Research Laboratory (P.O. Box 13017, Knights, Johannesburg, 2000). The 
co-operation of Mr. E. Kinl och and his assistants is gratefully ack 
nowledged. These samp les were analysed by either wave length dispersive 
(WDS) or energy dispersive (EDS) spectrometers. WDS gives maximum accuracy, 
whereas EDS techniques may be considered to be inaccurate for low levels of 
con centration. EDS analysis of cobalt is hampered due to interference 
effects of iron. Because of these features the analytical technique used is 
a I so recorded. 

Samples from Amandelbult are divided into four groups : 

A. Sulphides from iron-rich ultramafic pegmatite which replaces the Merensky 
Reef e.g., the Replaced Reef. 

B. Sulphides from "typical" iron-rich ultramafic pegmatite. 
C. Sulphides from the Middellaagte iron-rich ultramafic pegmatite body. 
D. Cumulate-hosted sulphides from normal Merensky Reef. 

Samples from Driekop and Mooihoek are divided into groups E, F, and G. 

TABLE A.12-1 Electron microprobe analysis of pyrrhotites 

TABLE A.12-2 Electron microprobe analysis of pentlandites 

TABLE A.12-3 Electron microprobe analysis of chalcopyrites and cubanites 

TABLE A.12-4 Electron microprobe analysis of sulphides from the 
platiniferous ultramafic pipes. 



TABLE ,.12-1 ELECTRON MICROPROBE ANALYSIS OF PYRRHOTITES 

AI Al '" M AS ... ., ... ,. AlJ) ill Bl '" w .... 
S 31.17 :6.91 ll.'" li.W JI.U ..IS. ')) I1.a; 1I.62 ll.lD li." 1I.6J li.1n I1.6J l1.(11 » .16 B .a; 17.14 

'" 59." 62." 59.91 62.a ., ... 62." 62.<1 61.a; 61.171 til.;' ".6J 6J.12 til." 62.J< 61.00 61..17 6J.21 
Co .ID .U1 .lD n.d. ,,-d. n.d. .14 .1' .1lI .111 n.d. n.d. .W .tII n.d. 
Ni .l< n.d. .16 n.d. .12 n.d. .19 .12 • (11 n.d. nA • n.d. .lJ .lB n.d. 

'IUD<. .... :. ".ll .1,;:2 ".52 ".11 " . .n "'.it> 100.04 100,(:6 llXl.Ol ... ,. " .n lDU1 ".<l lJll.-Il Jill.'" l.OO.:U: 

"" S 52.n "'.12 Sl.<l "'.13 52 • .11 ..... "'.69 52." 52." "'.lB 52." "' ... "'.15 "' ... 52." 52.$ "'.56 ,..,. 47.n ".B2 <1.lI .... 81. 47.fD "'.il ... a; 47.-lS 47.B <t9.~ 47.«J 4.9.n .... 21 ".il 47.14 47.21 ..... 
Q> . m .a; .W .lD .lD .a; .a; .171 .171 
Ni .IJ) .12 .m .14 .16 .a; .lD .13 

M:S .",; . 9)5 .OJ! ·.m .912 L1D4 .913 .9lJ . ." .993 .9.ll . 9fl9 .m .965 .!Ill .m .918 ..... ""- _L ""'- '!mil. ""'- '!:toil_ 'l:toil. ""- ""'- '!mil. ""'- '!mil. '!mil. '!mil_ ""'- ""'- '!mil. 
Aml. I<l; .." "" "" .a; I<l; I<S ><Ii ><Ii ><Ii I<S "" m; a:s >Q; ><Ii "" 

51 0; 0; fI1 '" cr Cl CJ c. (S III '" OJ 04 .:6 '" "'" s :Ii." l1." 11.54 1l.ZJ li." 36.l1 35.74 36.12 36.14 36.ar; 36.42 36.l1 36.n lUI lI.9J lI." 
fe 63.B 62.32 61.111 61.J5 ... % 60J 62." til.ll 6J.41 ".8\ 6,-", til.S> ".lJ 62." 62.21. ".S] 
Co n.d. 
Ni n.d. 

'IlJJH. 10l.19 liJJ.Eti lOJ . .tZ ... '" hll.6S JIll.51 ".13 ".13 ".55 lill.13 11)1.02 lOO.lB lOO.!U. hll.67 lill.14 99.91 
aU 

S SO." "-.]5 52.00 52.a; ".59 ".67 " .8\ "'.00 ".S> ... !Xl ".56 .... 32 .... '11 Sl.W 52.l6 ".15 
~~ .. .11 ... In <1.'11 47.'li "'.41 "'.J) 50.14 "'.ID "'.lB "'.lD "'.45 "'.lB "'.00 ".W 47." ".ID 
Q> 

'" 
M:S -"" .942 .922 .92l. 1.1ll7 1.m 1.W' L(ll) 1.1D1 LCD4 1.OlB LID1 1..Ill1 . ." .!Il7 _1IIl ...... 'Inil. ? ""- ..... neil. '!mil. UOil. 'noll.. llDil • noil. noil. noil. '"oiL ""'- -- .... " 
Aml. I<l; l<S m; m; t<S l<6 l<6 a:s m; a:s m; "" "" m; a:s H:t; 

n.d. : rtt caa:ta:I; - nx. cnlly.:a:i: Troil. : Troilite: ~ : ieaPBl ?;tUh:tite: 1'\:3 - att.i.cns (fel+' + CD + Nl)/S: 

aa.p A : Ul.tr.!!afic p:gmtite "~ .. ,~ R;rl, ~t. 
1 - 3, SnplP-1CrfC I ~ ct troilite am t-eog:ral p,m-ctite,; 4 - 9, SnplP- A.:i--8; 10, satpIe A:r1JA; 11, satpIe 7:1 -no 

QUP S : Ultt<r.afic p3'1IBtite I 1Irardilllllt. 
1-4; SnplP- ;S - 6; S, SnplP- _21; 6 - 7, SnplP- _1.9; a, SiJ1pl.e i'El-32. 

GUP C : Ultrate.fic pgmtlte , Mid:ElJaa:1te Pif:e. 
1- 3, SnplP- """3; 4 - 5, SnplP- K2H. 

GO.P I,) : Q.zru1i!tes , ~t.. 
1 - 3, SnplP- l«-l!l I.'B:a'S<y _ a:!j>:a1t ID pqretite taty); 4 - S, SiI<ple R-Q las 1'«-10); 6, satpIe _5 IF,.... arath:si.te). 

TABLE A.12-4 ELECTRON MICROPROBE ANALYSIS OF SULPHIDES FROM THE 

THE PLATINIFEROUS ULTRAMAFIC PIPES 

EI E2 E3 E4 ES Fl f2 F3 F4 FS 
wt% 

5 33.71 34.12 34.54 33.93 34.40 33.64 34.28 34.66 34.40 32.69 
Fe 40.11 37.62 39.40 39.!l:l 39.00 34.89 35.55 31.91 32.99 34.91 
Co 4.31 5.03 5.17 4.79 4.64 1.02 1.12 2.39 2.33 1.49 
Hi 22.00 23.B7 22.14 22.16 22.49 1l.28 19.64 33.00 32.50 19.15 

TOTA. IO!.OI 1Ill.64 I01.2S 100. IS 101.40 99.83 101.!19 102.B7 102.22 '.13.24 

NJIT : All "", I~ i'e'e by EOS. 
GI G2 G3 G4 

wtS IllOJP E : PEII1tRflITES, (mE CF Tl£ f(l)IKIK PIPE 
S 37.91 ll.31 37.'.13 37.93 (Sarple 1'0-2). 
Fe 62.21 62.29 62.23 62.59 a<a.I' F : PEII1tRflITES, I IIIIH InIY CF Tl£ IlUEI«» PIPE 

a<a.I' G : PmlKlTITES, I (Sarple IR-IOI. 
TOTA. 100.1S 100.00 100.11 100.51 (For averages and caticm see text) 



TAB LE A.12-2 ELECTRON ,~I CROPRCBE ANALYSIS OF PENTLANOITES 

"" s n." 
Fe )l9J 
Co Sol! 
Hi 28.11 
Cu n.d. 

TOTA... IOJ.~ 

'" 5 46. 74 
FeZ· 25.11 
Co 6.39 
HI 21.15 

Hi/Fe- .87 
Hl/Ni+Co .n 
H:S 9.12 
Anal. IllS 

l1.Jl 32.'6 D.1li l1.n 
]).45 Z8..82 29.54 29.15 
8.5] 9.~ 9.17 9.14 

28.45 18.a! 18.61 an 
n.d. .J] n.d. n.d. 

99.67 loo.a; !CO.J9 

46.C6 46.$ 46.7'9 
25.00 23.57 24.01 
6.65 1.47 l. a; 

ll.ZJ 22.m 22.14 

• !II .93 .91 
.n .75 .16 

9.}j 9.Ot 9.10 
I<lS I<lS I<lS 

99.61 

46.57 
Zl.99 
WI 

22. ]1 

.93 

.76 
9.18 
'1<lS 

f!l 8J £II S5 CI 
wt; 

S n.64 32.f!l D.ill lJ.ZZ 32.99 
Fe JLffi ll.f:6 D.62 29./E 32.11 
Co 7.rn 6.01 4. ill 6.lD 5.)) 
HI 28.0/ 21.I1 19.18 29.ill 26.15 

:D. 52 .13. J9 1l.4l 
lUD IUO 1l.91 
T.n 1.53 7.6.3 

21.19 21. 52 21.111 
n.d. n.d. n.d. 

D.45 
11.81 
1.<9 

18.ZZ , ... 
100. n 100.54 UD.8) 101. U1 

47 . 15 4l. Ot 46.99 46.99 
26.00 2S.9J 25. n 25.69 
S.ID S.J8 5.82 s.n 

2(), <Jj 21.18 21.13 21.64 

.81 .81 .83 ,9$ 

.18 . 79 .79 .7'9 
8.97 9.01 9.(2 9.00 
\U) \Ui laS lollS 

01 

JJ.OO 
D.15 

.J! 
32.65 

D.91 
14.9Z 

• ill 
1l.6J 

III 

D.56 
14.za 

.26 
31.16 

DI 

n.6l 
D.15 

.66 
31.47 

rofJ{. 1CD.64 91./E 97.iQ !ltD $ . 94 100. 17 100.67 IJ).ffi 91. 49 at, 
5 47.31 
FeZ+ <s.n 
Co 5.42 
Hi Z1.:6 

Nllfe* .81 
Hi/N'i..c.o .00 
H:S B.91 
ANI. I<lS EOS 

47.n 47.54 
ifi.i!l za.1O 

.29 . 15 
25.11 24. 21 

.!II .$ 

.99 .!/l 
8.80 8.1D 

E1E £[Ii EllS EOS E1E 

47. 45 47. 65 
27.82 27.47 

.ro .n 
24.52 24.37 

.00 .00 

.93 . .97 
B.85 8.81 
EOS EOS 

n.C. : rot CEteCted; - rot analysed; 1< atarnc rat los; M:S ratio = (te'" li) + Ni} I S 
G«lP A: UltrilMfic i>'9"'t ite ''replaced'' i'lre>sky Reef. 1\1'.",21OOlt. 

1 - 5: S<mple 1G..f£; 6 - 13: 5"",le tG-13; 14: 5<rTl>le 1G-1A; 15: S"",le 27.-Fl. 
tRCt.P S : Ultrcmafic pegnatHe. ~1t:u1t. 

AlO All 

D.JJ D.D 
31 . .ll Jl.49 
7.64 8.47 

211.24 21. 99 
.59 .J! 

101.17 100.66 

4l.Di 47 .13 
2S.J4 24.75 
5./E 6.51 

21. 74 21.61 

./E .i!l 

. 19 .n 
9.00 So 99 
I<lS I<lS 

D.18 
35./E 

• ill 
19.1S 

47.54 
~. «l 

. 16 
ZZ.!IJ 

.18 

. 99 
8.1D 
,OS 

14.a; 
14.80 

.19 
19. 21 

48.60 
<11.91 

.15 
ZZ.76 

.80 

.99 
8.46 
EOS 

D.lS 
1>.60 
I.f!l 

18.53 , ... 
1OO.l! 

47. 14 
24. 83 
6.01 

ZZ'<l! 

.00 

.19 
8. 91 
I<lS 

01 

D.«l 
D.SS , ... 
1l.46 

'Il." 

47.81 
21.60 

".59 

.00 

8.13 
EOS 

AU AI. 

1l.::4 :0.24 
D. !lI 19.'6 
SoOI 6.91 

21.m <II.D 

'." 
99'<11 

47 . LS 
15.19 
6.Zl 

21.44 

./E 

.n 
8.91 
I<lS 

D.12 
14.S6 

.26 
19.91 

97.lR 

47.00 
2!l.S6 

.ro 
Zl.56 

.f!l 

.!/l 
8. 18 
EllS 

EllS 

III 

D.45 
35.<11 

.14 
D.aJ 

!/l.:E 

47.50 
aJ.16 

.26 
Zl. 48 

.81 

.99 
8.18 
EllS 

Al5 

D.21 
32.66 
5.91 

Z/.6J 

99 .«l 

EllS 

OlD 

32.1iS 
19.60 

.D 
14.!E 

97.54 

47.E 
24.00 

. 26 
27.10 

1.12 
. 99 

8.00 
EllS 

GmJP C : Ultranafic pegnatite. Mi~llaagte Pipe. 
1: S"",le /'l22-S. 

IllCIJP 0 : Cuwlates, Anan"'loolt. 

81 

D .DI 
D.!lI 
I.Zl 

18.01 , ... 
100.15 

46.15 
15.91 
5.51 

2I.n 

. 91 

.80 
9.11 
I<lS 

OU 

D :2I 
D.W 

.1' 
32.$ 

97.00 

48.aJ 
15.45 

.ll 
26.16 

I.IIl 
.99 

8.51 
EllS 

1 -2 : 5<rTl>le MS-6; 3: 5<rTl>le f<E-32 ; 4: S"",le 111-19; S: 5<rTl>le 111-21. I - 9: S"",les of ronral f'e"ensky Reef (27 -El;IG-IB;PK-lO) ; 

AI 

"'. S 14.S1 34.46 
Fe :xJ.Jl lJ.47 
C1"I 13.S4 33.21 

TABLE A.12-3 ELECTRON MICROPROBE ANALYSIS OF CHALCOPYRITES ANO CUBANITES 

34.m 34.44 
D.15 11.62 
14.19 34.16 

34." 
ll.ll 
D.15 

14.!E 
31.19 
D.21 

34. 97 
32. «l 
lJ.a; 

14.61 
31 . li 
32.62 

A9 

14.15 
32.21 
32.52 

AlO 

35.1ll 
D.99 
D.46 

All 

14.!IJ 
«l.Z1 
Zl.DI 

AlZ 

35.1' 
<0).48 
Zl.19 

Al3 

34.47 
41.14 
ZZ.61 

AI. 

35.D 
«l.!II 
22.'1 

AlS 

35.i!l 
41.93 
ZZ.18 

Al6 

li.80 
41.ll 
ZZ.91 

All 

35. '1 
41.CI! 
ZZ. J! 

TOTA.. !lI.l> 1.B.41 !:S.:£! 91.22 9J.D 91.51 100.43 !:8.S9 9J.ol8 99.54 (}l.ll 9:1.91 1.B.28 1.B.59 100.58 100.92 1JJ.81 

"""" fP 
Anal . ~ 

Bl 

w" 

(J' 

I<lS 

82 

S 35.12 :E.ZZ 
Fe :JliB l>.f6 
Cu 3J.fB D.61 

CP 
I<lS 

8J .. 
CP 

I<lS 

as 

:E.1I :E.51 lS.18 
1l.Zl (l.W 4l.ZZ 
D.52 ZZ.60 lZ.1' 

CP 
Ea; 

B6 

(J' 

Elli 

CI 

CP 
Ea; 

C2 

35.64 35.11 35.lB 
41.13 .1.24 'I.CD 
ZZ.46 22.68 22.51 

CP 
[OS 

o 

.35.49 
«:1.97 
21.1D 

CP 
EOS 

01 

o..e 
I<lS 

35.n 35.'9 
41.!Il 31.~ 

ZZ.50 D.45 

o..e 
I<lS 

III 

Q.8 

I<lS 

04 

35.60 lS .:E 
JI.65 1l.41 
34.CI! D.61 

Q.8 

I<lS 

14.61 
11.16 
lJ.CD 

o..e 
EllS 

:E.21 
:Ii.50 
D. ll 

o..e 
'OS 

01 

35.31 
1l.54 
D.ll 

o..e 
EllS 

CD 

34.81 
1l.56 
lJ. 66 

TOTA.. 99.(9 99.49 100.\2 g:j.1li 99.74 100.24 9.U9 CJJ.n CJJ.29 1OO.11 100.64 lOI .a; HD.4J g:j. l5 !B. E8 9iJ.07 9iJ.ce 

CP 
lUi 

CP 

'OS 
QJI 

IllS 
o..e 
IllS 

CP: !M1CDP)"''''; u.s: Cubani teo 

o..e 
EOS 

Q.8 

Ea; 
o..e 
EllS 

Q.8 

EOS 
o..e 
EllS 

CP 
EllS 

CP 
EllS 

CP 
EOS 

CP 
EllS 

CP 
EllS 

IllUP A : Ul tr"",t ic pe<JMt ite ""'Placed" ~""ky Reef", A1wlcI!lrult (5<rTl>les tG-1A;fG-(£;fG-.8;tG-13A;27 -ll1;27 -DZ). 
G«lP B : Ul tr"",t ic i>'9"'t i te. A1wlcI! I ru I t (5"",10$ MS-O;1tI-19;f<E-32). 
I]UP C : Ultranaf ic pe<JMtite. Mid:Ellaagte (5"",10$ M..22-S;CI\-Sl . 
G«lP 0 : CuIlJl.te,. A1wlcI! lrult (5"'1>10$ of ronnal ~_y Reef . 27 ·1:i;JG-IB;iI(-lO). 

CP 
Ea; 

CP 
EllS 



APPENDIX 13 CALCULATIDN OF THEORETICAL FRACTIONATION CURVES FOR THE 

DISTRIBUTION OF NiO AND MgO BETWEEN OLIVINE AND SILICATE LIQUID 

1. PARTITIONING OF Mg AND Fe BETWEEN OLIVINE AND SILICATE LIQUID 
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The distribution of Mg and Fe2+ between olivine (o1iv) and si licate liquid 
(liq) may be expressed by the distribution coefficient KD, thus ;-

oliv*( )liq () KD = (X FeO / XMgO ) XMgO / XFeO .... 1 

where XMgO and XFeO are mole 

Roeder and Emslie (1970) obtained 

fractions. 

an average value of KD of 0.3. 

If equilibrium conditions are assumed the MgO / FeO ratio of a silicate 
liquid may be calculated from knowledge of the olivine composition. For 
example, cons ider olIvine with a composItion of Fo44 . Substituting in, and 
rearranging formulae (1) ; 

(XM90 / XFeo)OliV = (mol.% Fo / (1-Fo)) * (mol. wt. MgO / FeO) 

= (.44/1-.44) * (40.33/71.846) = .4574 

( )1 i q XMgO / XFeO 
Therefore, ass uming 
MgO/FeO ratio of 
composition of Fo44 . 

= KD * .4574 = 0.3 * .4574 = .1372 

equilibrium conditions, a liquid with a wt. percent 
0.1372 will initially crystallize olivine with a 

2. DISTRIBUTION OF Ni BETWEEN OLIVINE AND SILICATE LIQUID 

The partition coefficient (DNi ) is defined thus 

DNi = (Ni in olivine) / (Ni in liquid) 

Hart and Davis (1978) found that DNi was dependent on melt composition, 
thus 

DNi = (124.13 / MgO in liq) - .897 ... .. . (2) 

This relationship may be used in conjunction with the formula of Roeder and 
Emslie (1970) (formula (1) above ) to calculate the MgO, FeO and NiO 
components of olivine and liquid in successive residual magmas which are 
undergoing olivine fractionation. 

For example, consider olivine with a composition of F079 and containing 
0.42 wt. percent NiO (approximately 3300 ppm Ni). This is typical of 
cumulus olivine from the Merensky Reef at Amandelbult (see Chapter 6). 
Assuming that this is the first product to crystallize from a magmatic melt 
under equilibrium conditions the MgO/FeO ratio of a l iq uid that is in 
equilibrium with this olivine is ;-



(MgO / FeO)liq = (.79/(1-.79) x (40.33/71.846) x 0.3 = .6335, 

Assume the initia l liquid contains 10 wt. percent FeD 

MgO in liquid = 10 x .6335 = 6.335 wt. percent 

Then from equation (2) above, 

DNi = (124.13/6.335) - .897 = 18.7 
and, 

Ni in liquid = (Ni in olivine)/DNi = (3300/18.7) = 176 ppm 
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Thus an initial liquid containing 10 wt. percent FeD, 6.34 wt. percent MgO 
and 176 ppm Ni is in equilibrium with olivine with a compOSition of F079 (ideally with 41.385 wt. percent MgO and 9.727 wt. percent FeD) and 0.42 wt. 
percent NiO. 

If 2 wt. percent of this ol ivine is removed from the initial liquid the 
residual liquid will have a compOSition thus :-

wt .percent MgO = 6.34 - (41.385 x 2)/100 = 5.512 

wt . percent FeD = 10 - (9.727 x 2)/100 = 9.806 

ppm Ni = 176 - (3300 x 2)/100 = 110 

The composition of olivine that crystallizes from this liquid, which now has 
a wt. percent MgO/FeO ratio of .5621, is calculated, as before, thus 

( )oliv XMgO / XFeO = 1/KD x .5621 = (1/0.3) x .5621 = 1.8737 
and 

mol . percent Fa = 1/(1 + (1/(1.8737 x 71.846/40.33)) = .77 

The Ni content of this olivine is calculated thus :-

DNi = (124.13/5.512) - .897 = 21.623 
and, 

Ni in olivine = 21.623 x 110 = 2379 ppm (.30 wt. percent NiO) 

Therefore, after only 2 wt. percent has crystallized the composition of the 
olivine has changed from Fa with .42 wt. percent NiO to Fa with .30 wt. 
percent NiO. In this partit3lar example, which starts with a7~elatively Ni­
rich olivine, Ni is depleted when the olivine reaches a composition of 
approximately Fa . It may be concluded that Ni is rapidly depleted from a 
magma which is ~~ystallizing magnesian olivine, and that the Ni content of 
magnesian olivine is a much more sensitive indicator of fractionation than 
the Fa component. 

In this study this calculation has been applied to a number of different 
starting compositions using two computer programs, PE05 and PE06, provided 
by Dr. J.S. Marsh at Rhodes University (see below). 



plOGRAM PEO!! 
C 
C T"IS AROORAM COMPUTES MOO. FfO. AND ~t CONCENTRATIONS IN 
C SCCESlvE RESIDuAL MAOM,S UNDEROOING 0LIVINF. FRACTIONATION 
C 

CHARACTER-ao TITLe 
R~Al MGO,LFEO.LMOO,MGMOL 

1001 FaRMATIA801 
2000 FORMATIIHl,A80,IIII 
2DOl FaRMAT{lHO.IOHLI~. FRAC.,2X,llHINtTIAL 'EO,2X.IIHINITIAL ~OO.2X.tl 

tHOllvtNE JEo.2X.tIHOLlvINi ~OO.2X,lZHAESIOUAL '!O.2X. 
'lZHRESIDUAL MQQ.2X,lOHINltrAl NI.2XtllHRESIOUAL NI) 

2002 FQRHATIIHO.3X,FS.J,.x,.1'1.3,aXI .lX,F7,3,1X.F7.3,5x.,r.l.5x.'7.1, 
RiAOI~tlOalITITLE 

C 

5 N-O 
REAOIA'·)'EO,MGO,CNI,STEPS,'ENO,I 
WAITEIS.ZOOOITITLE 
WRlTEIS.ZOOII 

10 N_N.! 
FeMOL~FEOI11.8~6 
HB~OL2MGO/40.Jll 

RATOL_(FEMOL/MGMQL)·O.J 
OL~GHOL22.0/11.0.RATOll 

OLFEMOLa 2.0-0LMGMOL 
OLMG aOLMGMOL·40.J!1 
OLFE aOLFEMOL·71.84b 
OLSlabO.OiS 
TQT~OLMG*OLFE,OLSI 
OLMG.COLHO/TOT)·lOO. 
OLFEa{OLFE/TOT)*lOO. 
FRACMG=OLMG·STEPS 
FRACFE=OL~E*STEPS 
LF.£O_{ (FEO_FRACFE)/CI00._rRACFE_FRACMG»*100. 
UIGOa C (MGO-FRACMG) I C faa ,-'RACMG-PRACFE) ).100. 
OKaI124.1l/HGOl-Q.897 
CLIQ_CNI·(1.0_STE~S)·.{UK~I) 

FRACsl.0 .. STEPS*N 
W~ITE(5,2002}FRAC,FEO,MGO\0~FE,OLMG'LFEO.LMGO'CNI,CLIQ 
CNI:zCLIQ 

EEOaLFEO 
M&O:SLMGO 
IF.rFRAC.Ni.FENDlGO TO 10 
IfII.EQ.llGO TO 5 
STOP 
END 

PIOGRAH PiOs 

C TMIS RROGRAM COMPUTES MGO, rEO. ANa NI CONCENTRATIONS IN 
C SUCCESSIVE OLIvINE CuMULATES 
C 

CHARACTER'SO TITLe 
RIAL MGO,LFEO,LHGO,MGMOL 

lOll FQRMATIA801 
2100 FQRHATIIHl.A80.111) 
ZIOI F8RMATIIHO,IOHOLV. FRAC •• !x,IIHINITIAL FEO.Z •• !IMINITIAL MGo.lX.!! 

*HOLlvINE 'EO.2X,11HOLIVIN5 -GO.2X.1ZHTOTAL '!O,2X, 
flZHTOTAL MGO,2X.IOHTOT. 'EIOl.2X,IIHTOTAL NIl 

2002 FORHAT(lHO,3X,FS.J,4X,4(Fl.l,SX),tX.F7,3,TX,F7.J.5x.,T.1.SX.F7.1) 
REAO(8.I091ITITL~ 

5 N.O 
AfAO(8,*"Eo.MGo.eNI.FE3,',ST6PS.fENO.I 
WRITEIS.2000ITITLe 
WRITEIS.2fJ01) 
SlEP-STEPS 

10 N-N*1 
fEMOL_FEO/71,846 
MQ~OL=HGOI40.311 
RlTOLaIFEMOL/HGMOLI*O.3 
OLMGMOLa 2,O/Cl.0.RATOLI 
OlFEMOL-2.0-0L~GMOL 
OLMG_OLMGMOl*40.311 
OtFEaOLFEHOL*71,8.6 
01..51-60.015 
TQT-OLHG*OLFE,OLSI 
OLMG_IOLM'/TOTI·I00. 
OLFE-(OLf!/TOT)*l;O. 
TOTHG_(OLMO·STEPI*HOO·ll.a_STEP' 
TOTFE-(OL'EeSTEP)*FEo*(l.a-STEp) 
TQTFE3-FEl*ll.0-5TEPI 
DK_IIZ4.13/MGOJ_O.891 
O~NI-CNI*( (l.O-F.·OKI/(l.G-F) 
TOTNI_(OLNI*STEP,*CNI*ll,Q_ST[PI 
WAITEIS.Z002'STEP,FEO,HIO.OL'[,OLHO,TOTFE.TOTMO.TOT'E3. 

-TOTNI 
sTEP_STEp*STEPS 
I~ISTEP,LT.'ENOIOO TO 10 
l'II.EQ.1IGO TO 5 
STop 
ENO 
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