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PREFACE

I first developed an interest in the layered rocks of the Bushveld
Complex during my first appointment, after graduation, as a mine
geologist at the Rustenburg Platinum Mines (RPM) in the western sector of
the Bushveld Complex at the beginning of 1976. Initially I was based at
Rustenburg and later at Union Section, spanning a period of five years.
This mining experience was followed by a transfer to the company's (JCI)
Fundamental Research Unit (Bushveld Section). It was at this time that my
data, collated while on the mines, was written up on a part-time basis,
and submitted for an MSc degree (1982). Most of the descriptive geology
relating to this study was subsequently published in Viljoen et al.
(1986a). Here data on the geochemistry and cryptic variations of a
sequence through the Upper Critical Zone in the central part of RPM Union
Section was compiled and a component of this work is embodied in Eales et
al. (1986). Although my career path moved away from the Bushveld Complex
for some time, the fascination of these enigmatic layered magmatic rocks
still remained with me and, with a move to the Albany Museum in
Grahamstown (1985), I was once again able to pursue my research on the
Bushveld Complex at Rhodes University under the guidance of Prof. H.V.
Eales. Data and concepts in this thesis build on the studies mentioned
above as well as on other published works: Scoon and de Klerk (1987), de
Klerk (1989), Eales et al. (1988) and Eales et al. (1990a and b).
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ABSTRACT

This study is an account of the stratigraphic sequence, the petrography,
mineralogy (microprobe investigations of orthopyroxene, clinopyroxene,
olivine and plagioclase feldspar), and whole-rock major- and trace-
element geochemistry of the silicate cumulates of the Upper Critical Zone
in the western Bushveld Complex. Two parts of the study - an
investigation of a 350m column incorporating the MG3 and UGl Footwall
Units, and a comparison of two additional Upper Critical Zone profiles
with a previously compiled profile between the UGl and Bastard Units -
are focused on RPM Union Section in the northwestern sector of the
Complex. The third part is a detailed vertical and lateral investigation
of the Bastard Unit at the top of the Critical Zone, which draws on
sampling and data compilation from seventeen profiles in the western Tlimb
of the Complex.

The MG3 Unit (45m) is made up of a lower chromitite layer overlain by a
norite-pyroxenite-anorthosite sequence while the UGLIFW Unit (295m) is
composed of a related series of lower chromitite layers (MG4) overlain by
a pyroxenite-norite-anorthosite sequence capped by the UGl chromitite
layer. These mafic cumulates display a distinctive pattern of oscillating
cryptic variation in whole-rock Mg/(Mg+Fe), Fe0/Ti0,, Cr/Co and Ni/V
ratios through the sequence. Sympathetic oscillations are recorded for
compositions of orthopyroxene and plagioclase feldspar and eight sub-
cycles are recognised through the UGIFW Unit. The entire sequence is
characterised by the presence of small, spheroidal, embayed and
irregularly shaped plagioclase grains which are poikilitically enclosed
in cumulus orthopyroxene grains of both pyroxenites and norites. This
texture 1is indicative of partial resorption of pre-existing feldspar
primocrysts within the melt prior to their being incorporated into the
host orthopyroxene grains. Textural, geochemical and isotopic data
suggest that this sequence was built up by periodic additions of fresh,
relatively primitive 1liquid into fractionated resident 1liquid, and
subsequent mixing within the magma chamber.

The Bastard Unit sequence, described in Chapter 4, is the last and most
complete cyclic unit (c. 60m) of the Critical Zone, and its upper contact
defines the boundary between the Critical and Main Zones of the Complex.
This Unit can conveniently be sub-divided into a Tower part, where
orthopyroxene occurs as a cumulus phase, and the upper part which is
composed entirely of anorthosite (Giant Mottled Anorthosite). The basal
part of the Unit (< 18m) comprises a thin chromitite layer (< 0.5cm)
overlain by a pyroxenite-melanorite-norite-leuconorite sequence. The
basal pyroxenite is orthocumulate in character and rapidly gives way to



norites and leuconorites. A distinct threefold subdivision emerges within
the Giant Mottled Anorthosite which is predominantly an adcumulate which
becomes orthocumulate in character at its top. Apart from minor
deviations in thicknesses these lithologies are recorded over the entire
strike-length covered in this study. Profiles of cryptic variation are
compiled for orthopyroxene, plagioclase and whole-rock data and show that
the Bastard Unit displays a characteristic pattern which is maintained
throughout the western Bushveld Complex. A minor yet distinctive reversal
in cryptic variation is revealed at a level which is stratigraphically
variable within the lower Giant Mottled Anorthosite, and results in a
double cuspate pattern. A remarkable feature of the basal Bastard
pyroxenites is that although the modal proportion of mafic to felsic
constituents varies systematically away from the northwestern sector, the
Mg/(Mg+Fe) ratio of orthopyroxenes remains constant at 0.804 over a
lateral strike distance of 171lkm. Within the upper part of the Unit the
orthopyroxene is markedly Fe-rich and it is here that inverted primary
pigeonite appears for the first time as a cumulus phase. In addition, K-
feldspar, oscillatory zoned plagioclase grains and high levels of
incompatible trace elements are noted at this level.

On the basis of the data presented it is concluded that the Bastard Unit
represents the crystallisation of a final, relatively large influx of
hotter primitive 1liquid, with upper Critical Zone affinities, and
subsequent mixing with a column of cooler (less dense) supernatant liquid
which had in part hybridized with the overlying Main Zone magma. It is
hypothesised that this new liquid was emplaced as a basal flow beneath
supernatant liquid and that it initiated the deposition of mafic
cumulates at its base. The supernatant 1liquid is interpreted as
representing the fractionated residuum produced by crystallisation of
earlier cyclic units, with plagioclase on the Tliquidus, and that it
contained an abundance of small plagioclase primocrysts in suspension.

Development of the Unit can be viewed as a two-stage process. In the
lower half of the unit, chemical and physical parameters typical of the
new magma dominated the crystallisation process, and resulted in
cumulates very similar to other relatively complete Upper Critical Zone
units. In the upper, leucocratic sequence, above a minor reversal,
crystallisation was from a liquid which was the product of mixing of a
minor pulse of primitive Tliquid with the reservoir of hybridized
supernatant liquid. Although the Bastard Unit is not continuous around
the entire Western limb of the Complex, it is concluded that it developed
in a single, or connected, magma chamber and that its irruptive feeder
zone was located in the proximal northwestern facies of the Complex.
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CHAPTER 1
INTRODUCTION AND OVERVIEW

"The wonders of nature and the frailties of the human mind are perhaps nowhere
more strikingly juxtaposed than in the study of layered intrusions." Morse (1988a)

1.1 General

Hypotheses regarding magmatic processes are varied and controversial and
a brief review of thinking in this field is in order as a preliminary to
a more detailed discussion on specifics of the Critical Zone in the
Bushveld Complex.

The pioneering work dealing with layered intrusions by Wager and Deer
(1939), Jackson (1961), Wager and Brown (1968) and others, interpreted
these rocks as being the result of crystal settling within a magma
chamber. Workers in the 1970's, notably McBirney and Noyes (1979),
questioned this model and argued that crystal settling would be unlikely,
especially for plagioclase, because the nucleating crystals would be
small and unable to overcome the yield strength of the Tliquid.
Calculations by Bottinga and Weill (1970) indicated that crystallising
plagioclase in the Skaergaard intrusion would be 1less dense than its
parental Tliquid during the formation of the Layered Series, and the
crystals were thus more likely to float.

The view that all crystal growth in magmatic systems took place in situ
was in vogue for a time but a number of geologists (Campbell, 1978;
Irvine, 1980a) recognised that certain features (and textures) could not
easily be explained by in situ crystal growth and had to be explained by
other mechanisms. However, experimental work on crystal settling and in
situ growth by Martin (1990) has now convincingly demonstrated that both
mechanisms are valid processes during crystallisation. Irvine (1978 and
1980b) also recognised the importance of postcumulus metasomatic
processes that can take place in a crystallising sequence and introduced
the concept of infiltration metasomatism. In his study of the Muskox
Intrusion, Irvine (1980b) convincingly showed with that the primary
composition of cumulus phases becomes reset by reaction with intercumulus



liquids squeezed out from below by the compacting crystalline sequence.
This work emphasised that the features now seen in layered rocks (cryptic
variation, recrystallisation, reaction etc.) may frequently obscure the
original features of slowly cooled layered intrusions.

The igneous layering of the Bushveld Complex and other intrusions
is now widely accepted as being largely the result of the combined
processes of in situ crystal growth, limited crystal settling, deposition
by density currents, soft-sediment deformation and post-cumulus processes
which all contribute to what we now see in such layered rocks.

Within the last decade two stimulating concepts have contributed to a new
approach in the understanding of mafic layered complexes. The first is
the application of fluid dynamic models to magma chambers (Huppert and
Sparks, 1980; Rice, 1981; Irvine et al. 1983; Campbell and Turner, 1986)
and the second is the concept of mixing of magmas of different
compositions (Irvine, 1977; Irvine et al., 1983; Campbell, 1986; Naldrett
et al., 1987). Persuasive evidence to support these concepts has been
accumulated for magmatic bodies around the globe and in many studies
specific to the Bushveld Complex these concepts have found strong support
(Kruger and Marsh, 1982; Campbell et al., 1983; Harmer and Sharpe, 1985;
Sharpe, 1985; Campbell, 1986; Eales et al., 1986, 1990a; Eales, 1987;
Hatton and von Gruenewaldt, 1987; Naldrett et al., 1987; Hatton, 1988),

It is now generally accepted that at least two isotopically distinct
magma types were responsible for the development of the layered sequence
of the Bushveld Complex which is made up of the Lower, Critical, Main and
Upper Zones. Initially a more "primitive" liquid (Sharpe's 1985 "U-type")
was intruded into the magma chamber, with periodic additions, to produce
the Lower and Critical Zones of the Complex. This magma had an initial
strontium isotope ratio of between 0.703-0.705. It was also rich in
incompatible elements and Cr (900-1600ppm) as well as being Si0,- and
MgO-rich, similar to olivine boninites (Sharpe, 1985). Rocks produced by
the second magma had a tholeiitic lineage (Sharpe's "A-type") with higher
initial strontium isotope ratios (c. 0.7065-0.7087) and low incompatible
trace-element and Cr values (Cr = 250ppm).



Modelling the crystallisation of the Bushveld layered sequence on these
two end-member parental magmas may be an oversimplification. Liquids with
intermediate strontium isotopic ratios are recognised as being parental
to the Upper Critical Zone. Eales et al. (1986) pointed out that because
Sr-isotope ratios are unaffected by crystal fractionation, the overall
trend of the initial Sr-isotope profile through the Upper Critical Zone
and the Main Zone lends support to the hypothesis that mixing occurred
between magmas with initial ratios of c¢. 0.7064 and c. 0.7087
respectively. The hypothesised existence of a parental Tliquid
intermediate between the "U-" and "A-types" of Sharpe (1985) with an
initial ratio of 0.7068 is supported by data presented for the Upper
Critical Zone between the Middle and Upper Group chromitite layers by
Eales et al. (1990a).

This study and others (Kruger and Marsh 1985; Naldrett et al, 1986;
Eales et al. 1986 and 1990a) suggest that in the initial stages the
Bushveld magma was intruded as a multiple series of pulses rather than as
a massive single influx, which seems to have characterised the
introduction of the "A-type" liquid which produced the bulk of the Main
Zone.

1.2 The Bushveld Complex - overview and geological setting

The Bushveld Complex, situated in the central part of Transvaal, forms a
large lobate mass which underlies an area of approximately 65000 km?
(Tankard et al., 1982). In outcrop (and sub-outcrop) it appears as a
series of connected lobes and Willemse (1964 and 1969) recognised five
distinctive magmatic phases in the development of the Bushveld Magmatic
Province (Irvine, 1982):

1) A volcanic phase during the deposition of the Transvaal Supergroup.
Rb/Sr age determinations of the Hekpoort Andesite Formation yielded
2224 + 21 My (Burger and Coertze, 1973).

2) A sill phase comprising a diverse group of sills which were intruded
into the Transvaal Supergroup sediments.

3) An epicrustal phase involving extrusion and injection of felsites,
granophyres, and related rock types of the Rooiberg Felsite Group.



4) The main plutonic phase during which the diorites, gabbros, and
ultramafic rocks of the Rustenburg Layered Suite (RLS) were emplaced
and differentiated. Geochronological studies done on rocks from
different zones within the RLS have yielded an average Rb/Sr-age of
2050 + 22 My (Vermaak and von Gruenewaldt, 1986, report recalculated
determinations of Hamilton, 1977).

5) A later plutonic phase during which the Bushveld Granite (Lebowa
Granite Suite) was intruded. Ages reported in Vermaak and von
Gruenewaldt (1986) vary between 1670 + 30 My (Makhutso Granite) and
2010 + 20 My (Nebo Granite).

The regional distribution of the mafic rocks of the RLS can broadly be
subdivided into five areas. A regional map of the Bushveld Complex
depicting these areas is presented in Willemse (1969, p.3) and Vermaak
and von Gruenewaldt (1986, p.1026).

a) Far Western Transvaal limb with exposures to the west of the
Pilanesberg Alkaline Complex. These rocks represent only the lower
part of the RLS (Marginal and Lower Zone successions).

b) Western Bushveld 1imb - exposed in an arc extending from Pretoria
through Brits, Rustenburg, Union and Amandelbult Sections of
Rustenburg Platinum Mines (Figure 1.1).

c) Potgietersrus - Villa Nora limb in central northern-Transvaal.

d) Eastern Bushveld limb which forms an arc extending both to the north
and south of Steelpoort.

e) Bethal lobe of the Eastern Bushveld which is overlain by younger
sediments of the Karoo Sequence.

The eastern and western limbs of the RLS, although widely separated
(£ 300 km from Rustenburg to Steelpoort), show remarkably similar
stratigraphic and lithological characteristics. This factor suggests that
both limbs of the Complex shared a common magma source and that these
widely separated magma chambers experienced similar sequences of magmatic
events. These factors ultimately led to the formation of not only
similar sequences of layered rocks, but also the chromitite and
platiniferous ore-bodies.
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Geophysical models of the Bushveld Complex have evolved a great deal from
the model proposed by Cousins (1959). He suggested that the mafic
exposures in the eastern and western Bushveld were not part of a lopolith
but represent rather two deep curved troughs of mafic rocks having an
arcuate, superficially synclinal structure, with dyke-like central
feeders. The modern, more widely accepted model, is one of dipping
terminated sheets which was proposed by du Plessis and Kleywegt (1987) -
derived from gravity data and substantiated by deep electrical sounding
data (Meyer and de Beer, 1987). This model of the magma chamber's
geometry suggests that the mafic sequence in both these parts of the
Complex occurs as segments of inward-dipping sheets transgressing the
layering of the Transvaal Sequence sedimentary rocks into which they
intruded. The model also predicts that there is very little or no mafic
Bushveld material in the central part of the Complex and that here the
Bushveld Granite lies directly on Transvaal or Archaean gneiss.

The Bushveld Complex has, over the past sixty years, been subjected to
intensive exploration and mining directed mainly at the platinum- and
chromium-bearing ore bodies which occur as discrete layers in the
Critical Zone. Unlike the good exposures of the layered sequence which
make up the Marginal, Lower and Critical Zones in the eastern Bushveld
Complex, the surface expression of these zones in the western limb is
poor. The layered sequence here underlies a flat, rather featureless
plain which is rimmed on one side by resistant meta-sediments of the
Transvaal Supergroup forming the floor, and on the other by the gabbro
and gabbronorite hills (colloquially called the "Pyramid hills") of the
Main Zone in the hangingwall. Regional dip of the Critical Zone
succession to the north of the Pilanesberg is taken as 19° while that to
the south is between 10° and 12°. Exploration boreholes and mining
activity directed towards the platinum-bearing layers of the Complex
usually only expose the hangingwall succession and the immediate footwall
of the platiniferous ore bodies - the Merensky Reef and the UG2
chromitite. Mining development on these two layers requires the
development of footwall haulages and cross-cuts (usually no more than 50m
below the stopes) and it is only in long tramming and ventilatijon
crosscuts from a production shaft that the deeper footwall is exposed.



It is for these reasons that the bulk of earlier research, which has
focused on features and the origin of the Upper Critical Zone and Main
Zone, has been coloured by the characteristics of these exposures.
Relatively little attention has been paid to the deeper succession below
the UGl chromitite, particularly in the western 1imb of the Complex. Only
in the past three years have researchers (Teigler, 1990; Eales et al.,
1990a) documented the succession and geochemistry of the Lower and Lower
Critical Zone rocks in any detail in an attempt to gain additional
insight into the genesis of the complete layered sequence in the western
Bushveld Complex.

1.3 Stratigraphic succession of the Upper Critical Zone

The Bushveld Complex 1is broadly divided into the Marginal, Lower,
Critical, Main and Upper Zones with their combined thickness being some
7000m in the western 1imb (Figure 2.1). The first appearance of cumulus
plagioclase feldspar within the column is used as a marker to separate
the ultramafic dunites, harzburgites, pyroxenites and chromitites of the
Lower and Lower Critical Zones from rocks of the Upper Critical Zone
(predominantly harzburgites, pyroxenites, norites, chromitites and
anorthosites). The overlying Main Zone essentially comprises
gabbronorites and anorthosites while the Upper Zone 1is made up of
magnetite gabbros, magnetitites and evolved gabbros containing fayalitic
olivine and cumulus apatite. More detailed stratigraphic descriptions of
the Upper Critical Zone under consideration are available 1in the
literature (de Klerk, 1982; Viljoen et al., 1986a; Eales, et al., 1986;
and Eales et al., 1990a) and no more than a summary is necessary here.
Stratigraphic detail on the Bastard Unit is presented in section 4.5.

The UGl Footwall Unit (UGLFW) underlying the UGl chromitite is unusually
thick when compared with other Upper Critical Zone units. At Union
Section it is c. 290m thick and is divided lithologically into two main
parts: (a) a lower pyroxenitic sequence (c. 135m thick), floored by the
MG4 chromitite layer, and overlain by (b) 150m of an essentially noritic
sequence. The norites become more leucocratic and finely layered towards
the top of the unit. The immediate footwall of the UGl chromitite
consists of anorthosite which has abundant disseminated and layered



chromite. This part of the succession, and the data pertaining to the
UGIFW Unit, are discussed in detail in section 2.2.

Overlying the UGLFW Unit are the UGl and UG2 Units which are composed
essentially of feldspathic pyroxenites floored by robust chromitite
layers. The UG2 chromitite is now being mined as a major economic source
of PGE, beneath the Merensky Reef, at several localities around the
Complex. The Pseudoreef Unit, above the UG2 Unit, is an association of
feldspathic harzburgites of two differing textural tybes at Union
Section, designated the Lower and Upper Pseudoreefs (Scoon and de Klerk,
1987). Leuconorites, norites, troctolites and feldspathic harzburgites
are more commonly developed in the Pseudoreef Multicyclic Unit at
Amandelbult Section. The attenuation of this unit at Union Section has
been attributed by Eales et al. (1988) to progressive resorption of
leucocratic components by "thermal erosion", which was most pronounced in
the region postulated to have been in close proximity to a feeder system.
Overlying the Pseudoreef Unit 1is the Merensky Footwall Unit which forms
the floor on which the economically important, PGE-enriched Merensky Reef
rests. This unit may be characterised largely as a leucocratic sequence
of mottled anorthosite overlying norites with only a small amount of
pyroxenite and harzburgite (sometimes pegmatoidal) at the base of the
unit, reaching a thickness of one metre. A characteristic feature of the
Footwall Unit is that it may locally be absent, in which case the
anorthosite - and in some cases the norite - is missing, beneath the so-
called "pothole structures" which cause the overlying Merensky Reef to
transgress across progressively lower layers (see Viljoen et al., 1986a).
The Merensky Reef is located at the base of the Merensky Unit which is in
turn overlain by the Bastard Unit.

The Bastard, Merensky, and possibly the Footwall Unit, are ostensibly
"complete" cyclic units with ultramafic Tlithologies (feldspathic
pyroxenites, with or without accompanying feldspathic harzburgites) at
the base, grading upwards through melanorites, norites and Tleuconorites
to anorthosites at the top. Plagioclase is of intercumulus habit within
the ultramafic rocks, but adopts a cumulus habit and becomes more calcic
within the melanorites and overlying layers of each unit. The formal
definition of the contact between the Critical and Main Zones is still



being debated in the literature but for the purpose of this discussion
the top of the Critical Zone is defined as the top of the Giant Mottled
Anorthosite of the Bastard Unit (SACS, 1980).

1.4 Scope and aim of the study

This study concentrates on the petrology, geochemistry and mineralogy of
the silicate layered sequence in the Upper Critical Zone that has been
exposed by mining and exploration activities in the western Bushveld
Complex.

Initially the study was seen as an extension of part of the writer's
M.Sc. thesis (de Klerk, 1982), aiming to continue the documentation of
cryptic variations and geochemistry in selected profiles at RPM Union
Section in the northwestern Bushveld Complex. The Bushveld Complex is of
such a size and thickness that detailed studies of variation in the
succession along strike constitute an essential prerequisite to any
understanding of the genesis of the Complex. To extend the data provided
(de Klerk, 1982) by a stratigraphic profile in the centre of Union
Section (UB), additional boreholes were sampled in the SW (UA) and NE
(UC) sectors of the mine (see Figures 1.1, 1.2 and 1.3).

The stratigraphic interval covered in these profiles extends from just
below the UGl chromitite Tlayer upward through the UG2, Pseudoreef,
Footwall, Merensky and Bastard Units, totalling some 100m (Figure 1.2).
As an expansion of this sampling exercise at Union Section, data relating
to an additional 14 profiles from the western 1limb of the Complex were
compiled for the Bastard Unit. This cyclic unit was selected to
investigate the processes that were operative at the junction between the
Critical and Main Zones, and to establish whether any marked spatial
geochemical variation occurs along strike in the western Bushveld
Complex. The analysis of lateral variation is based primarily on seven
sampled profiles of the Bastard Unit, supplemented by additional data
available in published and unpublished reports (See section 4.5).

Most of the stratigraphic and geochemical studies that have been done on
the layered sequence of the Bushveld Complex, particularly within the
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Figure 12  Schematic diagram illustrating the spatial distribution of
sampled and compiled profiles around the western limb of the Bushveld
Complex with the main focus of the study being at RPM Union Section.
The datum line is taken as the base of the Bastard Unit (BR - Bastard
Reef) and shows the profiles from Lefkochrysos (LEF) and Western
Platinum Mines (WP) in the Brits area through to RPM Rustenburg
Section (2 profiles) and Impala (Z, Y and X) to the south of the
Pilanesberg. North of the Pilanesberg are the three Critical Zone
"islands" at Rooderand, Union and Amandelbult Sections separated by
the Southern and Northern Gap Zones respectively.

Critical Zone, have focused on the economic ore-bearing horizons
(Merensky Reef and UG2 chromitite) and their hangingwall and footwall
layers. Only a cursory account and synthesis of the layered sequence away
from the platinum- and chromium-bearing layers have been published to
date. With this in mind the sequence between the Middle Group (MG)
chromitites and the UGl Unit was also selected for study - a sequence
some 350m thick.
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Figure 13 Locality map of RPM Union Section showing the positions of
the various borehole and underground profiles used in this study; N is
the position of the profile used by Naldrett et al. (1984). The Spud
shaft crosscut was used to sample the MG3 and UGlFW Unit. This map is
based on that indicating the regional geological setting of Union
Section in Vijoen et al. (1986a, p.1065).

In essence the objectives of this study are thus fourfold:

* to document the cryptic variation of the entire Upper Critical Zone at
RPM Union Section (from the MG chromitites to the Main Zone boundary)
with emphasis on the UGIFW and Bastard Units;

* to establish whether lateral geochemical variations are evident along
strike within a selected single cyclic unit, the Bastard Unit;

* to test various hypotheses that have been proposed to account for the
layered sequence of the Upper Critical Zone, and

* to attempt to reconstruct the sequence of magmatic events that gave
rise to this layered sequence.
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The study falls naturally into two main sections: the examination of the
interval between the MG3 and UGl chromitite layers at Spud Shaft, Union
Section (Chapter 2), and the investigation of a single 1laterally
persistent cyclic unit in the Upper Critical Zone at various localities
spread across the western Bushveld Complex (Chapter 4)(see Figure 1.2).
Chapter 3 constitutes a supporting section in which new whole-rock data
are presented for a number of additional profiles in the Union Section
area and provides continuity between the UGIFW Unit and the Bastard Unit.

This work has in effect produced a composite stratigraphic and
geochemical profile spanning some 460m through the Upper Critical Zone at
Union Section (Middle Group chromitite layers to the top of the Bastard
Unit).

1.5 Nomenclature, classification and conventions used

The nomenclature and classification of the cumulate rocks in this study
are broadly based on the recommendations of the IUGS Subcommission on the
systematics of igneous rocks (Streckeisen, 1976; Le Maitre, 1989). Part
of Shand's (1943) colour-index classification has been retained, with the
prefixes mela- and Tleuco- being used to describe the more mafic and
felsic variants of norites (see Figure 1.4).

In any rock assemblage, such as in the Upper Critical Zone at Union
Section, which shows every gradation between anorthosite and pyroxenite,
rock nomenclature is subjectively influenced by field terms, textural
features, and tradition. Usage of terms such as melanorite, norite and
leuconorite 1is not consistent. The scheme of classification for
plagioclase - pyroxene cumulates which is adopted here is the same as
that proposed by Eales et al. (1988, p.64). Briefly, the range of
compositional variation between anorthosites and pyroxenites is defined
by the CIPW normative composition of or + ab + an (total feldspar)
plotted against whole-rock %A1,0; (Figure 1.5) and the subdivisions are
as close as is practicable to those advocated by Streckeisen (1973). The
justification for adopting this convention lies in a remarkably good
correlation obtained between point-counted modes and the calculated CIPW
norms for some 33 samples in the Bastard Unit (See 4.7.6). Simple linear
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Figure 1.4 Nomenclature of gabbroic and ulramafic rocks
recommended by IUGS (Streckeisen, 1976).

regression analysis of 124 samples from the Bastard Unit (similar to that
displayed in Figure 1.5) yields the expression:

Total feldspar = 3.0 A1,03 + 1.28 (corr. coef. 0.998) (see 4.7.6).

Whereas Streckeisen's (op. cit.) definition requires anorthosite to have
>90% feldspar, the classification above adopts a value of 85% in order to
avoid controversial re-definition of entrenched terms such as "Giant
Mottled Anorthosite" as "Giant Mottled Leuconorite". In view of the fact
that pyroxenites of the Upper Critical Zone contain appreciable
intercumulus feldspar, the division between melanorite and feldspathic
pyroxenite is placed at 6.5% Al,0;3 in this study. Synonymous or
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Figure 1.5 Nomenclature adopted for orthopyroxene - plagioclase
rocks, based on a plot of normative or + ab + an against
whole-rock Al,0;. Simple linear regression of these data
yield the expression: Total feldspar = 2.95 Al,03 + 2.22
(correlation coefficient 0.9995)(After Eales et al., 1988, p.65).

equivalent rock names using cumulate terminology and conventional names
are presented in Table 1.1.

The original cumulus terminology proposed by Wager, Brown and Wadsworth
(1960) was largely genetic in character, the underlying tenet being that
the crystals accumulated (by gravitational settling) to form a cumulate.
The terms ortho-, meso- and adcumulate were given to cumulates differing
in the amount of postcumulus material they contained. This terminology
was later questioned when the validity of gravity settling was queried by
workers like Campbell (1978), McBirney and Noyes (1979) and Morse
(1979a). One of their objections was that the density of plagioclase is
too low for it to settle in basaltic liquids. In a review paper on the
terminology of layered rocks, Irvine (1982) pointed out that the cumulus
terminology introduced by Wager et al. (op. cit.) was so well entrenched
in the literature that he recommended it be retained but used in a non-
genetic sense. Wadsworth (1985) defended the original definitions and
strongly recommended that these definitions of orthocumulate,



15

Table 1.1: Comparison of different schemes of terminology.

Bushveld Complex Cumulate type General petrographic
(This study) (Irvine 1982) terminology
%A1504 (Streckeisen, 1976)

Olivine pyroxenite orthopyroxene-olivine boC| Glivine orthopyroxenite
Harzburgite* olivine-orthopyroxene obC | Harzburgite
(with poikilitic opx)
Pyroxenite* < 6.5 | orthopyroxene bC | Orthopyroxenite
(feldspathic)
Melanorite 6.5 - 11 | orthopyroxene-plagioclase bpC
Norite 11 - 21.5 |orthopyroxene-plagioclase bpC Norite

or pbC
Leuconorite 21.5 - 28 |plagioclase-orthopyroxene pbC
Anorthosite > 28 plagioclase pC | Anorthosite
(mottled)
Chromitite chromite cC | Chromitite

In the more ultramafic rocks like harzburgites and pyroxenites the

adjective "feldspathic" is used to indicate an abundance of

postcumulus material.
mesocumulate and adcumulate, using the full complement of fractionated
residual material, be retained. He did, however, point out that some
advantage may be gained by the more precise quantification of these
categories as proposed by Irvine (1982). The cumulus terminology used in
this study adheres to the definitions of Wager, Brown and Wadsworth (op.
cit.) but also takes cognisance of Irvine's quantifications. A
generalised account of the three cumulate types mentioned above is
summarised in Figure 1.6. |

A) Orthocumulates: Wager, Brown and Wadsworth (1960) defined an
orthocumulate as consisting essentially of one or more cumulus minerals
together with the products of crystallisation of the intercumulus liquid,
which had a composition similar to that of the contemporary magma.
Postcumulus material (mostly interstitial) is abundant and relatively
easy to identify, as the overgrowths are zoned towards lower temperature
compositions and the associated interstitial minerals are quite
distinctive. Irvine (1982) suggested that the cumulus minerals should
ideally exhibit much of their original crystal forms and postcumulus
minerals comprise c. 25-50% of the rock.
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Figure 1.6 Diagrammatic representation of plagioclase

cumulates formed from basaltic magmas (after Wager, Brown
and Wadsworth, 1960), reproduced from Irvine (1980). For
explanation see text. A = orthocumulate; B = mesocumulate;
C = adcumulate.

B) Mesocumulates: these rocks have less postcumulus material, and the
cumulus grains should adjoin in part along mutual interference grain
boundaries developed through overgrowth (c. 7-25% postcumulus minerals).

C) Adcumulates: here the overgrowths are similar in composition to the
cumulus cores and it is difficult to identify the relative proportion of
cumulus and intercumulus material. Irvine (1982) suggested that
adcumulates can be recognised by the presence of minor discrete
postcumulus materials and that mutual interference boundaries are the
norm for the cumulus phase (c. 0-7% postcumulus minerals).

The term primocryst, used in this study, refers to any crystal which
nucleates at an early stage from the parent liquid and may subsequently
settle under gravity or be retained in suspension. The term specifically
excludes intercumulus phases.
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Mineral names

A recent study by the International Mineralogical Association (Morimoto,
1989) has recommended that the nomenclature of the orthorhombic Mg-Fe
pyroxenes be simplified and that only the two end-member mineral names be
retained: Enstatite (En) and Ferrosilite (Fs), the division being taken
at the 50% mark. Mineral names which have been entrenched in Bushveld and
other layered complex literature, Tlike bronzite and hypersthene, have
been placed on the obsolete list and their recommendation is that these
minerals be called enstatite. In this study the term orthopyroxene is
synonymous with enstatite and has been used throughout.
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LIST OF ABBREVIATIONS Standard Conventions and Symbols
Lithologies

Uz - Upper Zone Rock type Whole-rock”
MZ - Main Zone § Aly05
E% : (L:g;:;c;;ngone Pegmatoidal pyroxenite/harzburgite

- Olivine pyroxenite

UGMA -  Upper Giant Mottled Anorthosite karzbarai

GMM - Giant Mottled Middling : a] Harzburgite

LGMA - Lower Giant Mottled Anorthosite Pyroxenite Px < 6.5
GMA - Giant Mottled Anorthosite " 6.5 - 11
BU - Bastard Unit Helanorite "

BR - Bastard Reef Nor ite N 11215
MU - Merensky Unit ) L 21.5 - 28
MR - Merensky Reef Leuconorite "

UG2 -  Upper Group Chromitite layer 2 Anorthosite (mottled)  An > 28
UGl - Upper Group Chromitite layer 1 .

UGIFW -  Upper Group Chromitite 1 footwall . Chmmft?te L

MG4 - Middle Group Chromitite layer 4 &4 Chromitite layer or dissemination

MG3 - Middle Group Chromitite layer 3 —= Data point off scale

MG2 - Middle Group Chromitite layer 2

Profile Localities

LEF - Lefkochrysos Mining Company (now controlled by

Rand Mines and called Crocodile River Platinum Mine).
WP - Western Platinum Mine.
RPM-  Rustenburg Platinum Mines (RPM) - Rustenburg Section.
Zz - Impala Platinum Mines (South) - Wildebeestfontein Mine.
Y - Impala Platinum Mines (Central) - Bafokeng South Mine.
X - Impala Platinum Mines (North) - Bafokeng North Mine.
RD - Rooderand 46 JQ - farm on the NW flank of the Pilanesberg.
UA - RPM Union Section, SW sector.
UB - RPM Union Section, central sector.
UC - RPM Union Section, NE sector.
AD - RPM Amandelbult Section, far west.
AE -~ RPM Amandelbult Section, west.
AF - RPM Amandelbult Section, central.
B - RPM Amandelbult Section, central.
C - RPM Amandelbult Section, east.
Petrological, Mineralogical and Geochemical
ol - Olivine
opx -  Orthopyroxene
cpx - Clinopyroxene
plag - Plagioclase
Sr; - Initial strontium isotope ratio (8Sr/86Sr)
MMF -  Atomic ratio of Mg/(Mg + Fe?*) in pyroxene
MMF,a -  Whole-rock Mg/(Mg + Fe) atomic ratio where all Fe is

expressed as Fe2*
3Cw - Sum of major elements compatible in pyroxenes
(Fe,03 + FeQ + Mn0 + Mg0)

PGE -  Platinum group elements (Pt, Pd, Os, Ru, Rh and Ir)
PGM -  Platinum group metals
Statistical
sd - Standard deviation
cc - Coefficient of correlation
rl - Coefficient of determination (it defines the portion of

* Eales et al. (1988)

total sum of squares accounted for by regression).

rZ = Q:/Q 8

where Qg =

model sum of squares

QR + QError
total sum of squares

Figure1.7 Abbreviations and conventions used thoughout the thesis.
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CHAPTER 2

THE UG1FW UNIT - CASE STUDY OF A CYCLIC UNIT

2.1 Introduction.

This chapter describes the texture, mineralogy and geochemistry of a
section extending c. 350m beneath the UGl chromitite at Rustenburg
Platinum Mines (RPM), Union Section. It illustrates the complexities that
emerge from detailed study (at close sampling intervals) of a single unit
changing, with stratigraphic height, from ultramafic to Teucocratic
rocks. The model which evolves becomes relevant to the interpretation of
other sequences within the Upper Critical Zone. The text and accompanying
diagrams in this chapter, include substantial extracts from Eales,
de Klerk, Butcher and Kruger (1990a), but additional data which were not
included in that paper are added here. A reprint of this paper is
included in Appendix E.

The interval between the UGl and the MG4 chromitites (291m), here termed
the UGl Footwall Unit (UGLFW Unit), provides convincing evidence of
hybridisation through the mixing of fresh inputs of magmatic liquid with
partially crystallised resident 1liquids bearing abundant plagioclase
feldspar. The unique significance of the section lies in the preservation
of incompletely resorbed small plagioclase inclusions within host
orthopyroxene grains of pyroxenites and norites. This evidence is also
used to support the view that mixing may also have operated within other
cyclic units where the plagioclase primocrysts have been destroyed by
more complete reaction.

2.2 Stratigraphy.

The stratigraphic interval between the UGl and MG3 chromitite layers, and
the various lithologies and sample positions, are illustrated in Figure
2.1 while more detail of the MG4 and MG3 chromitites is shown on Figure
2.3.



20

a‘_ Ln
.
L} -
. 3
- [ ]
' S
- a 8
“ : . rsm N
50-s
L]
- L] Mn
T
. L[]
“ s N
' n
] = tn
metres ot
0 LI N
Bastard Unit P! .F Ln
100T T
Merensky Unit LA Hs-20
A -~y — . . N
S e Mer. Footwall Unit BRI
uz | —1oo00 s risd T Pseudoree! Unit Ll
- e vaz UG2 Unit ' a8 Px
UG 1 Unit 3
0] ® UGt . o b
.
w - f N
- L=
i " 150
o
L "
L]
i "
100 "
t [
MZ ' "
1®
UGt Footwall 200+
Unit
Ccz
250
Lz MG3 Unit

MG4
300

TRITTY

MG3

Figure 2.1 Generalised stratigraphic succession through the western
Bushveld Complex with detail for the Upper Critical Zone and UGl
Footwall Unit at Union Section. Significant chromitite layers at
the bases of units are indicated by solid circles. Sample positions
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The contact between the UGl Unit and the underlying UGIFW Unit is one of
the more prominent and distinctive features of the Critical Zone
succession. Undisturbed UGl chromitite at Union Section is the exception
rather than the norm and at infrequent exposures of undisturbed regular
layering the UGl chromitite package consists of two robust chromitite
layers, the upper 50-60cm thick and the lower c. 30cm thick, separated by
c. 30cm of pyroxenite. These well-defined layers rest concordantly on
white to pale grey anorthosite, and the basal contact of the lower
chromite is taken to be the boundary between the UGl Unit and UGIFW Unit
(Plate 2.1a).

More commonly, the contact between these two units 1is complex and
displays the same features that are seen at the well known Dwars River
exposures in the eastern Transvaal. An upper group of regular chromitite
and pyroxenite layers overlies 3-4m of anorthosite within which thin
chromitite layers (commonly 1-200mm thick) converge and diverge to yield
an anastomosing system (Plate 2.1b). This gross structure may in turn
give way along strike, or in depth, to an irregular system of contorted,
discontinuous stringers, lenses and pods of chromitite (and in some
instances  pyroxenite) which display distinctive, ' soft-sediment
deformation features (Plate 2.2 and 2.3). These textures are suggestive
of disruptive movement within the crystalline mush prior to
solidification. Textural evidence in some areas suggeststhat at least two
disruptive events took place prior to final solidification (Plate 2.3b).
Lenticular pods of chromitite and/or pyroxenite with an oblate-spheroid
shape (diameters up to 0.5m) appear to have subsided within the
anorthosite, depressing and disrupting the layering beneath and around
the pods (Plates 2.2b, 2.3a & b). The pyroxenitic pods are charged with a
high concentration of disseminated chromite. These structures have been
attributed by various authors to intrusion into the anorthosite of a
chromite-bearing residual magma (Sampson, 1932), intrusion of anorthosite
into chromitite (Coertze, 1958), deposition of chromitite accompanied by
turbulent mixing with plagioclase crystals (Vermaak, 1976), and
emplacement of a chromitite mush as a result of fracturing (Cameron,
1964) or a process akin to that which produces sandstone dykes and sills
in sediments (Lee, 1981).
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The upper half of the UGIFW Unit comprises a Teucocratic suite of rocks,
mainly leuconorites, norites and anorthosites. An upper layer  of
chromitiferous anorthosite (2-3m thick) rests upon some 5m of what is
locally known as the "Streaky Norite", displaying mm-scale layering
(Plates 2.2, 2.3a and 2.4). Beneath this is a second couplet of Cr-poor
anorthosite (c. 31% Al,03) and leuconorite resting on approximately 130m
of norite alternating with leuconorite and minor pyroxenite. This norite
is well layered, although not on the fine scale illustrated in Plate
2.4b, and also displays trough and cross-bedding features  (Plate 2.5a).
Irregular, discordant mottled anorthosite bodies occasionally disrupt
this layered norite as well (Plate 2.5b). The norite grades downwards via
c. 20m of pyroxenite alternating with melanorite (7-10% Al1,03) to a 115m-
thick sequence of pyroxenite (<6.5% A1,03) which is floored by the MG4
chromitite. In this part of the Complex the total thickness of this UGIFW
Unit (285m) is appreciably greater than that of other cyclic units such
as the Footwall, Merensky and Bastard Units, which are 18, 25 and 63m
thick respectively.

Some of the field characteristics of this sequence are implicit in the
variations in whole-rock Al1,0;3 and normative mineral levels shown in
Figure 2.2. These are:-

* the existence of a continuum of compositions between pyroxenite and
anorthosite, but with a dominance of pyroxenites (<6:5% A1,03) and
norites (11-21% Al1,03);

* gradations from one horizon to another, as from pyroxenite to norite
(160m to 130m), pyroxenite to leuconorite (125m to 94m) and
melanorite to anorthosite (57m to 8m); and

*  gradual but sustained increases in proportions of pyroxenes with
stratigraphic height within parts of the sequence, e.g. between 330m
(norite) and 300m below datum (pyroxenite), or between 94m
(leuconorite) and 57m (melanorite).

The sequence between the top of the MG3 and the base of the MG4
chromitites is essentially an upward gradation from norite (27.5m thick)
to pyroxenite (16.0m thick) followed by a rapid transition to anorthosite
within the uppermost 1.2m. This forms the immediate footwall to the MG4
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Figure 23 Stratigraphic detail of the Middle Group chromitite layers
exposed in underground workings at Spud shaft (20 level). Additional
information was obtained from two underground boreholes in the same
vicinity. Sample positions are indicated on the right of the column
while open circles on the left indicate chromite occurrences - either
robust layers or less compact disseminations.
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chromitite (Figure 2.3). The entire sequence from the base of the MG3
chromitite to the base of the MG4 constitutes the MG3 Unit. The sequence
of rock types in this unit is anomalous in terms of the normal succession
one finds in other Upper Critical Zone units where mafic lithologies at
the base becomes more leucocratic upward. A more detailed account of
this part of the succession is presented in Eales, de Klerk and Teigler
(1990b).

A similar rapid transition (see Figure 2.3) occurs immediately beneath
the MG3 chromitite where pyroxenites grade upward into norites and
anorthosites which form the footwall of the MG3 chromitite. A thin (32cm)
chromitite with sharp upper and lower contacts occurs within the
pyroxenite 6.4m below the base of the MG3 chromitite. It is not known
whether this chromitite constitutes all or part of the MG2 chromitite
layer as the underground borehole was terminated at this point.

Justification for treating the entire sequence between the MG4 and UGL
chromitite as a single unit, despite its great thickness of 285m, lies,
first, 1in its correspondence with the sequence chromitite-pyroxenite-
melanorite-norite-leuconorite-anorthosite which 1is so characteristic of
cyclic units elsewhere, and, second, in the internal coherence of
geochemical parameters which distinguish it from units above and below.
These parameters include the difference in V and Cr concentrations in the
MG3 and the UGIFW Units (Figure 2.17) and the marked breaks in the trends
of whole-rock Mg/(Mg+Fe2*) atomic ratio (hereafter abbreviated to the
MMF,z ratio), and Ni/V, Cr/Co and Ni/Sc ratios which also occur at the
level of the MG4 chromitite layer (Figures 2.10 and 2.16).

The following reasons are given for defining the interval between the MG3
and the MG4 chromitites as a single unit.

a) There is a steady decline in Al,0; with a concomitant increase in the
MMF,, ratio up to the MG4 chromitite (Figures 2.2 and 2.10). With
this 1is coupled essentially uniform 1levels of Ni/V ratios (Figure
2.16) which span a range of values that does not overlap with that
found in the UGLIFW Unit.
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b) Significant shifts in Cr,0; levels in orthopyroxene and values of
whole-rock MMF,;, Fe0/Ti0,, Ni/V and Cr/Co ratios occur across the MG4
chromitite layer (Figures 2.4, 2.10 and 2.16).

c) Regression analysis of whole-rock V against Mg0 (Figure 2.17) yields
different 1linear models for the rocks above and below the MG4
chromitite; the UGLIFW Unit is clearly enriched in V relative to the
MG3 Unit. A similar effect is seen in the plot of Cr against Mg0
which indicates a relative Cr depletion within the UGIFW Unit. These
differences are seen in samples with less than 3000ppm Cr, indicating
that the effect cannot be attributed to disseminated chromite.

The MG3 Unit, thus defined, ends with a norite-anorthosite layer (1.2m
thick) and the UGIFW Unit therefore commences with a chromitite layer.

2.3 Petrography.

Rock types within the MG3 and UGLFW Units have a relatively simple
mineralogy with orthopyroxene and plagioclase feldspar being the dominant
minerals. Clinopyroxene, chromite and magnesian biotite, in various modal
proportions, are less common. Olivine is absent. High concentrations of
chromite at the bases of both units yield the MG3 and MG4 chromitite
layers. These chromitites have varying proportions of silicate minerals
present. The upper and lower contacts of individual chromitite layers
(with either pyroxenite or anorthosite) are commonly gradational where
the concentration of disseminated chromite decreases away from the
chromitite layer. Within the pyroxenites, poikilitic clinopyroxene may
form dark spots up to 0.5cm in diameter which enclose all older phases
(Plate 2.6a), and in some instances replace orthopyroxene.

Clinopyroxene may partially rim orthopyroxene in the norites and be
optically continuous with exsolved blebs within the cumulus
orthopyroxene. Mica is invariably intercumulus. Accessory chromite is
absent throughout most of the UGIFW Unit in contrast with its ubiquitous
occurrence 1in the overlying UGl, UG2, Merensky Footwall and Merensky
Units. Only between 210-250m, and immediately above the MG4 chromitite
are traces of chromite found. Thin layers of disseminated chromite are
also found in the norites above the MG3 chromitite (Figure 2.3).
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Grain-size measurements for cumulus orthopyroxene crystals plotted
against stratigraphic height are presented in Figure 2.2 (after Eales et
al., 1990a). Here the mean value of the long intercept of between 30-60
orthopyroxene grains, intersected on a rectilinear grid in each thin
section, is used in the plot. A range of 0.63-2.65mm is displayed. The
more fine grained rocks, i.e. those with a grain-size of 0.6-1.25mm, are
pyroxenite adcumulates with well developed 120° triple junctions and low
feldspar contents. The overlying noritic rocks are distinctly coarser
grained (1.15-2.65mm) and have poorly developed crystal shapes.
Geochemical evidence for subdividing the UGLFW Unit into sub-cycles is
presented later, but Eales et al. (1990a) note that there is a relative
depression of grain sizes within those sections (260-270m, 200-230m, 130-
165m, 100-115m and 20-50m) where geochemical ratios have more primitive
values.

Leuconorites and anorthosites constitute the upper 20m of the UGIFW Unit.
Here the cumulus orthopyroxene is clearly visible in hand specimens of
leuconorites ("spotted anorthosites") but the true anorthosites with >28%
A1,03 only have minor amounts of intercumulus pyroxene. Where present,
the intercumulus pyroxene displays a poikilitic habit that typifies
"mottled anorthosite". The grain size of these rocks is normally 0.5-3mm
and a preferred orientation of feldspar laths, parallel to the layering,
may be adopted.

A most significant feature of the entire column is the ubiquitous
occurrence of small plagioclase inclusions within orthopyroxenes of both
pyroxenites (Plates 2.6 and 2.7) and norites (Plate 2.8). These inclusions
are commonly 0.02-0.25mm in diameter and spheroidal, ovoid or irregularly
embayed. The number of inclusions within any one host orthopyroxene grain
is variable between 0 and 20 with no sample being free of these
inclusions. Occasionally the inclusions form small clusters (Plates 2.6
and 2.6a) and the distribution and orientation of the inclusions is
random within the host grain. Rare grains of orthopyroxene have cores
which are devoid of inclusions (Plate 2.9a). The shapes of the inclusions
are atypical of plagioclase within noritic rocks and the intergrowth
cannot be compared with ophitic texture or with the fabric adopted by
intercumulus pyroxenes within anorthosites. The texture seen here implies
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partial resorption of feldspar within a melt which subsequently
crystallised orthocumulus and adcumulus pyroxenites. Plausible mechanisms
whereby these relict plagioclase grains became incorporated within
ultramafic assemblages are discussed in 2.4.3.

A further variety of plagioclase occurs in the form of rare laths up to
1.5mm in length or clusters up to 2.5mm embedded in some pyroxenites
(Plate 2.9b). Isotopic evidence presented in Eales et al. (1990a) has
established that these larger grains and clusters are cumulus xenocrysts.
The pyroxenites, therefore, have three textural varieties of plagioclase
present (a) inclusions within cumulus orthopyroxene (intragranular); (b)
cumulus xenocrysts (intergranular) and (c) intercumulus plagioclase. This
texture is interpreted as unequivocal evidence for nucleation of
pyroxenes, leading to accumulation of pyroxenites, within melts
containing partially resorbed, earlier-generation feldspar.

2.4 Mineral chemistry.

Electron microprobe analyses of the three main silicate phases -
orthopyroxene, clinopyroxene and plagioclase feldspar were performed on
selected samples taken from below the MG3 chromitite to the footwall of
the UGL Unit.

2.4.1 Pyroxenes.

A total of 460 microprobe analyses through the profile were made (Figure
2.4). Zonation between the crystal margins and cores is subdued
throughout the profile. MMF ratios at crystal margins within the
leucocratic upper part of the unit, i.e. above 180m level are, with few
exceptions, Tlower than core values. Reversed zoning is absent in the
norites of the UGIFW Unit but not uncommon in pyroxenites and samples
within the MG3 Unit.

Orthopyroxenes of the UGLFW Unit do not follow the normal fractionation
sequence of cryptic variation where magnesium enrichment at the base of
the unit gives way to more Fe-rich varieties towards the top. Between
180m and datum the pattern observed is one of cyclical variation from a
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minimum average MMF of 0.783 (S-36) within the pyroxenites, increasing
through the overlying norites to a peak value of c. 0.849 (S-1) below the
UGl in the leucocratic roof zone. The mean MMF ratio in norites is thus
0.800 £ 0.007, and 0.794 = 0.007 1in the underlying pyroxenites. Within
the interval designated "4" in Figure 2.4, an element of bimodality is
seen in the MMF ratios of orthopyroxene. This is suggestive of two
populations - a more magnesian population stemming from a noritic
lineage, or pyroxenitic cumulates derived from it, and a less magnesian
population characterising the top of the thick, underlying, pyroxenitic
suite.

MMF values within the MG3 Unit are clearly offset to higher values
when compared to those above the MG4 chromitite. Here the average core
MMF ratios for three samples (S-66, S-68 and S-71) are 0.816, 0.814 and
0.815 respectively. One sample below the MG3 yielded an average value of
0.802 which is similar to sample values at the base of the UGLIFW Unit.

Levels of Cr,0; in orthopyroxene (Figure 2.4) increase from 0.25% at 180m
below the UGl Unit to 0.43% near the top of the norite column. The
average in noritic pyroxenes is 0.347 = 0.043%, and 0.310 = 0.028% in
pyroxenites. Grain cores are in almost all cases Cr-enriched relative to
the margins. The Cr,0; values for orthopyroxenes in the MG3 Unit are
clearly much higher (>0.45%) than those in the UG1FW Unit. Only sample S-
2 at the top of the UGLFW Unit has a Cry,0;3 value (average 0.51%)
comparable to those in the MG3 Unit. Figure 2.5 shows a plot of Cr,03
against MMF ratios for all samples of the UGIFW and MG3 Units and no
discontinuity in trend is apparent here. Irrespective of whether the
trend is due to fractionation or crystallisation from hybridised liquids,
Figures 2.4 - 2.5 emphasise the anomalous increase in both Cr and Mg in
orthopyroxene through the norites towards the top of the unit.

The atomic Cr/Al1 ratios closely follow the observed trend of the MMF
ratio and the Cr,0; levels 1in orthopyroxene. A clear pattern of
oscillation is seen within the pyroxenites above the MG4 chromitite up to
the 180m level where a low average of 0.19 is recorded for the Cr/Al
ratio. From this point there is a distinct upward increase in the Cr/Al
ratio to the top of the noritic sequence, accompanied by well defined
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Figure 2.5 Cr,0; levels in orthopyroxene within the UGIWF and MG3
Units based on averaged analyses for individual samples (total
460 analyses). Simple linear regression analysis of the data
yields the linear model Cr,0; = 4.92 MMF - 3.58 (cc. = 0.734,
r2 = 53.9). UGLFW Unit - circles, MG3 Unit - triangles. Solid
symbols - pyroxenites: open symbols - norites.

cyclical oscillations. The general pattern through the UGIFW Unit is one
of an upward increase in Cr/Al ratio. The orthopyroxene Cr/Al ratios in
the MG3 Unit are marginally higher (>0.25) than those above the MG4
chromitite (<0.25).

A sharp drop in MMF ratio (to 0.62) and Cr,03 levels (averaging 0.02%)
occurs within the first anorthosite overlying the noritic sequence
(Figure 2.4, S-3 and S-4). This follows the trends which are typical of
whole-rock MMF ratios in the anorthosites of the Footwall, Merensky and
Bastard Units (see Figure 3.3 and Eales et al., 1986). The uppermost
leuconorite-anorthosite couplet (S-1 and S-2) is, however, remarkable in
that the average MMF ratios are unusually high at 0.849 and 0.817 (Figure
2.4) while Cr,0; in orthopyroxene exceeds 0.5% in the leuconorite and
0.25% 1in the anorthosite. The uppermost leuconorite (S-2) is thus
anomalously Cr-rich but contains no accessory chromite - the overlying
anorthosite (S-1) contains chromite as a major modal phase. This
disseminated chromite is thought to be the result of contamination from
the overlying UGl chromitite layer. In summary, the UGIFW Unit, although
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showing absolute whole-rock Cr-depletion (Figures 2.14 and 2.17) in the
major part of the unit, because of modal variations, is characterised by
an upward increase in orthopyroxene MMF ratios accompanied by a
sympathetic increase in the Cr,0; levels in orthopyroxene (Figure 2.4).

Hatton (1984) showed that reversals in the expected fractionation trend
of orthopyroxenes in the eastern and western Tlobes of the Bushveld
Complex are not the result of changes in pressure in the magma chamber.
His calculations showed that unrealistically high pressure changes would
be required to generate observed changes in the orthopyroxene content and
he proposed the emplacement of fresh pulses of magma to account for these
reversals.

The discussion above has perhaps not emphasised the fact that although
clear cyclicity is seen within the sequence, the compositions of the
pyroxene throughout the 350m column have a limited range. A plot of the
average compositions of all the samples yields a tight grouping around
Engy when plotted on a conventional ternary diagram (Figure 2.6). It is
only in the upper three samplesof the unit, where orthopyroxene occurs as
an intercumulus phase (S-1, 3 and 4), that greater compositional
variability is seen.

wo

EN

All other
S samples

J S-4 s-3
S-1L,‘ °®

EN | (Bronzite) [ 50

Figure 2.6 Conventional ternary diagram for pyroxene
(WO - EN - FS) analyses showing the average composition
recorded for both ortho- and clinopyroxenes.
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The same observation is true for the clinopyroxenes which also fall in a
restricted grouping (average of 12 samples). A Tlimited study of
poikilitic clinopyroxenes enclosing orthopyroxenes, and those of
intercumulus habit, showed the tie-lines between the ortho- and
clinopyroxenes on a conventional triangular plot to match those
established for the Lower (Botha, 1987) and Upper (Atkins, 1969) Critical
Zones (Figure 2.6).

2.4.2 Plagioclase feidspar.

Analyses of the cores of 448 feldspar grains, summarised in Figure 2.7,
show that the range of composition is Ang; gs. A distinction is made on a
basis of plagioclase habits and accordingly analyses of the small
partially resorbed inclusions within orthopyroxene are compared with
cumulus and intercumulus grains within individual samples. No clear-cut
distinction in composition, which would possibly indicate discrete
populations, is evident. However, some bias is shown towards more sodic
compositions for the inclusions when the average compositions (and the
ranges) of the two habits are plotted against each other. In Figure 2.7
21 of the 25 sample pairs within the UGIFW Unit indicate a more sodic
composition for the inclusions. A further feature of note is the matching
trends of %An between both inclusions and non-included feldspar. Samples
with notably sodic inclusions show the associated cumulus/intercumuius
grains also shifted to more sodic compositions (Figure 2.8).

In Figure 2.8 the %An of plagioclase is plotted against stratigraphic
height. Here the compositions of intercumulus and cumulus plagioclase are
distinguished from those of the small plagioclase inclusions within the
orthopyroxene. The sympathetic variation established in Figure 2.7 is
seen at all Tlevels and a clear cyclicity becomes apparent. Within the
basal pyroxenites of the UGIFW Unit, sub-cycles show an upward decline of
anorthite content, but above the level where cumulus feldspar enters the
paragenesis (at 150m) the trends followed by felsic and mafic phases vary
sympathetically. The measurement of extinction angles of the feldspar
inclusions indicates that a narrow rim may encircle each inclusion. At
the base of sub-cycles where feldspars are calcic this rim displays
reversed zoning, but where more sodic compositions dominate zoning is
either normal or absent.
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grains in the same sample. Bars represent the range in composition.

A feature recognised by Vermaak (1976), Lee (1983), Eales et. al (1986,
1988) and others is that the feldspars of anorthosites and norites at the
top of well defined units of the Upper Critical Zone (like the Footwall
and Merensky) are more calcic than those of both cumulus and intercumulus
habits in underlying rocks. This is also true of the UGLFW Unit (Figure
2.7). Here the mean compositions of the feldspar cores are Any5 5755
within the upper 25m of the unit (Sample S-1, 2, 3, 4, 5, 6 and 7).
Compositions of cumulus feldspar within the underlying norites are Any; 5
75.6 while that for the intercumulus grains within the pyroxenites is
commonly a further 5-10% richer in ab molecule.

An explanation as to how the relict plagioclase inclusions became
incorporated within the pyroxenes is important in the interpretation of
the UGLFW Unit and the following possibilities exist:
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(a) Inclusions represent aberrations in the normal sequence of
crystallisation of the silicate phases. The paragenetic sequence may
have been inverted by spatial shifts of primary phase volumes under
the influence of pressure, f0, or concentration of volatiles.

(b) Plagioclase nucleated within a bottom zone, enriched in the
components of feldspar, following in situ crystallisation of
pyroxene at or near the floor.

(c) Inclusions are the undigested remains of pre-existing feldspathic
layers (anorthositic or noritic) that were disrupted during the
emplacement of fresh pulses of primitive liquid.

(d) Inclusions represent plagioclase crystals that have been
trapped by pyroxene crystals settled from higher liquid layers in a
stratified 1iquid column controlled by double diffusive convection.

(e) The texture is the result of mixing of evolved (fractionated)
residual liquid bearing feldspar on the liquidus, with influxes of
fresh, relatively primitive mafic liquid into the chamber.

Sr-isotopic, chemical and field evidence suggest rejection of the first
three models. Isotopic evidence presented in Eales et al. (1990a) showed
that the feldspar population is not homogeneous and that isotopic
disequilibrium prevails between the feldspar and pyroxene fractions of
the rocks. Alternatives (a) and (b) do not satisfactorily account for the
resorption that must necessarily have followed the initial period of
growth. Alternative (b) is further weakened by the probability that
compositional convection (Tait et al., 1984) would enforce rapid mixing
of low-density residua with the overlying column. Inclusions are
especially prominent within pyroxene grains of both pyroxenites and
norites within which reversals of the MMF ratio, and increasing levels of
Cr in orthopyroxene, occur with increasing stratigraphic height. These
features support alternatives (d) and (e). It is considered unlikely that
the small plagioclase grains would have been able to settle through the
liquid. Because of their small size and low density it is unlikely that
they would have been able to overcome the yield strength of the liquid.
Model (e) appears to be the most plausable.

Eales et al. (1990a) note that inherent properties of the feldspar
lattice render volume diffusion and compositional readjustment sluggish
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Figure 29 A. Plot of average wt. IFe,0, in plagioclase against mol. ZAn
for inclusions in orthopyroxene (open circles) and cumulus-
intercumulus plagioclase (solid dots) in the same sample being
connected by tie-lines (29 sample pairs). Note that in all cases the
inclusions are iron-enriched and that in 25 sample pairs the
inclusions are more sodic than the cumulus/intercumulus plagioclase.

B. Average IFe,0; in the small, partially resorbed plagioclase
inclusions within orthopyroxene hosts plotted against the average
wt. 2IFey0;3 of the cumulus/intercumulus plagioclase grains within the

same sample. In all cases (29 samples) the inclusions are iron-

enriched and plot above the line representing a ratio of unity.

processes (Smith, 1974), but optimum conditions for the modification of
grain compositions would be yielded by the small size of the inclusions
and super-liquidus conditions implied by resorption. Consequently, the
present composition of the inclusions may not represent their original
compositions and the sympathetic variations in composition of feldspar
inclusions and intercumulus feldspars are attributed to reaction between
the inclusions and surrounding liquid.

The iron content of plagioclase throughout the profile varies between 0.5
and 0.8% Fe)03 and without exception the inclusions within orthopyroxene
are enriched in iron relative to associated cumulus and intercumulus
plagioclase (Figure 2.9). The range of iron content within the inclusions

is also larger than that for the plagioclase external to orthopyroxene.
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Two possible explanations for this phenomenon are that. the included
plagioclase crystallised from a liquid which was iron-enriched (more
fractionated), or that the higher iron content is a direct result of
contamination and the influence of the host orthopyroxene and other mafic
phases.

The adoption of model (e) above would imply that the original plagioclase
crystals (before partial resorption) had been crystallising from an
evolved fractionated liquid. This liquid by its very nature would have
been more Fe-enriched and more Fe would have been partitioned into these
plagioclase crystals, now seen as inclusions in orthopyroxene.

2.5 Whole-rock chemistry.

Analyses for major elements and 11 trace elements were run by XRF
spectrometry on 74 samples. Whole-rock data are presented in Appendix D,
with total Fe represented as Fe,0; (Table D4). The original data were
also recalculated to an assumed Fe,03/Fe0 ratio of 0.1 and normalised to
100%. These data are used throughout the presentation of the results and
were used to calculate the CIPW weight percent norms (Table D8). Absolute
levels of individual elements are dictated by the mode and the range in
composition of individual major element oxides and are best seen in the
plots against Mg0 (Figure 2.12). Recognising that these are cumulus
rocks not representative of liquid compositions, interelement ratios are
also used to gain a better insight into the geochemical behaviour of
these rocks. The stratigraphic variation of the mafic components in the
sequence is perhaps best represented by the whole-rock MMF ratios (Figure
2.10). Other whole-rock ratios like Fe0/Ti0,, Ni/V and Cr/Co are also
used (Figure 2.10 and 2.17). In all cases these ratios utilise a
numerator of higher and a denominator of Jlower bulk distribution
coefficient and accordingly measure the chemical "primitiveness" of the
rock.
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2.5.1 Major element variations.

MMF,, ratios within the sequence extending for 350m beneath the UG1
chromitite show the following features: (Figure 2.10).

a)

The least primitive rock in terms of MMF, ratios is the lower of the

two anorthosite layers in the uppermost 20m of the UGLIFW Unit. This
ratio is decoupled from the trend for feldspar compositions insofar
as the most calcic plagioclase within the Unit occurs in these
anorthosites.

There is no simple trend within the column beneath the anorthosite
roof. The highest (or most primitive) MMF, ratios are encountered
immediately beneath the anorthosite roof of the UGIFW Unit where
values in excess of 0.80 are recorded (S-9, 10 and 11). The lowest
MMF,x values are recorded at 50m and 120m above the MG4 chromitite
where respective values are 0.770 and 0.769 (S-49 and S-35).

Chemical trends through the Footwall, Merensky and Bastard Units in
the northwestern 1limb of the Complex display a saw-tooth pattern
(see Figure 3.3 and Eales et al., 1986, 1988), because rocks with
primitive chemical signatures at the base of units abruptly overlie
more evolved rocks at the top of previous cycles. No such pattern
exists within the sub-cycles of the UGLFW Unit or the MG3 Unit.

The general pattern seen in both the MG3 and the UGIFW Unit shows an
overall upward increase in the MMF, ratios. MMF, values in the
immediate hangingwall of the MG3 chromitite are around 0.785-0.790
in the norite and gradually increase through the pyroxenite to 0.796
(S-64) 1in the footwall of the MG4 chromitite. The pattern of
variation is more complex in the UGLFW Unit where a distinctive
pattern of cyclicity in MMF, is observed through the sequence, and
a series of partial or complete sub-cycles are defined. Each sub-
cycle first shows a gradual increase in primitive character followed
by a gradual decline. Eales et al. (1990a) identified eight such
sub-cycles which are indicated in Figure 2.10. Sub-cycles 2-5 appear
to be complete, with the rise and fall in MMF ratios (whole-rock and
microprobe data) being closely matched by trends in Fe0/Ti0, (Figure
2.10), Ni/v and Cr/Co ratios (Figure 2.16), and Cr,0; levels in
orthopyroxene (Figure 2.4). This subdivision of the UGLFW Unit
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Figure 2.10
and UG1lFW Units.

Stratigraphic variations of whole-rock data through the MG3
The first two profiles of whole-rock ratios have been
smoothed in part by employing three-point moving averages.

Here the

ratios of MMFyp (atomic Mg/(Mg+Fe) where all Fe is expressed as Fel™)
and FeO/TiO, are shown as well as the oxides TiO, and MnO (Wt.Z). Arrows
indicate data points off scale.
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conforms with that indicated by cyclic variations in feldspar
compositions described earlier, but Ni/V, Cr/Co and Fe0/Ti0, ratios,
and feldspar data suggest that sub-cycle 3 is probably composite
(see summary Figure 2.20).

Values of Ti0, in both the MG3 and UG1FW Units never exceed 0.2%, with
the pyroxenites all having values in excess of 0.12%. The upper noritic
assemblage displays values below 0.12% (Figure 2.10 and 2.12). This level
continues to decrease upward in the sequence to c. 0.05% in the
leucocratic footwall of the UGl chromitite. The norite (S-79, 0.22%) and
pyroxenite samples (S-81, 0.18%) in the footwall of the MG3 do display
marginally higher levels than in the overlying two units. Generally the
overall trend is one of increasing Ti0, in the MG3 and decrease in the
UGLFW Unit.

Manganese (Mn0) is a minor constituent in the rocks of this profile and
rarely exceeds 0.35% (Figures 2.10 and 2.12). Values in the pyroxenitic
suite of the UGLFW Unit are c. 0.25%. The highest levels are recorded
within the lower parts of each of sub-cycles 2, 3, 4, 5 and 6. Mn0
concentrations in the noritic sequence once again show a general decrease
through the leucocratic sequence and marked inflections in Mn0 levels are
seen close to the base of individual sub-cycles.

Whole-rock Al1,0; levels (Figure 2.2) provide a measure of the normative
plagioclase in norites and pyroxenites (see also Figure 1.5), where

or + ab + an = 3.03 A1,03 + 0.73 (cc. 0.9996, n = 56 samples).
This 1linear model over-estimates the normative plagioclase in
anorthosites where feldspars are more calcic (aluminous). Variations in
A1,03 in the UGIFW Unit show that total feldspar may either increase
(160-130m, 125-94m and 57-Om below datum) or decrease (335-30m and 94-
57m) with height within the section (Figure 2.2).
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Figure 2.11 Whole-rock variations for Ca0, Na,0 and K,0 (Wt.Z) for the MG3
and UGLFW Units. The Sr/Al,0,* ratio, in which a small correction is made
for the amount of Al contained in pyroxene (Eales et al., 1986),
effectively shows the Sr content within plagioclase alone. This profile is
a downward extension of the Upper Critical Zone data presented in Eales et
al. (op cit). The relatively high values of this ratio and K,0 in sample
S-7are attributed to deuteric alteration close to a younger dyke.
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2.5.2 Trace element variations.

Trace element data are presented in Table D8. Compositional variations of
the trace elements are graphically illustrated, first, by means of plots
against stratigraphic height (Figures 2.13, 2.14 and 2.15) and, second,
in simple plots in which Mg0 is used as the abscissa (Figures 2.17 and
2.18). A brief discussion of the behaviour of the individual elements,
and their affinities for inclusion into particular mineral phases, is
presented below. A compilation of distribution coefficients according to
various authors is given in Table 2.1.

Strontium (Sr)

This element has an ijonic radius of 1.18 & which is intermediate between
that of Ca2* (1.01 &) and K* (1.33 &) and which distributes itself between
Ca?*- and K*-bearing feldspars. Strontium reflects, almost directly, the
modal proportion of plagioclase in these cumulates and the reverse linear
relationship between Sr and Mg0 (Figure 2.17) demonstrates this feature.
Experimental studies by Drake and Weill (1975) indicate that the
distribution coefficient of D;Pg is greater than unity. This is in
agreement with estimates from natural systems by Griffin and Murthy
(1969) and Philpotts and Schnetzler (1970) which indicate that Dgrm is
approximately 1.3 in tholeiitic melts. By contrast, Frey et al. (1978)
give Dg. of 0.016 and 0.165 for ortho- and clinopyroxene respectively.

Whole-rock Sr concentrations, which are therefore almost entirely
controlled by the amount of plagioclase in the rock, are low in the
pyroxenites (30-70ppm) and high in the anorthosite footwall of the UGI
chromitite (465ppm, S-3)(Figure 2.13). Intermediate values are recorded
for the norites. By extrapolation, linear regression analysis indicates a
value of 494ppm Sr for pure plagioclase (Figure 2.17).

The Sr/A1,0;* ratio, as defined by Eales et al. (1986) is in the upper
50m of the unit (range 14.4-15.2) maintained down to 180m below the UG1
chromitite while more scatter is recorded in the lower pyroxenitic part
of the unit (Figure 2.11). A brief description of the Sr/A1,0;* ratio is
given in 3.4.
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TABLE 2.1: Partition coefficients for trace elements in plagioclase,orthopyroxene
clinopyroxene, olivine and biotite extracted from the literature.

Element Plagioclase Orthopyroxene Clinopyroxene Olivine Biotite ‘

. Irving (1978)

. Ewart et al. (1973)
. De Long (1974)

. Flower (1973)

23. Morse (1982)
24. Morse and Nolan (1985)
25. Lindstrom and Weill {1978)

Sr 1.3(1+2) 0.01601 0.1650) 0.00300) 0.080)
2.20) 0.018(10) 0.070) 0.00165+22)
1.5-2.2@0) 0.01%) 0.067(19 0.00019(19)
3.06(20) 0.0070% 0.1@) 0.01®
1.75(3) 0.16-0.28(2) 0.01R0)
Co 0.106) 2.0® 1.2 1-7(10)
0.026(@® 0.5-2.0) 3.1@
1.7-4.901D 4.80)
1.29)
1.2
Cr 0.010) 2.0 106) 0.2 7.0
0.10% 20 2.7®
0.026® 40019 3.1-1003)
1.2 3.1@
v 0.109 0.30) 1.53) 0.04(10)
0.06-3,4(19) 1.3® 0.090
0.5-2.30D 0.94-4.10D 0.05®
0.06-3.4D
Zn 0.130@) 0.490) 0.49@ 1.8@
0.49(4)
Ni 0.010) 1.1-3.100 2.0 10 3.5
0.202) 4,00 2-4(3) 3.8-350
5-3(3) 6.501 4.8-348)
4.5 23.80
Sc 0.008@% 0.53-1.4010) 3.1 0.370(9)
0.0108) 1.1 0.339
.017-.065(10) 3.349 0.25(3
Rb 0.05(W 0.00400 <0.05( 0.00010) 3.1
0.032 0.0006(9 0.017010) 0.00018019 0.94-3.33
0.07® 0.0010) 0.001109 0.01(2)
.03-.0002@D) <0,05(M) 0.0010 0.0103)
0.033D 0.002(2D)
Ir 0.01() 0.01-0.03® 0.1 0.01(8)
0.1200)
Y 0.009® 0.2 0.002(3 0.03(6)
0.03100) 0.2 0.5 0.016)
0.03(6) 1.654)
0.014(20)
0.049(%)
Cu 0.004@ 0.071¥ 0.071® 0.47-0,27(10)
0.240Y 0.023@
K 0.209 0.0010) 0.0026(19) 0.0010) 2.7
0.2 0.0010D 0.002® 0.001809
0.002(9
Ti 0.4(6 0.3® 0.2(6)
0.340) 0.070)
1. Griffin and Murthy (1969) 14. Campbell and Borley (1974)
2. Philpotts and Schnetzler (1970) 15. Walker (1970)
3. Frey et al. (1978) 16. Jensen (1973)
4. Paster et al. (1974) 17. Ringwood (1970)
5. Cox et al. (1979) 18. Salpas et al. (1983)
6. Pearce and Norry (1979) 19. Hanson (1977)
7. 20. Drake and Weill (1975)
8. Leeman and Lindstrom (1978) 21. Hart and Brooks (1974)
9. Duke (1976) 22. Sun et al. (1974)
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Cobalt (Co)

This element, together with Cr and V, is a member of the first transition
series of the periodic table, and all three elements behave in
essentially the same way. Co generally substitutes for Mg (Burns, 1970)
and distribution coefficients of 1.2 and 2 were recommended by Frey et
al. (1978) for clino- and orthopyroxene respectively. Data of Paster et
al. (1974) shongrgfor plagioclase to be approximately 0.03.

Whole-rock Co values rarely exceed 120ppm 1in the pyroxenitic sequence
(Figure 2.14 and 2.17) though an anomalously high value of 141ppm was
recorded for S-34. An overall pattern of decreasing absolute Co is seen
through the UGLFW Unit - reflecting the modal composition.

Chromium (Cr)

Cr partitions strongly into pyroxene, particularly clinopyroxene, whilst
being almost totally rejected by plagioclase. Distribution coefficients
suggested by Cox et al. (1979) are DY* = 10 and Dzrm = 0.01. This implies
that in the absence of a spinel phase the proportion of modal pyroxene in
the rock will have a strong influence on Cr concentration. The effect of
modal mineralogy will, however, be modified by strong fractionation
effects due to the high distribution coefficients for Cr, particularly
into clinopyroxene.

The presence of disseminated chromite in some samples from both the
footwall of the MG3 and the MG3 Unit itself is clearly indicated by the
high Cr values recorded in these rocks - in excess of 4000ppm (Figure
2.14). A clear distinction is seen between the Cr values in the MG3 and
UGLFW Unit when plotted against Mg0 (Figure 2.17). Here higher Cr values
of the MG3 Unit are offset from those recorded for the UGIFW Unit. Apart
from minor disseminations of chromite directly above the MG4 chromitite
layer, and more prominently within the anorthosite footwall of the UG1
chromitite, chromite does not occur within the UGLFW Unit pyroxenites and
norites. Levels of Cr within the Tower pyroxenites are generally above
2500ppm. As for Co, an overall pattern of decreasing Cr is seen
throughout the wunit. The presence of disseminated chromite in the
anorthosite footwall of the UGl is reflected where Cr values approaching
1000ppm were recorded in samples S5-0, S-1 and S-2. These samples were
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carefully selected to minimise the amount of chromite, but its ubiquitous
presence at this level precluded analysis of chromite-free samples.

Vanadium (V)

This element distributes preferentially into clinopyroxene and Frey et
(1978) quote a D?“ of 1.5. That for orthopyroxene is lower at 0.3.

Vanadium is almost completely excluded by plagioclase but partitions very

strongly into any magnetite present in the rock.

Vanadium concentrations within the UGIFW Unit pyroxenites are well
constrained between 160 and 180ppm and then gradually decrease through
the noritic sequence to around 10ppm in the UGl footwall (Figure 2.14).
The lithologies of the MG3 Unit (both norites and pyroxenites), on the
other hand, indicate 1lower Jlevels of V when compared with their
counterparts in the overlying UGIFW Unit. The V - Mg0 plot (Figure 2.17)
clearly demonstrates this point where the datasets of each unit are
significantly different. A simple regression analysis of the data yielded
different linear models for each unit:

UGLFW Unit v
MG3 Unit v

7.00 Mg0 - 4.74 (cc. 0.9829, n
6.14 Mg0 - 14.4 (cc. 0.9565, n

59); and
12).

A similar convincing distinction is made in a plot of Sr against V
(Figure 7 in Eales et al., 1990a) but no separation is evident when Sr is
plotted against Mg0 (Figure 2.17) or Al1,0; for the same samples (Figure 5
in Eales et al. 1990b). Clearly the discrete regression lines in the V
plot (Figures 2.17) arise out of a relative V-depletion below the MG4
chromitite.

Zinc (Zn)

Limited quantitative information is available regarding the behavior of
zinc. Its behaviour is similar in most respects to that of the compatible
elements V, Co, Ni, and Sc. A distribution coefficient of 0.49 for Dpx
(combined ortho- and clinopyroxene) and 0.13 for Dp  is used by Paster
et al. (1974). Cox et al. (1979) also quote a d1str1but1on coefficient of
0.49 for orthopyroxene.
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Although some scatter is evident for Zn within the pyroxenites of the
UGIFW Unit it would appear that the pattern is one of an upward increase
from 80ppm (above the MG4 chromitite) to a high of 100ppm at 225m before
a decline to values around 90ppm at the top of the pyroxenitic suite (S-
36 in Figure 2.15). From this level the general pattern is one of upward
decrease through the rest of the noritic sequence as modal feldspar
increases.

Nickel (Ni)

Nickel partitions preferentially into almost all the ferro-magnesian
mineral phases and therefore behaves in much the same way as Co and Cr.
The data of Frey et al. (1978) suggest that nickel partitions very
strongly into both clino- and orthopyroxene, with Dy; being of the order
of 4 for both minerals. Nickel partitions strongly into olivine and base-
metal sulphides. Plagioclase almost completely rejects this element and
the considerations above mean that Ni should vary in a positive and
lTinear way with respect to Mg0 (Figure 2.17) as no olivine or sulphides
are present in the sequence. Concentrations of Ni within the pyroxenites
vary between 500 and 600ppm and show much the same decreasing trend
through the noritic sequence as Zn, Co, V and Sc.

Scandium (Sc)

Frey et al. (1978) recommended values of Dg. = 3.1 for clinopyroxene, and
1.1 for orthopyroxene. Data from Paster et al. (1974) suggest an
D2*of 0.008 for plagioclase. Scandium values in the
leucocratic rocks are generally lower than 10ppm while those for the
norites are 10-28ppm (Figure 2.15 and 2.17). Within the lower pyroxenitic
sequence of the UGIFW Unit the Sc values remain almost constant at around
32ppm. The distribution pattern of Sc with respect to stratigraphic
height is similar in almost all respects to that of Ni, V, Co and Zn.

extremely low

Interelement ratios

In the discussion above it 1is obvious that the absolute, whole-rock
concentrations of compatible elements are determined largely by the modal
composition of the rock. For this reason interelement ratios are used to
establish patterns of fractionation. Ratios which best define the sub-
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cycles within the UGIFW Unit, and the breaks between them, are Ni/V,
Cr/Co, Ni/Sc and to a lesser degree V/Sc (Figure 2.16).

The Ni/V ratio clearly indicates the breaks between four Upper Critical
Zone units in Figure 2.16, i.e. the unit below the MG3 chromitite, the
MG3 Unit, UGLFW Unit and the overlying UGl Unit.

* samples from the footwall of the MG3 chromitite (S-79 and S-81) have
ratios below 3.2.

* The MG3 Unit has Ni/V ratiosbetween3.6 and 4.0.

* A distinctive break to lower values (c. 3.2) occurs above the MG4
chromitite. The rest of the UGLFW Unit is defined by a series of
cyclic oscillations between 3.5 and 2.9.

* A break to higher values in excess of 4.0 occurs within the overlying
UGl Unit at Union (de Klerk, 1982).

A clear distinction is also recorded for the Cr/Co ratio between the MG3
Unit and the UGIFW unit (Figure 2.16) and, Tike the Ni/V ratio, the muted
oscillations within the UGIFW Unit support the definition of separate
sub-cycles.

Trace elements incompatible in all phases of the UGLFW Unit.

The concentrations of the elements Rb, Zr, Y and Cu through the sequence
is shown in Figure 2.13 and 2.15. Levels of these elements are also
plotted against Mg0 in Figure 2.18. No consistent pattern is clearly
discernible for these elements through the sequence, although Rb, Zr and
Y levels at the bases of some sub-cycles have values akin to those at the
top of preceding sub-cycles. For example, the trend of increasing Rb at
the top of sub-cycle 4 continues into the base of sub-cycle 5 before
dropping off to values below 1ppm. This pattern is again repeated in the
overlying sub-cycle 6 and is also indicated for Zr and Y in other sub-
cycles. This phenomenon suggests that Tlimited infiltration metasomatism
has occurred from below (Irvine, 1980b; Eales et. al, 1988).

Incompatible element abundances ought in general to increase upwards in
the intrusion but such trends are wholly subservient to the amount of
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UG1FW Unit while the open circles represent the MG3 Unit.
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late-stage liquid that is actually trapped in cumulus rock. Cawthorn
(1983), in his study of the trace element behaviour of the Losberg
intrusion (a satellite related to the Bushveld Complex), pointed out that
if multiple intrusion of magma did occur then it would be reflected in
the changes in the composition of the trapped liquid, which is best
indicated by the incompatible trace elements.

Rubidium (Rb)

The distribution coefficient Dg:lg is of the order of 0.05 while that for
pyroxene is substantially lower than this (Griffin and Murthy, 1969). The
ionic radius of Rb (1.47 &) is larger than that of K (1.33 &) and Rb will
readily enter sites normally filled by K* in alkali-feldspars, but shows
a marked preference for entry into the micas (Taylor, 1965). Rubidium
concentrations in the profile vary from levels below the instrumental
lower 1limits of detection to 5ppm, but are generally below 3ppm. An
anomalously high value of 10.6ppm is recorded for sample S-7 and is
thought to be the result of partial deuteric alteration (mainly
saussuritisation) adjacent to an intrusive dyke of Pilanesherg age.
Higher K,0 values were also recorded in this sample (see Figure 2.11).

Zirconium (Zr)

Distribution coefficients reported by Pearce and Norry (1979) for Zr in
basic assemblages are 0.01 for plagioclase and orthpyroxene and 0.1 for
clinopyroxene. Zr, with an ionic radius of 0.79 & and a charge of +4,
does not enter any of the major cation sites in common cumulus minerals,
concentrating itself rather in the residual 1liquid and wultimately
crystallising as zircon. Zr may substitute to a limited extent for Ti in
early Ti-Fe oxides (Taylor, 1965; Walker, 1970) or enter clinopyroxene
and apatite.

The common range of this element through the profile is 1-12ppm with only
3 samples having values beyond this range. No clear pattern of variation
is discernible through the pyroxenite and noritic assemblages of the
UGIFW Unit, although breaks to lower values above the MG3 and MG4
chromitites are evident(Figure 2.13).
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represent the MG3 Unit.

Yttrium (Y)

The distribution coefficient Dshg is very much less than 0.1 (Drake and
Weill, 1975; Pearce and Norry, 1979). The work of Frey et al. (1978)
suggests that D?“for orthopyroxene is also very low (0.009) while that
for clinopyroxene is 0.2. The implications of these data are that Y will
only be accepted into late-crystallising clinopyroxene and will otherwise
behave as an incompatible trace element in the interstitial liquid.
Yttrium has an ionic radius of 0.98 A which lies between Fe?* (0.76 A)
and Ca?* (1.01 A), though closer to the latter. The behaviour of Y in
melts, arising out of its substitution for Ca, has been discussed by
Lambert and Holland (1974).

Yttrium does not exceed 6.8ppm throughout the entire profile. A pattern
of muted cyclical ocsillation, which mimics other geochemical parameters,
is apparent within the UGLIFW Unit (Figure 2.13). Once again, clear breaks
to Tower values are recorded above the MG3 and MG4 chromitite layers.
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Copper (Cu)

The distribution coefficients of plagioclase (Dg?g) and pyroxene (Dgz)
are extremely low and a D¢, value of less than 0.1 is recommended for
both these minerals (Paster et al., 1974). Frey et al. (1978) set the
bulk distribution coefficient for Cu below 0.01 in basaltic systems. Cu
will therefore behave as an incompatible except in the presence of a
sulphide 1liquid. Campbell's (1977) work on the Jimberlana Intrusion
suggests that cumulate rocks in which the concentration of Cu is greater
than 10ppm contain sulphides.

The copper values throughout the UGIFW sequence (which bears no
sulphides) vary between 8 and 20ppm (Figures 2.15 and 2.18) with only one
sample showing an anomalously high value of 32ppm (S-16). No opaque
phases were identified in this thin section.

2.5.3 Strontium isotope data.

A composite profile showing &Sr/8Sr initial ratios (Sr;) has been
compiled by Eales et al. (1990a) for the central part of Union Section
utilising samples taken from above the UGl in the UB profile (boreholes
B235, B232) and from the 20-level crosscut through the MG3 and UGIFW
Units (Figures 1.2 and 1.3). For illustrative purposes the composite Srj
profile presented in this publication is reproduced here as Figure 2.19
and a brief summary of the findings of Eales et al. (1990a) pertaining to
the MG3 and UGLFW Units is presented below.

1. In all but two samples through the MG3 and UGIFW Units the range of
whole-rock Srj ratios is 0.7057-0.7063. An anomalously high whole-
rock value of 0.7070 was recorded for S-68 in the MG3 Unit while
sample S-40, within the UGIFW Unit, yielded a value of 0.7073. A
repeat analysis recording 0.7074 confirmed this high ratio.

2. Srj values for the lower pyroxenite suite were found to be very
similar to those in the overlying noritic rocks. Variations with
stratigraphic height were seen to approximate a trend of regular
increase through the noritic suite, but they follow a non-systematic
and unpredictable pattern in the pyroxenites.
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3. Seven determinations on sample S$-40 yielded values between 0.7061-
0.7075. The analyses were executed on two whole-rock fractions, three
plagioclase and two orthopyroxene mineral separates. The average of
the two whole-rock Srj ratios for this sample is 0.70725 which is
almost identical to the average of the two values yielded by the
orthopyroxene fraction. Two large plagioclase xenocrysts (of the
type described in 2.3) were hand-picked and yielded values of 0.7061
and 0.7075 respectively, but a value of 0.7065 was obtained for a
composite plagioclase fraction that contained all three textural
types of plagioclase (intercumulus plagioclase, partially resorbed
plagioclase inclusions within orthopyroxene, and xenocrystic
plagioclase). This extremely wide range in Srj values gives some
insight 1into the heterogeneity that can occur within individual
samples and the evidence clearly indicates that isotopic
disequilibrium occurs between the different minerals in some samples,
but not necessarily in all.

Eales et al. (1990a) noted that the isotopic disequilibrium seems to be
maintained where the feldspars are large grains, whereas isotopic and
major-element compositional equilibrium with liquid are approached when
all inclusions are small. Of particular significance is the indication
that the feldspar population is a mixed one. Despite the possible
complicating effects produced by fractionation, compositional convection
and isotopic disequilibrium, all the isotopic data and observations noted
above lend support for a model involving mixing of magmas.

2.6 Summary.

Features of genetic significance which have emerged from the preceding
sections are summarised below. Seven of these features have been
highlighted in Eales et al. (1990a) from which the following extracts
(single-spaced text) are taken.

(a) The UGIFW Unit is of exceptional thickness (285m), but is geochemically coherent, and
distinguishable from the units above and beneath it. Pyroxenite overlying chromitite is dominant
within the lowermost 135m, while norites of varying colour index constitute the succeeding 130m
section. The unit is capped by a lower leuconorite-anorthosite couplet displaying evolved
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attributes (low MMF ratios and Cr levels in orthopyroxene), which is overlain by a second
leuconorite-anorthosite couplet in which MMF ratios of orthopyroxenes are higher than in any
underlying member of the unit (Fig. 5) and in which Cr contents are anomalously high for rocks
of leucocratic affinity. Chromite appears in abundance within the uppermost anorthosite, which is
overlain by the robust UG1 chromitite and its associated hangingwall pyroxenites. ’

These features are best illustrated in Figures 2.4 and 2.20.

(b) A distinctive texture characterises almost the entire column extending for 350m below the UG1
chromite. Spheroidal or embayed inclusions of partially resorbed plagioclase feldspar are found
entrapped in abundance within orthopyroxene hosts. Rare grains of cumulus or xenocrystic
feldspar are also entrapped within some pyroxenites (e.g. S-40). Intragranular, camulus and late
intercumulus feldspar species thus exist within pyroxenites, as well as norites. Microprobe analysis
shows that the anorthite contents of the included and non-included grains vary in sympathy, with
the inclusions being generally more sodic.

This provides evidence for the crystallisation of pyroxenites from
modified 1liquids in which feldspar was previously a phase. If one
considers that a single pyroxene grain may contain up to 20 plagioclase
inclusions (small, rounded and randomly orientated) then one could
perhaps conclude that the concentration (or density) of plagioclase
residua in the crystallising liquid must have been fairly high. Eales et
al. (1991), who drew not only from this work but from observations made
in the Lower Zone, Lower Critical Zone and the Footwall Unit, found that
this texture manifested itself only in those parts of the sequence where
chemical evidence pointed to the addition of primitive liquid to the
crystallising column, causing a reversal of fractionation trends.

(c)  Srj ratios vary in an unpredictable manner from one sample to another. This indicates that the
UG1FW Unit could not have been the derivative of a single, homogeneous column of liquid
within which phase or modal layering was controlled by purely physical parameters such as
temperature, pressure, rhythmic nucleation or the sorting of crystals settling under gravity, or
under the influence of currents.

(d)  Srj ratios vary independently of stratigraphic height and petrographic features. Separate analysis of
feldspar and pyroxene fractions shows that, within the same sample, isotopic signatures may be
significantly different in these two fractions. Non-systematic whole-rock Sr; variations can best be
attributed to the feldspar population being a mixed one.

(e) The plotting of peak MMF ratios of orthopyroxenes of the UGIFW, UG1 and UG2 Units, as
determined by microprobe analysis, against whole-rock Srj ratios (Figure 10) reveals that >80%
of the available data points can be regressed. The derivation of this suite of rocks by some form of
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mixing between end members S (Sr; = 0.7054; MMF = 0.78-0.79) and P (Sr; = 0.7068; MMF =
0.82) is thus a viable hypothesis.

Whole-rock major- and trace-element data indicate at least 8 sub-cycles between the MG4 and the
UG1 chromitite layers. These sub-cycles are not demarcated by abrupt reversals of trends which
are characteristic of the transition from one unit to another in the three uppermost cycles of the
Upper Critical Zone (as shown by Eales et al., 1986). The pattern is, rather, one of gradational
change to rocks of more, or of less, primitive type with stratigraphic height.

Indications of sub-cycles are best shown by whole-rock ratios Ti/Fe0,
MMF, Ni/Sc and Cr/V. Incompatible trace elements (Rb, Zr and Y) do in
some instances reinforce the positioning of the sub-cycle boundaries. In

these cases the trends of incompatible elements peak above the boundary
of the sub-cycles (Figure 2.20).

(8

The unit as a whole shows chemically evolved traits when compared with overlying cyclic units. It is
depleted in Cr. Apart from a thin interval immediately above the MG4 chromitite layer, chromite
is either absent or present as minute traces only, in contrast with its common occurrence as an
accessory phase in norites and pyroxenites of the UG1, UG2, Merensky and Bastard Units. The
orthopyroxenes average 0.336% Cry03 (std. dev. = 0.045%; 43 samples; 393 analyses). By
contrast four Union Section borehole intersections of the UG2 pyroxenite show average CryO3
levels to be 0.492%, 0.463%, 0.417% and 0.412% Cr,03, respectively (averages drawn from 240
microprobe analyses). Similar Cr depletion is noted in Cameron’s (1982, Table 2) data pertaining
to the equivalent M Unit in the eastern lobe of the Complex. Moderate but consistent Ni
depletion is also evident in the UG1FW Unit where 26 whole-rock pyroxenite samples yield an
average (Ni/MgO) x 104 ratio of 22.23 + 0.80, within the range of 20.7-23.6. The average value is
240 + 1.5 (range 22.8-27.2) within the overlying UG1 and UG2 Units at Union Section, and 24.20
+ (.85 (range 23.4-25.9) at Amandelbult Section. A further indication of chemically evolved traits
is given by MMF ratios of the orthopyroxenes. A mean value of 0.798 for the entire UG1FW Unit
is suggestively lower than values of 0.822 + 0.005, 0.817 + 0.009, 0.814 + 0.009 and 0.805 * 0.007
determined in four separate intersections through the UG2 Unit (24 samples; 240 analyses) at
Union Section.

(h) The occurrence of mm-scale layering (banding) in the top norite

(below the anorthosite footwall of the UGl chromitite) is
distinctive and may imply a roof zone in the unit. A parallel can be
drawn between this type of fine mm-scale layering and solute banding
described by Rice (1981, p.408) in his review of similarities in
magma chambers and metallurgical systems. He pointed out that this
feature is common in the roof and wall zones of magma chambers and
is "a manifestation of vigorous nonlaminar convection which seems almost always present in

solidifying melts" . Rice (op. cit.) suggests that since the convection is
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nonlaminar, repetitive temperature variations in the melt at the
crystallisation front serve to favour precipitation of first one
component then another, which produces a banded structure in the
solid.

(i) Structures at the top of the UGLFW Unit in close proximity to the UG1
chromitite (i.e. the basal contact of the UGl Unit) indicate that
the crystal pile was unstable in most localities. The following
features are recognised:

- complex deformation of thin chromitite layers in anorthosite
below the level at which others bifurcate and re-join to form an
anastomosing system;

- associations of plagioclase with disseminations of chromite of
varying density; and

- slumping of blocks of chromitite and/or pyroxenite into well
laminated leuconorite.

(j) A characteristic Sr/Algh* ratio is noted for the UGLFW Unit when
compared with the overlying Upper Critical Zone Units. This ratio
varies between 14 and 15 in the majority of samples of the upper
noritic suite of the UGLFW Unit. This range is the same as that at
Amandelbult and Union Sections (Eales et al., 1988). The well
constrained range of the Sr/A1,0;* ratio in the norites is not
maintained within the lower pyroxenitic suite where a greater degree
of scatter is recorded (Figure 2.11).
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2.7 Synthesis and conclusion.

The characteristic features of the UGIFW Unit that have been presented
and discussed in the preceding sections are unique when compared to other
Upper Critical Zoiie wunits. The patterns of cryptic variation,
petrographic features, isotopic signature and gross geochemical
characteristics of the unit support a hypothesis that the UGIFW Unit
developed in response to periodic additions of a more primitive magma to
a somewhat evolved resident 1liquid column. The new pulses then blended
with the partially fractionated residual liquid which had an abundance of
small plagioclase primocrysts in suspension. For a more detailed
discussion, and an account of the model, the reader is referred to Eales
et al. (1990a) in Appendix E.

A summary diagram illustrating the variation in trends is presented in
Figure 2.20 which incorporates data drawn from Figures 2.2, 2.4, 2.8,
2.10, 2.13 and 2.16. This summary diagram emphasises the distinctive
cyclicity within the UGIFW Unit and highlights the criteria which have
been used in the demarcation of the 8 sub-cycles. Crystallisation of Mg-
and Cr-rich cumulates below the MG4 chromitite layer (Srj c. 0.7054)
produced an Fe-enriched and Cr-, Ni- and Mg-poor supernatant (S) liquid
residuum which retained the same isotopic signature. This residual liquid
then mixed, in different proportions, with new, more primitive (P) magma
which was periodically injected into the chamber in varying volumes.
Alternatively, replenishment of P-liquid components may have been
achieved by convective overturn. The P-liquid is hypothesised to have
been akin to the parental magma responsible for the mafic layers of the
overlying Upper Critical Zone units, like the UGl and UG2 Units which
have a Srj ratio of c. 0.7067 - 0.7070 and are Mg- and Cr-enriched. By
extrapolation of the data presented in this chapter the two end-member
liquids (P and S) would have had the potential for crystallising
cumulates with the following characteristics.
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S-liquid : Srj ratio c. 0.7054
MMF of orthopyroxene c. 0.785
Cr,03 in pyroxene c. 0.25%
Plagioclase c. Any,
Whole-rock Ni/V c. 2.9 and Cr/Co c. 20.

P-liquid : Srj ratio c. 0.7068
MMF of orthopyroxene c. 0.82
Cr,03 in orthopyroxene c. 0.5%
Plagioclase c. Ang; gs
Whole-rock Ni/V c. 3.5 and Cr/Co c. 30.

Summary of Model

A genetic model to account for the cyclicity and development of the
entire UGIFW Unit has been presented in Eales et al. (1990a, Appendix E -
see also Fig. 12) and a brief account is given here. A schematic diagram
illustrating the various stages of development in an idealised sub-cycle
in the lower pyroxenites of the Unit is presented in Figure 2.21 (stages
A - G).

Stage A starts with a column of S-liquid overlying a partly crystalline
floor. As this S-liquid is the residual product of the crystallisation of
earlier cumulates it was Cr-, Ni- and Mg-depleted. The Srj ratio of the
liquid was c. 0.7054 and it was nucleating plagioclase feldspar (Any)
and Mg-poor orthopyroxene in cotectic equilibrium.

Stage B. An influx of a hotter and denser P-liquid (Sr; ratio c. 0.7068)
was then emplaced between the crystalline floor and the overlying S-
liquid column with jetting perhaps being important closer to the feeder
zone (Campbell et al., 1983). Data presented by Eales et al. (1988),
Teigler (1990) and in Chapter 4 of this work suggests that Union Section
is perhaps located proximally with regard to a feeder zone. If this is
the case then jetting may have been important for the emplacement of the
new influx of P-liquid at this locality but a basal flow mechanism may
have been more important away from Union Section. Mixing between the S-
and P-liquids produced a hybrid layer immediately above the crystalline
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Schematic diagram showing the sequence of magmatic events
(stages A-G) which were responsible for the development of a typical
sub-cycle in the lower (pyroxenitic) part of the UGLlFW Unit.
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floor and the ratio of P/$ liquid, and the temperature, were initially
highest at the base of the layer.

Stage C. Suspended small primocrysts of plagioclase feldspar were part]y’
resorbed and corroded. Partial equilibration and reverse zoning of these
relict crystals within the S-liquid also took place. This had the effect
of raising the anorthite content of the small corroded feldspar grains.
These effects were most pronounced closer to the base of the hybrid
layer. At higher levels within the hybrid layer, a more limited
temperature rise repressed resorption and re-equilibration. This is
confirmed by a contrast between a dense concentration of large feldspar
inclusions within orthopyroxene hosts in the upper parts of sub-cycles
(20 inclusions per grain, up to 7 volume per cent, in sub-cycle 3) and a
sparseness in the lower parts (averaging 1 small inclusion per host
grain).

Stage D. Sustained addition of P-liquid shifted the system into the
primary phase volume of orthopyroxene, and nucleation and growth of
orthopyroxene entrapped relict feldspar grains. Adcumulus growth of
orthopyroxene in the basal part of the hybrid layer resulted in the
formation of pyroxenites with a low incidence of resorbed feldspar
inclusions and those which are present are small and show advanced
resorption. At the base of the column the ratio of P- to S-liquid is
relatively low in the hybrid liquid. As more P-liquid is added to the
system its proportion is increased in the hybrid Tliquid and on
crystallisation this yields cumulates with higher Cr levels and
orthopyroxene MMF ratios. Occasional reversed zoning of cumulus
orthopyroxene from cores to margins is seen but the entrapped plagioclase
inclusions are shielded from further reaction, and remain sodic despite
the more calcic nature of the hybrid liquid (dominantly P-liquid). The
resultant cryptic variation trend of orthopyroxene MMF ratios is one of
increasing MMF ratios in orthopyroxene and a decrease -in the An content
of plagioclase.

Stage E. A1l sub-cycles in the lower pyroxenites of the Unit, and the
majority of those in the overlying norites, grade to Mg- and Cr-poor
cumulates towards the tops of the sub-cycles (Figure 2.20). This fact
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suggests that the inflow of P-liquid had temporarily abated and that
fractional crystallisation combined with progressive incorporation of
evolved S-liquid overlying the hybrid layer, produced a normal cryptic
variation trend. As crystallisation proceeded, the liquid density of the
hybrid layer declined and the diffusive interface with the overlying S-
liquid column broke down in response to the upward migration low-density
residua by compositional convection during the crystallisation of the
pyroxenites.

Stage F. Crystallisation of the hybrid liquid, which was now dominated by
S-liquid characteristics, completed the development of the sub-cycle
before the sequence was repeated by the influx of fresh P-liquid into the
chamber. The plagioclase inclusions incorporated within the
orthopyroxenes at this level are more sodic and somewhat larger than
those at the base of the sub-cycle.

During the crystallisation and accumulation of the lower pyroxenites of
the UGLFW Unit the hybrid liquid remained within the primary phase volume
of orthopyroxene by repeated influxes of P-liquid and this resulted in a
substantial upward migration of low-density residua which were enriched
in plagioclase components. The commencement of crystallisation of
intercumulus liquid lagged behind that of the cumulus phases. More calcic
feldspar would initially have nucleated at the base of the crystal pile,
but concurrent compaction by sintering and reduction in primary porosity
would have displaced sodic intercumulus residua upwards. Each sub-cycle
therefore displays a trend towards sodic feldspar with stratigraphic
height (Figure 2.20).

Periodic repetition of stages (A - F), outlined above, resulted in the
formation of sub-cycles 1-4 (Figure 2.20). While the composition of these
P-1liquid influxes remained apparently constant (Figures 2.5 and 2.17),
the S-liquid displayed the cumulative effects of repeated additions of P-
liquid to the system. Figure 2.20 shows that the starting compositions of
both plagioclase inclusions and intercumulus plagioclase become
systematically more calcic through cycles 1 to 4. The slopes of the
cryptic variation trends in Figure 2.20 do give some indication of the
volume and frequency of inputs of P-liquid during the inflation of the
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chamber. A low average volume and frequency of inputs per unit time
resulted in sub-cycles of 1limited thickness (e.g. cycles 1 and 2 1in
Figure 2.20) without pronounced reversals in the trend of cryptic
variation; larger influxes of P-liquid yielded thick sub-cycles within
which significant increases in MMF ratio and Cr,0; contents of
orthopyroxene are seen (Figure 2.20, sub-cycle 3).

Cumulus plagioclase started to crystallise at a stage which is now
recognised as being midway through the development of the UGLFW Unit.
Cumulus plagioclase crystallised at the base of sub-cycle 4 producing the
first two layers of melanorite within the UGlFW sequence at c. 175m and
165m below the UGl chromitite, separated by pyroxenites (Figure 2.20).
Apart from a thin (3m) layer of pyroxenite at the base of sub-cycle 5,
the remainder of the column constitutes a more leucocratic sequence -
termed the "Noritic Suite" by Eales et al. (1990a). These rocks are
predominantly made up of norites (up to 13m below the UGl Unit) overlain
by interlayered anorthosites and leuconorites. The appearance of cumulus
plagioclase in the upper part of sub-cycle 4 marks the stage at which the
hybrid 1liquid reached the orthopyroxene-plagioclase cotectic. Factors
which may have aided the hybrid 1liquid in crystallising cumulus
plagioclase would have been:

a. the upward migration of low-density Na-, Ca- and Al-rich residua which
were produced during the sustained crystallisation of the 115m
sequence of pyroxenites at the base of the Unit, and,

b. possible settling of orthopyroxene out of the S-liquid layer.

These two factors above would have aided in producing a liquid within the
primary phase volume of plagioclase.

The advent of crystallisation of cumulus plagioclase is generally
accepted (Campbell et al., 1983, Sparks et al., 1984; Naldrett et al.,
1986) as marking the stage in the evolution of the residual liquid at
which its density starts to rise and may eventually exceed that of the
parent liquids (P-liquid). Eales et al. (1990a) point out that it is
significant that the lowest MMF ratios in the UGIFW Unit norites, and the
Towest Cr,0; contents of orthopyroxenes, are recorded at the base of sub-
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cycle 4, just below the first appearance of cumulus plagioclase in the
melanorite (Figure 2.4 and 2.20). They suggest that this implies that the
fractionated residua no longer rose within the column above this levetl,
but remained trapped there as intercumulus Tliquid.

Within sub-cycles 5-7 normal zoning is recorded for cumulus orthopyroxene
grains and a drop in MMF and Cr values is recorded between cores and
margins of individual grains. Occasional cumulus plagioclase grains
display oscillatory zoned growth patterns and these complex crystals are
Jjuxtaposed with grains of simpler design. This texture is indicative of a
mixed plagioclase population comprising (a) normal cumulus plagioclase
with one growth cycle and (b) primocrysts of plagioclase which had
nucleated at an earlier stage and grew in response to repeated influxes
of new liquid before being incorporated into the crystal pile.

In Figure 2.20 it is noted that there is an overall trend of increasing
MMF ratios and Cr,03; content of orthopyroxene, and whole-rock MMF and
Cr/Co ratios from the base of sub-cycle 4 to a level some 20m below the
UGl chromitite (near the top of sub-cycle 7). The pattern of repeated
cyclicity is still, however, recognised through this enigmatic interval
displaying an overall pattern of reversed fractionation as it becomes
increasingly leucocratic towards the top. The top of sub-cycle 4 and the
base of 5 are well-defined (Figure 2.20) whereas the overlying
transitions into sub-cycles 6 and 7 are somewhat less obvious. Eales et
al. (1990a) resolve this problem of apparent reversed fractionation in
terms of mass balance. Influxes of relatively small proportions of P-
liquid into a liquid rich in potential feldspar but with a low content of
FeO and Mg0, would exert a marked influence on MMF ratios without overly
increasing the absolute modal proportions of crystallising mafic phases.
The variation recorded for the Sri ratios in the norite sequence (0.7058-
0.7063) falls within the range of values which could be expected as a
result of mixing of S- (0.7054) and P-liquids (c. 0.7068) in differing
proportions. Eales et al. (1990a) noted that 1less fluctuation is
displayed by the Srj ratios within the noritic sequence than those of the
underlying pyroxenites in sub-cycles 1 - 4 (Figure 2.19). They ascribed
this feature to the fact that variations in the ratio of S/P-type
feldspars are more effectively buffered in norites, where feldspars are a
major modal constituent.
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The Tlayer of leuconorite near the top of sub-cycle 7, which is 12-20m
below the UGl chromitite (Figure 2.2 and Plate 2.5a), has a similar
geochemical signature to the underlying norites, but the overlying 6m of
anorthosite at the top of sub-cycle 7 is highly evolved. Samples S-3 and
S-4, within this anorthosite, yielded Al,0;3 values of 31.6% and 32.0%
respectively. A combined average of 13 analyses from samples S-3 and S-4
(Table C5) yielded an orthopyroxene MMF ratio of 0.621 (sd = 0.012) and a
Cr,0; value of 0.03% (sd = 0.01). Whole rock ratios of MMF, Fe0/Ti0,, Ni/V
and Cr/Co are also significantly depressed (Figures 2.10, 2.16 and 2.20).
These data are suggestive of crystallisation of modally insignificant
intercumulus mafic phases from a very small volume of depleted liquid
that was not flushed away from the crystallising layer or rejuvenated by
the influx of a new volume of liquid, as had been the case in underlying
sub-cycles.

The uppermost Tleuconorite of the UGIFW Unit (4-6m below the UGI
chromitite), at the base of sub-cycle 8 (Figure 2.2 and Plates 2.2 and
2.4.), displays higher whole-rock Cr/Co and MMF ratios and Cr,0; content
of orthopyroxene than those recorded in the leuconorites at the top of
sub-cycle 7. Chromite, however, does not appear as a crystallising phase
within this leuconorite. By contrast, the overlying 4m anorthosite layer,
which constitutes the footwall of the UGl chromitite layer, contains
abundant chromite as disseminated grains, discontinuous layers, and pods
(Plates 2.2, 2.3 and 2.4). Whole-rock chemical data are thus misleading,
but microprobe data show that Cr,0; values of orthopyroxene are high in
sub-cycle 8 and the MMF ratios now match those of orthopyroxenes in the
overlying UGl Unit (see Eales et al., 1990a, Fig. 5).

It is within the upper part of this anorthosite, at the top of the UGIFW
Unit or the immediate footwall of the UGl chromitite, that the well-known
anastomosing and disrupted layers of chromitite occur (see 2.2 and Viljoen
et al. 1986a). Eales et al. (1990a, p.41) suggest that these features are
the result of the interaction between a feldspathic residue of the UGIFW
Unit, almost wholly deficient in ferromagnesian components, and the
parent P-liquid responsible for the overlying UGl Unit. They further
suggest that
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"The mixing of a chromiferous mafic liquid with feldspathic liquid has the potential to
bring hybrids within the primary phase volume of Cr-spinel (Irvine et al., 1983; Hatton
and von Gruenewaldt, 1987) and the occurrence of the robust, if structurally complex,
UG1 chromitite at this position is not in conflict with theory".

The contention of Irvine et al. (1983) that a significant batch of
anorthositic A-type liquid was emplaced at this level is not supported by
the geochemical and isotopic data in this study. Data presented in this
chapter show that the MG3 and UGIFW Units conform to the general
geochemical characteristic of the Upper Critical Zone reported by Eales
et al. (1986, Figs. 6, 7 and 8) and no A-type characteristics, typical of
the Main Zone, are identified. Upper Critical Zone characteristics
recognised in this sequence, which are quite distinct from those of Main
Zone (A-type) lineages, include:

*  higher whole-rock MMF ratios in mafic (U-type) Tithologies

* Zr/Y ratios typical of the Upper Critical Zone lineage. The average
IZr/Y ratio calculated for the combined MG3 and UGLIFW Units is 1.45
(sd. 0.55) as compared to lower values in the Main Zone which are
closer to 1.0 at the level of the Porphyritic Gabbro Marker

* overall Cr-enrichment in U-type lineages (higher atomic Cr/Al in
orthopyroxene)

* lower Srj ratios of c. 0.7064 of the Upper Critical Zone. These
values are significantly lower than those of c. 0.7087 in the Main
Zone. The Sry ratio in the immediate footwall of the UGl chromitite
(Figure 2.19) is 0.7063 which does not support the view that an A-
type liquid had been emplaced at this level.

The precipitation of chromitites by interaction between primitive,
chromiferous 1liquids, and residual, feldspathic 1liquids (Eales, 1987;
Botha, 1987) remains the favoured model. After the precipitation of
copious amounts of chromite (UGl chromitite layer) onto the
unconsolidated anorthosite floor, at Tleast two episodes of disruptive
movement occurred within the crystal pile prior to final solidification.
This is attested by the "brecciated" texture exhibited by the chromitite
within the anorthosite seen in Plate 2.3b.
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In conclusion, the UGLFW Unit has been built up by the periodic influx of
hotter, more primitive P-liquid which added to and blended with a cooler,
more evolved, supernatant S-liquid resting upon the crystal pile. Sub-
cycles within the Unit include more mafic cumulates deposited from
hybrids with a higher proportion of P-liquid, whereas cumulates with more
evolved traits reflect supernatant liquid fractions that experienced a
lesser degree of rejuvenation, or evolved by subsequent fractionation.
The recognition of the abundant, small, spheroidal, ovoid or deeply
embayed inclusions of plagioclase within cumulus orthopyroxene grains of
both pyroxenites and norites is significant as it implies the existence
of plagioclase feldspar in the magma before the development of ultramafic
cumulates from these melts. Eales et al. (1991) have noted the occurrence
of these inclusions within cumulus orthopyroxene grains of both
pyroxenites and norites and they recognise five separate stratigraphic
intervals which exhibit this texture within the Lower and Critical Zones,
including the MG3, UGIFW and Bastard Units. This texture might be
overlooked in other noritic rocks where ophitic enclosure of cumulus
plagioclase by orthopyroxene is quite common. It is important to note
that this texture is seen only where resorption has been incomplete -
complete resorption could have occurred in other parts of the layered
sequence without leaving any petrographic evidence at all.
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CHAPTER 3

THE INTERVAL BETWEEN THE UG1 CHROMITITE AND THE
BASTARD UNIT AS SEEN IN TWO PROFILES AT RPM UNION SECTION.

3.1 Introduction.

An account of the geology of Union Section was presented in de Klerk
(1982). In that study the whole-rock geochemistry and cryptic variations
of various mineral phases was based on a stratigraphic profile in the
central part of the mine (this profile is now termed UB). The original
geochemical data for the profile, supplemented by additional microprobe
and strontium isotope analyses, served as the basis for a number of
publications. These include the general geology of the area (Viljoen et
al., 1986a), the development of a genetic magmatic model for the Upper
Critical Zone (Eales et al., 1986), and studies of regional trends of
cryptic variation and lithology (Scoon and de Klerk, 1986; Eales et al.,
1988). The geochemistry and genesis of the numerous chromitite layers at
Union Section have been covered in detail by Eales (1987) and Eales and
Reynolds (1986); these studies refer to sections in close proximity to
the UB profile.

In this chapter new whole-rock major and trace element data for two
additional profiles, covering the same interval as UB, are presented.
These profiles are located roughly along strike to the southwest and
northeast of UB and have been designated UA and UC respectively (Figure
1.3). A further series of close-spaced samples was taken through the UG2
Unit in three additional borehole profiles designated UD, UE and UF
(Figure 1.3). Here trace element analyses alone (11 elements) were
performed on the pyroxenite and harzburgite samples. Additional whole-
rock data for single profiles through the Footwall, Merensky and Bastard
Units at Union and Rustenburg Sections have been presented by Naldrett et
al. (1984 and 1986) and include Mg0, K,0, P,0s5, Y, Cr, Cu and Ni (combined
in Figure 4.25).

These new whole-rock data in UA, UC and the three UG2 Unit profiles (UD,
UE and UF) show remarkable similarity to the data of UB and little
geochemical variation along strike is readily apparent.
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3.2 Description of profiles.

A summary diagram of the three stratigraphic profiles (UA, UB and UC)
showing the sample positions and different lithologies, is presented in
Figure 3.1 while that for UD, UE and UF, including the trace element
concentrations, is presented in Figure 3.2.

UA

Drilling of borehole UA (HN-3) was stopped in the footwall of the UG2 and
hence no sample coverage for the pyroxenitic UGl Unit is available. More
complete sample coverage was obtained for the Bastard Unit than in UB and
UC, but no whole-rock samples of the Merensky and Pseudoreefs were taken
here.

uB

This sequence was compiled from carefully positioned underground
boreholes (B235), supplemented by underground sampling, and two further
boreholes (B232 and B222) which were drilled through a pothole sequence
1.2km to the east of B235 in the vicinity of Spud shaft (see de Klerk,
1982, p.60).

uc

This borehole (ZK-10), Tlocated in the eastern corner of the farm
Zwartklip 405 KQ (Figure 1.3), intersects the normal stratigraphic
succession. Sampling of UC covered an interval of 130m from 18m below the
UGl chromitite to the top of the Lower Giant Mottled Anorthosite. No
whole-rock samples of the Merensky Reef or Pseudoreefs were taken here.

UD, UE and UF.
These three additional UG2 Unit intersections were selected in areas both
up- and down-dip of the strike section through UA, UB and UC.
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Figure 32 Stratigraphic logs and positions of individual samples for
the UG2 Unit profiles UD, UE and UF. Results of trace element analyses
are also shown. Note that profiles UE and UF have Pothole Merensky
Reef overlying the Pseudoreef.
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3.3 Stratigraphy.

A generalised account of the stratigraphy of the Upper Critical Zone has
been presented in 1.4 and more detail is provided by de Klerk (1982) and
Viljoen, et al. (1986a). Comprehensive coverage of the Bastard Unit
sequence 1is presented in section 4.5. Figure 3.1 also reveals the
following facts:

1. There is marked variability in the thickness of the Merensky Reef. The
apparent systematic thinning of the Reef along strike, from SW to NE
(VA - 3.0m; UC - 0.64m), is quite misleading. Firstly, it has been
shown that on a regional basis the Merensky Reef is much thicker in
the NE sector of the mine, and, secondly, the Merensky Reef may
locally be much thinner in close proximity to potholes. The location
of UC close to a pothole explains the anomalously thin Merensky Reef
intersection.

2. A notable feature of the Footwall Unit in UC is the development of a
greater thickness of mottled anorthosite to the virtual exclusion of
norite. This leucocratic sequence, dominated by mottled anorthosite,
has only a trivial amount of norite developed near its base. In
addition, there is no inch-scale layering in the UC Footwall Unit.
The absence of the bulk of noritic rocks in this intersection is
considered to be anomalous and localised, as borehole profiles in the
same area (presented in van Zyl, 1970) indicate a normal development
of the Footwall Unit (similar to that of profile UB).

3. The inch-scale layering, which is well developed in the Footwall Unit
norites at UB, is pronounced in the UA profile. In UB stringers of
orthopyroxene crystals (which form discrete layers at the position of
sample B235/22) are separated by thin layers of anorthosite; the
thickness of individual anorthosite layers decreases away from the
centre of the layered sequence (see Figure 13 in Viljoen et al.,
1986a, p.1071). At UA however, the thickness of the anorthosite
layers has expanded to the point at which they coalesce and form a
discrete anorthosite layer (0.5m thick) with layering in the norites
above and below. This anorthosite layer has been correlated by some
with the "Footwall Marker" at Rustenburg (Viljoen and Hieber, 1986).
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3.4 Whole-rock compositional variations.

A1l major element data for UA and UC as well as their CIPW norms are
presented in Appendix D (Tables D5 and D6). Here total Fe is represented
as Fe,03. The original data for UA and UC were also recalculated to an
assumed Fe,03/Fe0 ratio of 0.1 and normalised to 100%. These recalculated
major element data, together with those of profile UB are presented in
Tables D12 - D14 and have been used in all graphic representations. Trace
element data for the three profiles are shown in these tables. Variations
of selected elements and interelement ratios have been plotted against
stratigraphic height in Figures 3.3 - 3.11 (MMF, ratio, Al1,03, Ti0,, MnO,
K,0, Ni/Sc ratio, and the trace elements Sr, Rb, Zr, Y, Co, Cr, V, In,
Cu, Ni and Sc).

Whole-rock MMF,; ratios (atomic ratio of Mg/(Mg+Fe) with all Fe expressed
as Fe2*) vary from highs of 0.82 in the pyroxenitic rocks, especially at
the bases of wunits, to values below 0.50 in the leuconorites and
anorthosites towards the tops of units (Figure 3.3). Within the Merensky
Unit the MMF ratios show little variation below a threshold whole-rock
value of 26% Al1,03 but rapid decline in the ratio occurs within the
overlying leuconorites and anorthosites. A minor reversal in trend occurs
in the uppermost samples immediately below the Bastard Unit contact in
all three profiles, accompanied by marginally lower MMF ratios at the
base of the Bastard Unit (see also 4.9.1). This suggests that
hybridization took place between the fractionated interstitial liquid of
the Merensky Unit and a new influx of more primitive magma which
initiated the deposition of the Bastard Unit.

This inference is supported by the behaviour of K,0 across the Merensky -
Bastard Unit contact (Figure 3.5). K,0 concentrations increase upward
through the Merensky Unit and reach values in excess of 0.4% within the
anorthosite at the top of the unit. Indications in profile UA and UB are
that the peak values are represented not in the very top of the
anorthosite but in the second sample below the contact. Intermediate K,0
values are noted at the base of both the Merensky and Bastard Units.
These values then decline to trace levels through the pyroxenite and
melanorite before increasing through the upper parts of the unit. Rb
shows a similar trend (Figures 3.10).
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Strontium (Sr)

The range of Sr levels through the Upper Critical Zone varies from 22 to
560ppm. The lowest value (UC-17, an olivine-melanorite) is anomalous; the
common range is 50-400ppm (Figure 3.6).

Sr has been shown to be one of the most useful indicators of cryptic
variation and cyclicity in the Upper Critical Zone. Initial work done on
profile UB (de Klerk, 1982) in which the whole-rock Sr was allocated to
total normative feldspar and the calculated value of Sr in feldspar
plotted against stratigraphic height, indicated distinctive Sr levels in
the feldspars of the individual cyclic units. This feature was also
demonstrated by Naldrett et al. (1984) at Union and Rustenburg by
plotting whole-rock Sr against %Mg0. Simple linear regression of the data
from separate units yielded distinctly different regression models.

A refinement of this approach was introduced by Eales et al. (1986 and
1988) by plotting the Sr/A1203* ratio against stratigraphic height at
Union and Amandelbult Sections. Here the A1,05° value reflects the
residual Al,03 after the Al content of pyroxene has been subtracted from
the whole-rock value as follows:

MgO
A]203* = A]203 rock ~ (ng X A]ZOS pyroxene)

This correction is used where samples are, effectively, composed of
varying proportions of orthopyroxene and plagioclase (pyroxenites,
norites and anorthosites). Where olivine is present as a crystallising
phase a further correction, detailed by Eales et al. (1986), must be
made. The Sr/A1,0,* ratio was used effectively by Eales et al. (1988,
Figure 8) at Union (UB) and Amandelbult to show the characteristic
signature of each unit. A composite diagram utilising data for the
Footwall, Merensky and Bastard Units from different localities in the
western Bushveld is presented in Figure 4.55.

To illustrate the wunique Sr signature that 1is characteristic of
individual units at Union Section the Sr data for the three profiles have
been plotted against Mg0 for each of the Bastard, Merensky, Footwall and
UGIFW Units (Figure 3.6). This approach 1is adopted here because
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insufficient orthopyroxene analytical data is available through UA and
UC. Data for each unit clearly fall along well defined trends which are
essentially controlled by the modal pyroxene content in the samples. A
simple regression analysis of the data indicates that the projected Sr
content in pure plagioclase is 382, 416 and 484ppm respectively, in each
of the upper three Critical Zone Units, while that in the UGLIFW Unit
(483ppm) is similar to that of the Footwall Unit (Table 3.1). A value of
494ppm was obtained for all S-samples in the UGLFW Unit (Figure 2.17).

Table 3.1: Linear regression analysis of Sr against Mg0 for some Upper
Critical Zone units.

Correlation | Number
Unit Linear Model Coefficient | Samples
Bastard Sr = 382 - 12.6 Mg0 -0.994 57
Merensky Sr = 416 - 14.5 Mg0 -0.998 41
Footwall Sr = 484 - 14.7 Mg0 -0.988 32
UGIFW (UB & UC) Sr = 483 - 17.3 Mg0 -0.983 16
UGIFW (SO - S36) Sr = 487 - 17.2 Mg0 -0.990 37
UGIFW (A11 S samples) | Sr = 494 - 17.8 Mg0 -0.992 74

Copper - Cu

Clear evidence of high sulphide concentrations at the base of cyclic
units is indicated by Cu values generally in excess of 100ppm. If the
high sulphide - Cu spikes are excised, characteristic background Cu
values are clearly evident for individual units. Average background Cu
values were calculated for individual units by pooling data for the three
profiles and the results are presented in Table 3.2. The economically
important Merensky and UG2 Units clearly have higher background Cu values
of 51.6 and 33.6ppm respectively, indicating the ubiquitous presence of
small amounts of sulphides throughout these units. Sulphides are less
abundant in the Bastard and Footwall Units which results in whole-rock Cu
values of c. 14ppm while there is an almost total absence of sulphide in
the UGLFW Unit (9.3ppm Cu).
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Table 3.2: Average background Cu concentrations in six Upper Critical
Zone units as seen in the three profiles UA, UB and UC. High
Cu values at the base of units and any anomalous "sulphide"
spikes in excess of 100ppm have been excluded from the
calculation. The population standard deviation is taken as
the square root of the variance where n (the number of
values) is used as the denominator rather than n-1.

Unit Bastard Merensky Footwall UG2 UGl UGL1FW
Mean 14.0 51.6 14.4 33.6 20.9 9.3
Pop. Std. Dev. 4.6 11.2 3.5 5.0 4.7 2.2
Number samples 46 28 29 20 13 19

Ni/Sc Ratio

The bulk distribution coefficients for Ni are greater than for Sc in
mafic rocks and the Ni/Sc ratio is therefore a useful index of the
increase in primitive character towards the bases of cyclic units.
Discrepant values may be introduced by the presence of sulphides, but
sulphide-bearing samples are recognised by anomalously high levels of Cu
and have accordingly been rejected. These ratios (Figure 3.5) indicate
the clear cyclicity of all the units in the Upper Critical Zone at Union
Section. The Ni/Sc ratio has also been used to good effect by Eales et
al. (1988) at Amandelbult to show the cyclicity between the Footwall and
the Pseudoreef Multicyclic Units, which was not indicated by other
geochemical parameters. Eales et al. (1986) also showed that Co/V, Cr/Sc
and Cr/V ratios behave in much the same way as the Ni/Sc ratio and
decline more or less steadily through each successive unit, but with
minor reversals at the top of the Merensky Unit.



96

3.5 Summary.

Generalizations that may be drawn from Figures 3.3 to 3.11 are:-

(a)

(b)

(c)

(d)

(e)

(f)

Levels of trace and minor elements are dominated by the modal
composition of the host rock, and care is thus demanded in the
interpretation of cryptic variations.

The preferential partitioning of compatible elements into
ferromagnesian silicates (Mn, Co, Cr, V, Zn, Ni, Sc) or plagioclase
feldspar (Sr) is clearly revealed.

The behaviour of those elements normally regarded as incompatible in
basaltic systems is unpredictable, and their absolute levels are
controlled not so much by distribution coefficients as by the amount
of intercumulus liquid retained in the cumulates (i.e., by texture).
Accordingly, no consistent trends are shown between pyroxenites and
anorthosites by Rb, Zr and Y. ,

While Ti behaves incompatibly in basaltic rocks, it is partitioned
here into pyroxenes and chromite, Tleaving leucocratic rocks
impoverished in Ti in the absence of appropriate host phases.

K,0 shows enrichment towards the top of cyclic units, particularly
in the Merensky and Bastard Units. This enrichment is mainly due to
the presence of intercumulus K-feldspar (orthoclase) and partly to
an increase in the K,0 Tevels of the plagioclase (as shown in
4.8.4).

Interelement ratios like MMF and Ni/Sc clearly illustrate the nature
of cyclicity in the Upper Critical Zone. Primitive values at the
bases of individual units give way to more evolved Tlevels upward
through the sequence. Some cycles are incomplete and do not display
upward fractionation (UGl, UG2 and Pseudoreef Units). These units
have been "beheaded" either by removal of the upper part of the
units, or an interruption of crystallisation due to a new influx of
magma into the chamber.
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CHAPTER 4

THE BASTARD UNIT ALONG 171 KM OF STRIKE IN THE
WESTERN BUSHVELD COMPLEX

4.1 Historical note and summary of previous work.

After the initial discovery of the Merensky Reef in the eastern Bushveld
by A.F. Lombaard in September 1924 (Cousins, 1969), Dr Hans Merensky and
his team traced it for several hundred kilometers along strike both in
the eastern and later in the western Bushveld Complex. During this phase
of exploration the hangingwall and footwall successions of the Merensky
Reef were exposed in surface boreholes and trenches and it was recognised
that a very similar sequence of rocks occurred 10-15m higher in the
column above the platiniferous "reef". This rock sequence closely
resembled the Merensky Reef Unit.

Trenching was by far the most economical and rapid method used to trace
the extent and position of the Merensky Reef and was extensively used,
especially in the western Bushveld Complex. Here trenches were dug
through the black-turf soil cover to a depth of between 1,5 and 6m. The
initial trenching target was the mottled anorthosite footwall of the
Merensky Reef as it provided a clear marker of the position of the
overlying Reef itself. Mottled anorthosites are more resistant to
weathering than the more melanocratic rocks and hence the overlying soil
profile is not as deep. OQOccasionally, exploration trenches were
inadvertently sited well into the hangingwall of the Merensky Reef, and
the exposed sequence was incorrectly identified as the Merensky Reef.
This upper "reef" came to be known as the Bastard Reef in view of the
frustration it caused these pioneers.

The earliest description of the Bastard Reef to be found in the
literature is that of Wagner (1925) where, in a discussion of "platinum
deposits of the Merensky horizon type found in the Lydenburg districts"
(eastern Bushveld), the following is said (p.107):-
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"Boreholes put down on Forest Hill No0.342 and Maandagshoek No.148 prove that there is a
so-called "Bastard Reef" lying between 40 and 50 feet above the Merensky Horizon. This is
identical in petrographical character with the Main Reef but carries only traces of platinum. It
is underlain and overlain by spotted anorthosite."

In his discussion of the Rustenburg district (p.108) Wagner states the
following.

"Within the past fortnight ore of the Merensky Horizon type has been opened up under the
direction of Dr. H. Merensky ........ Here as in the Lydenburg district, the platinum bearing
layer is overlain by a "Bastard Reef". This lies from 50 to 70 yards, measured horizontally
above it, and is composed of medium grained pseudoporphyritic diallage norite. It carries only
traces of platinum. The hangingwall is formed of mottled anorthosite and the footwall of
spotted anorthosite. There is much prospecting activity in the area, and further discoveries are
to be expected.”

Feringa (1959) based his study in the northwestern Bushveld Complex at
Union Section and subdivided the Upper Critical Zone (which he called the
Differentiated Zone after the terminology of Wagner, 1929) into eight
sub-zones on the basis of whether the rocks were dominantly Pyroxenitic
or Anorthositic. Consequently the Bastard Unit was subdivided into two
sub-zones only, namely 7 and 8 (Figure 4.1). Sub-zone 7, a feldspathic
pyroxenite, represented the Bastard Reef (or Bastard Merensky - a local

mining term which is unlikely to have pleased its discoverer!), while
sub-zone 8 included the noritic rocks as well as the overlying Giant
Mottled Anorthosite (GMA). Feringa (1959) recognised a subtle textural
variation within the anorthosites and made a three-fold subdivision of
the GMA (discussed in 4.5).

Cousins (1964 and 1969) compiled a series of profiles from around the
Complex and correlated individual Tayers in the Upper Critical Zone
between these localities. In his first paper only a preliminary attempt
was made at correlation and six profiles were used (two in the east and
four in the west). In the second paper more detailed stratigraphic
profiles were used (four in the west and six in the east) which included
the top of the Critical Zone. He called this the Layered Zone. A number
of features of the Bastard Unit were highlighted by this study:-

* It occurs in both the eastern and western limbs of the Bushveld Complex
and has the same gross characteristics in both areas.
* At all localities it has a footwall of mottled anorthosite.
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* Its maximum thickness is attained at Union Section (75m) while the
overall thickness throughout the Complex 1is c. 60m and usually in
excess of 40m. The figure of 31m quoted by Cousins for Rustenburg is
considered to be too low. An exception to this generalisation is that
of profile LEF quoted in this study, where the thickness is 2.61m.

* The basal feldspathic pyroxenite is not present in some areas of the
eastern Bushveld where only norites are developed (Turfpan and
Booysendal).

* The basal pyroxenite appears to be duplicated in certain areas of the
eastern Bushveld (Maandagshoek, Eerstegeluk and St.George). This
feature was also noted by Vermaak (1976) in the eastern Bushveld. A
duplication of the pyroxenite layer in profile X, at Impala Platinum
Mine, is reported in this study.

* A three-fold subdivision of the GMA is recognised both in the east and
west. Cousins (op. cit., p.243) goes on to say that

"This mottled anorthosite of the Bastard Unit is always characterised by a
central portion, in which the mottling is much smaller, and where the pyroxene
clusters that form the mottles show sedimentary-like stratification".
This middle Tayer he called Banded Anorthosite and it is equivalent to

the present writer's Giant Mottled Middling (GMM - see 4.5).

The first account of the petrology and geochemistry of the Upper Critical
Zone rocks at Union Section was that of van Zyl (1960 and 1970). This
work was based on the farm Swartklip 988 (Figure 1.3), which now forms
the north-eastern part of Union Section Mine. The Merensky Reef on this
farm is now largely mined out. Van Zyl (1970) correlated the stratigraphy
in five boreholes in the area, and reported on the petrography and
limited geochemical studies of selected samples from borehole ZK-9 (3
samples in the Bastard Unit). This borehole is one kilometre west of the
profile UC and has a stratigraphic sequence similar to it.

Some features of the petrography and mineralogy of the Bastard Unit in
the Eastern Bushveld were noted by von Gruenewaldt (1973) in his work on
the Main Zone at Roossenekal. Three samples from each of the Merensky
and Bastard Units were analysed and both these Units were included in the
lower Subzone A of the Main Zone. Mitchell (1986) carried out a study of
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the Main Zone of the western Bushveld at Union Section. He included the
Bastard Unit, at the base, in his study profile and these data provide a
record of cryptic variation that is relevant to the present study.

A milestone paper on regional aspects of the Merensky Unit and part of
the Bastard Unit was published by Vermaak (1976). Here a detailed
description of a number of Upper Critical Zone profiles from around the
entire Complex was presented. A feature which Vermaak noted was that “the
Bastard Reef [ie. the pyroxenite] thins rapidly towards the southern extremities of both lobes of the
Complex in the eastern and western Transvaal" (1976, p.1286).

Cameron (1982), in his systematic documentation of petrography and
cryptic variations in the Critical Zone of the eastern Bushveld Complex,
placed the GMA and its noritic footwall into his Y-Unit at the top of the
Critical Zone (Figure 4.1). He included the Bastard pyroxenite with the
underlying Merensky Unit. Only five samples from the Bastard Unit are
described by Cameron (1982) and these were used mainly for petrographic
analysis; two silicate mineral analyses were also reported.

Work by Kruger (1982) and Kruger and Marsh (1982, 1985) was focused on
Rustenburg Section Mine (RPM) and here the cryptic variations of the main
mineral phases were studied through the top three cyclic units of the
Upper Critical Zone (Footwall, Merensky and Bastard Units). In this work
Kruger placed the contact of the Main Zone at the base of the "Merensky
cyclic unit". Emphasis in this study (Kruger, 1982) was on the cryptic
variations of the main silicate mineral phases - determined mainly by
electron microprobe analyses and XRF analyses of mineral separates. The
work of Kruger and Marsh (1982) also provided the first profile of
initial strontium isotope ratios (Srj) through the Upper Critical - Main
Zone succession. This work has been widely quoted in the Tliterature in
view of the fact that the marked inflection of the ratio to higher values
at the level of the Merensky Reef has been interpreted as indicative of a
major influx of magma which brought about the platinum enrichment within
the Merensky Reef and the crystallisation of the bulk of the Main Zone
rocks.
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More recent studies on the three upper cyclic units of the Critical Zone
in the western Bushveld by Naldrett et al. (1984, 1986 and 1987) and
Naldrett (1989) have focused on two stratigraphic profiles at Union
(borehole TB-12) and Rustenburg (boreholes RTL-7 and 21). This detailed
work on the mineral and whole-rock geochemistry (cryptic variation) of
the Footwall, Merensky and Bastard Units was used by Naldrett et al. (op.
cit.) to illustrate the geochemical behaviour of these rocks and also to
develop a model for the origin of the Merensky-type platinum ore
deposits. This model, they argue, is equally applicable to the PGE
deposits in other layered complexes.

The studies of de Klerk (1982), Scoon (1985), Mitchell (1986) and Field
(1987) focused on aspects of the Bastard Unit. Field (1987) investigated
three Upper Critical Zone profiles at Amandelbult Section, which included
the lower part of the Bastard Unit. Whole-rock major- and trace-element
analyses and microprobe analyses of the main silicate mineral phases were
collected for one profile (AE) while whole-rock trace element data only
were compiled for profile AF. These data have been included in the
present study.

By utilising this considerable database of field relations, whole-rock
data, mineralogical analyses and isotopic information, Eales et al.
(1986, 1988, 1990a, 1990b, 1991) have developed a model to explain the
sequence of events which resulted in the crystallisation of the Upper
Critical Zone. A preliminary account of the present study of the Bastard
Unit has also been presented by de Klerk (1989).

4.2 Scope of the present study.

The present regional study of the Bastard Unit was started as an
extension of the work done at Unijon Section on three Upper Critical Zone
profiles between the UGl and the top of the Bastard Unit (UA, UB and UC,
Figures 1.3). A further series of Bastard Unit profiles were then
selected and sampled from areas south of Union Section at Rooderand (farm
46JQ - on the'north-western flank of the Pilanesberg Complex) and from
the Impala Platinum Mine lease area north of Rustenburg (Figure 1.1).
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elsewhere in this sector of the Complex has been included in Lefkochrysos
the synthesis. A further profile in the Brits area, made available by the
(LEF) Mining Company, 1is also included in the database (this mining
venture is now controlled by Rand Mines and called the Crocodile River
Platinum Mine).

Seventeen vertical profiles, with varying densities of sampling, were
compiled through the Bastard Unit. For some profiles only the geological
log was available whereas in others, where the core has been preserved,
samples were taken and analysed for whole-rock major and selected trace
elements. Electron microprobe analyses of the main silicate and oxide
mineral phases {ortho- and clinopyroxenes, olivine, plagioclase and
spinel) were also carried out.

To depict the spatial distribution of the profiles in Figure 4.4 a
convention is adopted that assumes that the reader is viewing the western
arc of the Complex from a position east of the Pilanesberg. The
individual profiles, covering 17lkm of strike, are thus presented (from
left to right) in the following order:

Lefkochrysos (LEF) - 1 profile
Western Platinum (WP) - 1 profile
Rustenburg (RPM) - 2 profiles
Impala (Z, Y and X) - 3 profiles
Rooderand (RD) - 2 profiles
Union (UA, UB, UC) - 3 profiles
Amandelbult (AD, AE, B, AF, C) - 5 profiles

4.3 The definition of cyclic units.

Cyclicity of cryptic variation and other geochemical parameters in an
orderly sequence of Tlayered magmatic rocks has been recognised by
numerous workers on layered complexes (Jackson, 1961 and 1970; Irvine
and Smith, 1967; Wager and Brown, 1968; Vermaak, 1976; Campbell, 1977;
etc.). The repetition of rock layers in layered mafic sequences is
generally clear enough in the field, but there is some doubt as to which
rock-type should be seen as the first in the cycle. The usual approach,
which is certainly both practical and geologically sound, is to define
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the start of a unit (cycle) as a chromitite layer, or a Tlayer of
ultramafic rock (Wager and Brown, 1968), overlain by lithologies of more
leucocratic character. Irvine et al. (1983) and Irvine and Sharpe (1986)
have theorised on the basis of their two-magma (U and A-type) concept
that for genetic reasons the appropriate starting rock type is
anorthosite. They consider that an ideal anorthosite-bearing Bushveld
cyclic unit should be, from base to top:

anorthosite - chromitite - pyroxenite - norite,
while that for the Stillwater Complex is
anorthosite - peridotite - troctolite (p.186).

For the Bushveld Complex they cite the MG3, MG4 and especially the UGI
chromitite layers as being typical of the first sequence.

A short review of different criteria used to position the subdivisions of
individual cyclic units is presented in Eales et al. (1986). They point
out that in any orderly sequence of layers ABCABCABC a cyclic repetition
is apparent, but the identity of that layer that starts a cycle is not
always obvious (cycles might be ABC, BCA or CAB). Cycles will, however,
be defined within a layered sequence by geochemical parameters that are
either characteristic of individual cyclic units (Figure 4.2a), or evolve
progressively from some primitive value within each cyclic unit (Figure
4.2b).

A typical example of the first pattern would be the distinctive Sr/A1203*
ratio displayed by the individual units of the Upper Critical Zone at
both Union and Amandelbult Sections. An example of the second pattern
would be the evolving inter-element ratios within the units (MMF, Co/V,
Ni/Sc) which display a distinctive saw-tooth pattern (see Figures 3.3 and
3.5, or Eales et al., 1986 and 1988). The geochemical coherence of the
MG3, UGIFW, UGl and other units discussed in Chapters 2 and 3 clearly
argue against the definition proposed by Irvine and Sharpe (1986), and
cyclical units of the Upper Critical Zone are thus ideally characterised,
in the author's view, by the sequence:
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Figure42 Schematic representation of geochemical
parameters that (a) are distinctive of individual cyclic
units or (b) evolve progressively from some primitive
value within each cycle. From Eales et al. (1986).

chromitite - pyroxenite (+ olivine) - norite - anorthosite.

Individual cycles are in some cases not complete and are represented by
the Tlowermost 1lithologies only (UGl, UG2 and Pseudoreef Units). The
incomplete development of a cycle might be the result of either the
removal at a Jlater stage of the upper 1lithologies or ' incomplete
development before the onset of renewed crystallisation in response to
the introduction of a fresh magma pulse. In summary then a cyclic unit is
defined by:

* a distinctive lithological and geochemical break at its base, which
contrasts with the rock-type at the top of the underlying unit,

* a similar lithological and geochemical break at the top, and

* coherence or smooth gradation of geochemical parameters within the

unit.

The contrast in both lithology and geochemistry is poorly defined at the
top of the Bastard Unit, and this has resulted in some ambiguity in the
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definition of its top contact (SACS, 1980). The transition is essentially
based on a textural change of the minor mafic mineral phases in a
predominantly leucocratic sequence - from intercumulus to cumulus habit.
Some geochemical parameters which are now described help to resolve this
ambiguity.

4.4 Geological setting.

The Bastard Unit of the Upper Critical Zone can be traced from a position
some 16km east of Brits to the eastern boundary of RPM Amandelbult
Section, south of Thabazimbi, a distance of 200km (Figure 1.1 and 1.2).
Because of the poor exposure of the Critical Zone in the western
Bushveld, the character of the Bastard Unit is known mainly from borehole
intersections directed at the underlying, economically important Merensky
Reef and UG2 layers, and to a lesser extent from underground mining
development (most mining development is confined to the footwall of the
Merensky Reef). The Critical Zone, and hence the Bastard Unit, is not
continuous over this distance and gaps occur in four places:-

a) an llkm gap to the south of the Pilanesberg where rocks of the Upper
Critical Zone pinch out against the floor of the Complex (in this
case metasediments of the Transvaal Supergroup),

b) a 23km gap occurs where the Pilanesberg Alkaline Complex has intruded
through the mafic rocks of the Bushveld Complex,

c) a gap to the south of Union Section which is 1lkm wide, and

d) a further gap between Union and Amandelbult Sections which is 12km
wide.

Because of a lack of good exposure, and hence of any reliable detailed
information, there is as yet no unanimity on the origin and structure of
(c) and (d) above - colloquially known as the "Southern and Northern Gap
Areas". A summary of the ideas regarding the origin of these two gaps is
presented in de Klerk (1982, p.8-11) and Viljoen et al., (1986a, p.1064-
1066). These gaps in the Critical Zone succession do present a problem
when interpreting the geochemistry across the gaps as it is not known
whether the preserved Critical Zone at Rooderand, Union and Amandelbult
represents separate magma chambers (with a common source) or whether it
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is a single chamber, in which the Critical Zone (and perhaps the Main
Zone) rocks crystallised prior to being isolated along strike by
emplacement of the Upper Zone rocks seen in these areas today.

4.5 The Bastard Unit sequence in detail.

The "Bastard Unit" is the last of the cyclic units of the Upper Critical
Zone, overlying the Merensky Unit; its upper contact is here taken at the
top of the GMA as recommended by SACS (1980, Figure 4.1). The Unit is
different from the underlying units for three reasons: it does not have a
well-defined top contact (with an overlying unit); it is much thicker
than the Merensky and Footwall Units; and it has an unusually thick
sequence of mottled anorthosite at its top. From published information it
is evident that the Bastard Unit is usually in excess of 2.5 times the
thickness of the Merensky Unit (Table 4.1).

Table 4.1: Indicated thicknesses of the Merensky and Bastard
Units extracted from the literature (m).

Merensky | Bastard | Ratio Source
Western Plats| 12 42 3.5 | Farquhar (1986)
Rustenburg 10 64 6.4 | Viljoen and Hieber (1986)
Impala (mid) 10 56 5.6 | Leeb-du Toit (1986)
Boschkoppie 11 40 3.6 | Cousins (1969)
Union 29 67 2.3 | Feringa (1959)
Amande Tbult 22 61 2.8 | Cousins (1969)

A generalised stratigraphic column of the Bastard Unit interval in the
western Bushveld Complex has the following features from the base upwards
(Figure 4.3).

* The footwall of the Bastard Unit is consistently made up of mottied
(poikilitic) anorthosite which forms the top of the Merensky Unit.
This anorthosite is often devoid of intercumulus mafic minerals
(mottles) along the immediate contact (1-2cm) and contains irregular
patches of finely disseminated base metal sulphides which appear to
have been derived from the overlying Bastard pyroxenite by filtering
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Figure 43 Representative stratigraphic column of the Bastard and
Merensky Units in the western Bushveld Complex. BR = Bastard Reef;
MR = Merensky Reef; UGMA = Upper Giant Mottled Anorthosite; GMM =
Giant Mottled Middling; LGMA = Lower Giant Mottled Anorthosite.
Thin chromitite seams occur at the top and bottom of the MR and at
the base of the BR.

downward into interstitial pore space. This same feature 1is more
pronounced in the footwall of the Merensky Reef.

* At Union Section, where the Merensky Reef is in pothole condition (see
1.4), the Merensky Unit mottled anorthosite is overlain by a streaky,
well-Tayered leuconorite, usually 1.5m thick - this now forms the
footwall of the Bastard Unit. This lens-shaped layer of leuconorite
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has a distinctive fabric produced by acicular orthopyroxene crystals
and tabular cumulus plagioclase crystals which are randomly orientated
in the plane of 1layering. It also has a high concentration of
disseminated sulphides and occasional, isolated chromite grains. This
texture is unique to the Bastard Unit footwall and is found only where
the underlying Merensky Reef is potholed. This same feature is also
recognised at the newly developed Northam Platinum Mine down-dip from
Amandelbult Section (M. Botha, pers. comm. 1991).

* The basal contact of the Bastard Unit is characterised by a very thin
chromitite layer which is never more than 5mm thick, and often only 1-
2mm thick. This layer is rarely preserved, as the contact zone is
intersected by a bedding plane shear which often destroys the layer
(Plate 4.1a). This feature was also recorded by Cousins (1969), who
noted that "movement along the fault has developed a mud seam along
the fault plane". No evidence of any significant displacement has been
recorded, although slickensides are evident. Hydrothermal alteration
of the immediate footwall and hangingwall rocks, in the form of
saussuritisation and serpentinisation of the anorthosites and
pyroxenites, respectively, is also common. Rare underground exposures
where the basal chromite layer has been preserved also display a
"dimpled" or undulatory contact with the underlying anorthosite,
similar to but less pronounced than that at the base of the Merensky
Reef.

* A feldspathic orthopyroxenite, known as the Bastard pyroxenite,
overlies the thin chromitite layer (Plate 4.la). A colloquial term,
"Bastard Reef" has also been applied to this pyroxenite, but generally
refers to the lower (15-30cm) sulphide-bearing, mineralised part of
the Tlayer. This pyroxenite (usually 4-5m thick) varies in thickness
from 15cm in the Brits area to as much as 5.5m in the UA profile.
Occasionally, a patchy development of a coarse pegmatoidal texture is
seen in the Tower 10-15cm of the pyroxenite, as in the Merensky Reef.
Larger crystals (oikocrysts) of clinopyroxene, up to 2cm in diameter,
which partly or wholly enclose smaller cumulus orthopyroxene grains,
are also encountered within the pyroxenite. Fine-grained, disseminated
base metal sulphides, with associated low levels of PGM, Cu and Ni
mineralisation, are present in this basal portion.
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4.6 Description of profiles.

The stratigraphic sequence and sample positions in each profile are
presented in Figure 4.4 and an account of the individual profiles is
presented 1in Appendix A, Table 4.2 summarises the }hicknesses of
individual Tayers as well as the sampling densities, and the number and
type of analyses executed within each profile. The data from the work of
Naldrett et al. (1984, 1986 and 1987) on single profiles at Rustenburg
and Union Sections are integrated with the present compilation.

4.7 Petrography.

The Bastard Unit is made up of a range of lithologies that illustrates
extreme variation over a restricted interval of c. 60m. This contrasts
with the more uniform sequence in the overlying Main Zone with its
characteristically subtle lithological changes. The mineralogy of all the
rock types in the Bastard Unit is relatively simple and comprises mainly
orthopyroxene, plagioclase feldspar and clinopyroxene with minor
chromite, olivine, biotite and some base metal sulphides in varying modal
proportions.

Petrographic studies were focused on 212 samples from nine profiles; LEF,
RPM, Y, X, RD, UA, UB, UC, and AE (Figure 4.4). The petrography of
the different rocks (defined in 4.5) is described from the base of the
Unit upwards.

4.7.1 Basal chromitite layer.

The basal contact of the Bastard Unit, which is rarely observed in
underground or borehole exposures (see 4.5), has fortunately been
preserved at three Tocalities which have been sampled - two at Union
Section (UB sample H232/3 reported in Eales (1987) and UA-27) and one at
LEF (sample H998.1). This contact is characterised by a thin chromite
layer of variable thickness (usually no more than 1-2mm), although a more
robust (5mm) seam is recorded at UB (H232/3; Plate 4.4c). It may locally
be discontinuous or absent. At LEF (Plate 4.4a) the small subhedral
chromite grains form an undulating and sometimes patchy or discontinuous
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Figure 4.4

Stratigraphic columns of the Bastard Unit profiles in the western

Bushveld Complex. Sampling positions and sample numbers are shown on the right

of each column.
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TABLE 4.2:

Data summary for Bastard Unit profiles, western Bushveld Complex.

Lefko- |Western] RPM-Rustenburg Impala Rooderand RPM-Union Section RPM-Amandelbult Section
chrysos|Plats |Viljoen Kruger | Z Y-1329 X-1512 RD-6 RD-11 UA Naldrett UB uc AD AE B AF C
STRIKE DISTANCE (km)
From LEF 0 14 37 37 46 55 66 . 104 106 129 132 132 137 153 157 161 162 171
THICKNESS (m)
Pyroxenite 0.15 0.05 2.77 3.52 3.00 2.54 2.95 5.00 5.09 5.90 9.28? 5.00 4.10 4.50 5.65 5.45 5.10 3.91
Norite NONE |17.10 8.15 8.34 11.5 9.92 7.85* 5.56? 5.93 | 11.90 10.16 17.50 12.65 | 14.10 12.75 13.46 12.90 10.73
Giant Mottled Anorth} 2.46 ]24.40 [53.76 51.60 49.7 43.26 37.34 | 22.987 ? 46.30 43.89 43.87 48.50 - - 48.07 - -
LGMA 2.46 |10.40 ? 8.83 7.2 7.83 8.34{ 6.437 9.69 |13.70 15.17 15.17 14.00 14.5 15.6 14.38 14.7 13.22
GMM 0 4.00 ? ? 8.5 8.43 3.62 | 12.79? ? 16.50 11.39 11.40 13.10 - - 16.67 - -
UGMA 0 10.00 ? ? 34.0 27.00 25.48 | 3.77? ? 16.10  17.33 17.30 21.40 - - 17.02 - -
TOTAL Bastard Unit 2.61 {41.55 |64.68 63.46 64.2 55.72 52.89 | 33.54? >20.71164.10 63.33 66.37 65.25 - - 66.98 - -
SAMPLING
No. Samples 9 NONE NONE 18 NONE 9 9 19 NONE 27 NONE 13 20 14 15 32 17 19
Sample Prefix H B Y X RD UA B235 & uc AD AE B AF C
B232
WHOLE-ROCK ANALYSES (No.Samples/No. Elements)
Major Elements 6/10 - 9/10 9/10 8/10 27/10 13/10  20/10 - 15/10 - 17/10 -
Trace Elements 6/11 - 9/11 9/11 8/11 27/11 13/11  20/11 - 15/11 32/7  17/11 19/7
MICROPROBE ANALYSES (No.Sampies/No.Analyses)
Olivine - - - - - - - 3/41 - - - - -
Chromite 1/6 - - - - - 1/7 - - - - - -
Orthopyroxene 9/43 18/96 9/34 9/39 9/38 16/70 14/91 - 10/50 - - -
Clinopyroxene - 16/59 4/13 - 1/3 - - 6/20 - 6/16 - - -
Plagiocliase 9/55 18/152 9/138 9/140 9/48 11/55 - 14/102 - 11/70 - - -

* Additional 4.75m of pyroxenite between Norite and GMA.

Sources of analytical data.
1) Microprobe analyses for R
2} Chromite analyses for UB
3) A1l analytical data for A
Trace element data for AF

PM
£

Trace element data for B and C

4)
5) Whole-rock data for UB
6)

(apart from Sc)

Kruger (1982)

Eales (1987)

Field (1987)

Field (1987)

de Klerk (1982)

Walters (1982, unpubl.)

ecl
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layer at the contact between the underlying mottled anorthosite and
overlying pyroxenite. Where the chromitite is thicker, the anorthosite is
characterised by a thin selvage of "annealed" plagioclase crystals,
almost devoid of interstitial mafic minerals (Plate 4.4c), resulting in
an extreme adcumulate. This forms a distinctive layer at the contact (c.
lcm thick) - very similar to that seen at the basal contact of the
Merensky Reef. Conversely, where a thinner or discontinuous chromite
layer is developed, the areas of mafic mottling in the anorthosite are
juxtaposed with the chromitite (Plate 4.4a & b).

The chromite grains are generally small, and at Union Section grains
range from 0.05 to 0.15mm in diameter (average 0.lmm). The discontinuous
chromitite at LEF is even finer grained at between 0.01-0.03mm; here the
chromite grains are more euhedral than those at Union Section (Plate
4.4a). At Union the chromite grains are subhedral to anhedral with lobate
and cuspate forms (complex amoeboid shapes) sparsely scattered amongst
both plagioclase and orthopyroxene (Plate 4.4b). The texture of the
chromite at LEF is generally one of small discrete grains at the
orthopyroxene - plagioclase boundary and in places local coalescence of
smaller clusters of grains does occur. This texture is described by Eales
(1987, p.152 and Figure 7-4) as being sub-coalescent. The two
intersections at Union Section have more subhedral and amoeboid grain
morphologies which Eales (op. cit.) describes as being poikilitic or
vermiform. Inclusions of silicates are identified within the chromite
grains. Some are in optical continuity with the silicate phase enclosing
the spinel, indicating a cylindrical embayment in the spinel; others are
discrete silicate inclusions. Irregular sulphide blebs are associated
with this layer, and also occur within the footwall anorthosites and the
overlying pyroxenite.

4.7.2 Bastard (Reef) pyroxenite.

Overlying the chromitite layer is a feldspathic pyroxenite, sometimes
also termed poikilitic pyroxenite, which constitutes the "Bastard Reef"
(Plate 4.5a, UA-27). Its main components are subhedral to euhedral
cumulus orthopyroxene, and anhedral intercumulus plagioclase and
clinopyroxene. Accessory mineral phases include intercumulus biotite and
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Potassium feldspar, in the form of orthoclase, appears as an accessory
intercumulus phase in the UGMA (Plate 4.1lc, UA-1). Small (0.2-0.5mm)
anhedral grains occupy irregular intercumulus spaces and do not exceed 1%
of the rock. There appears to have been some corrosion of plagioclase by
the K-feldspar as the grain boundaries are quite irregular. K-feldspar
also occurs as irregular intergrowths within abnormally Tlarger
plagioclase crystals (sample B-28 at RPM). No quartz was identified
within the UGMA.

The textures of the UGMA are unequivocally characteristic of plagioclase
orthocumulates and this observation is supported by the higher
concentrations of incompatible trace and minor elements (Rb, Zr, Y, K,0,
Ti0, and P,05) at this level than in GMM and LGMA (see 4.9.3). The GMM
is taken to be a mesocumulate - transitional between the LGMA with
adcumulus affinities and the UGMA orthocumulate.

4.7.5 Alteration.

The degree of late-stage deuteric alteration within the Bastard Unit is
variable between individual profiles and between the different
lithologies. Alteration generally occurs along, and adjacent to,
pervasive veins and cracks which transgress the rock. This alteration
usually results in the saussuritisation of plagioclase and the
replacement of pyroxene by a felted intergrowth of chlorite and sericite.
O0livine, where it is present in the UC profile, is most affected, being
altered to serpentine, magnetite and bowlingite and/or iddingsite.

The basal Bastard pyroxenite (within the first few centimetres) usually
displays the highest degree of alteration and this 1is attributed to its
close proximity to the ubiquitous bedding plane shear at the contact.
This shear acted as a channelway for hydrothermal fluids. Here the
pyroxenite has numerous irregular cracks along which the orthopyroxene
and plagioclase have been altered. A high degree of alteration was
observed in the RD profile in the Tlower part of the Giant Mottled
Anorthosite (see 4.6.5).



137

4.7.6 Modal percentages of main mineral phases.

Modal analyses were compiled for 33 samples in the profiles LEF, X, Y and
RD, and these results are tabulated in Appendix B. Point-counted modal
proportions of 32 samples and their corresponding CIPW weight percent
norms are compared in Figure 4.5. Good correlation is established for
both plagioclase and orthopyroxene (correlation coefficients of 0.978 and
0.984 respectively). Whole-rock A1,0; levels also provide a measure of
normative total feldspar in these rocks, where
or + ab + an = 2.997 A1,05 + 1.284 (corr. coef. 0.9982

r2 = 99.64, n = 124 samples).

Normative and modal data for plagioclase, orthopyroxene and olivine are
shown for nine profiles in Figure 4.6.
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Figure 4.5 Scatter plot of point-counted modes (PC) for plagioclase and
orthopyroxene against the CIPW weight percent normative values
(CIPW); linear regression line is also shown. A selection of 32
samples from the profiles LEF, X, Y and RD is used.
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Figure 46 CIPW weight percent norms and point counted (PC) modes of
orthopyroxene, plagioclase and olivine plotted against stratigraphic
height in nine Bastard Unit profiles.

4.8 Mineral chemistry.

Only limited analytical data have been presented in the literature for
the main mineral phases of the Bastard Unit. Compositions of pyroxene and
plagioclase, in widely-spaced samples, have been reported by von
Gruenewaldt (1973) and Cameron (1982) in the eastern Bushveld Complex,
while Kruger (1982) presented an account of the cryptic variations in the
Bastard Unit at RPM Rustenburg Section. Naldrett et al. (1984, 1986)
presented microprobe data for samples in single profiles at Union and
Rustenburg Sections and an additional profile at Jagdlust in the eastern
Bushveld (Naldrett et al., 1987). The work of Field (1987; also published

in Eales et al., 1988) and Mitchell (1986 and 1990a) provide further
limited data for the western Bushveld Complex.



139

New electron microprobe data (Appendix C) are presented here for
orthopyroxene (315 analyses) and plagioclase (853 analyses) in profiles
LEF, Y, X, RD, UA, and UC. Clinopyroxenes (52 analyses) were analysed in
selected samples from Y, RD and UC, and olivine in three UC samples. Six
chromite grains were analysed at the basal contact of the Bastard Unit in
the LEF profile (Table C30).

4.8.1 Pyroxenes.

The compositional variations of orthopyroxene with stratigraphic height
are represented in terms of the atomic ratio Mg/(Mg+Fe2*) (MMF) (Figures
4.7 and 4.8) and plots of the average atomic Cr/Al and Cr/Ti ratios are
presented in Figure 4.9. Variations in Cr,03, Ti0,, A1,05, MnO and NiO are
plotted against stratigraphic height and presented in Figures 4.10 -
4.12. Conventional plots of Wo-En-Fs for the pyroxenes are shown in
Figure 4.13.

The Orthopyroxene MMF Ratio.

The MMF ratio within the Bastard Unit ranges from a maximum of 0.835 in
the Tleuconorite of UC-11 to a minimum of 0.536 in sample Y740.5. Cumulus
orthopyroxene in the Bastard pyroxenite and the overlying norites shows
little variation within individual samples. This variation is rarely in
excess of 0.01, although a maximum of 0.018 is attained in UC-18
(analyses of both cores and margins). A greater degree of variation is
observed where orthopyroxene occurs as an intercumulus phase in the GMA;
a range of 0.03 is evident for the majority of GMA samples, but this
increases to 0.096 at RPM (B-26).

Zoning within individual cumulus orthopyroxene grains was investigated in
six samples from the lower part of profi]e.UC (below the GMA). Although
minor differences were observed between cores and margins, no systematic
pattern is apparent. The maximum difference found was 0.008 (Figure 4.7).
Barnes (1986) pointed out that ferromagnesian phases in cumulates are
usually unzoned. This could be due to either (a) equilibrium
crystallisation of the trapped liquid and continuous re-equilibration of
crystals and melt, or (b) subsolidus removal of the original
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compositional gradients. In either case, homogenization of orthopyroxene
grains occurs by the mechanism of intragranular diffusion, and the final
result is the same. This view may be an oversimplification as these rocks
may represent adcumulates, especially in the case of the norites.

MMF ratios within the Bastard Unit display a distinctive pattern of
cryptic variation which is repeated in all eight profiles investigated
along 170km of strike. The generalised pattern through all the profiles
of Figure 4.7, and those of Naldrett et al. (1986) presented in Figure
4.8, may be described as follows:

* MMF values within the Bastard pyroxenite are 0.804 at the base and
gradually increase upward through the pyroxenite to levels in excess
of 0.825 at the pyroxenite - melanorite boundary. This increase in MMF
ratio within the first 4-5m of the Unit represents a reversed
fractionation trend.

* The basal samples within the first 8cm in RD and UC have MMF values
marginally higher than those in the overlying pyroxenite sample
(differences of 0.03 and 0.01 respectively). A larger difference of
0.08 is seen over 10cm at LEF but in view of the drastic reduction in
the thickness of this layer, the difference is thought to represent
the full range of variation within the basal mafic lithologies of the
Unit at this locality.

* A decline in MMF, from high values around 0.82, is initiated within the
norite in all profiles and becomes more marked in the leuconorites in
the footwall of the GMA. This decline continues to values between 0.62
and 0.68 within the LGMA. The only exception to this general pattern
is seen at Impala Y where a low of 0.70 is recorded in the leuconorite
1.2m below the GMA contact, rather than above it.

A notable aspect of this decreasing trend is that it is unrelated to
the textural habit of the pyroxene (intercumulus or cumulus); the MMF
ratio behaves coherently and changes along a continuous trend across
the lithological and textural boundary at the base of the LGMA.
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Figure 47 MMF ratio (atomic Mg/(Mg + Fe)) for orthopyroxene plotted
against height for eight Bastard Unit profiles. Ticks on right of
column indicate sample positions. "P" denotes those samples with
inverted pigeonite evident in thin section and the dashed 1line
indicates the inferred position of a reversal in trend of MMF. Open
circles in profile UC are for analyses of grain margins.

* A marked reversal to higher MMF values of 0.70-0.75 is initiated within

the basal part of the GMA. In the case of profile Y, the reversal
occurs at a lower stratigraphic level.

* The exact position at which this reversal starts is not everywhere well

constrained, because of a Tlow sample density in some profiles, and
alteration of this part of the sequence in the case of profile RD.
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Figure 4.8 Diagram, modified after Naldrett et al. (1986, p.1107),
showing the wvariation in MMF ratio (atomic Mg/(Mg+Fe)) of
orthopyroxene with height in the Bastard, Merensky and Footwall Units
at Union and Rustenburg Sections. The positions of the contacts have
not been altered and lithological abbreviations used by Naldrett et
al. (1986) are as follows: peg = pegmatoid, pc = plagioclase
cumulate, pbc = plagioclase bronzite cumulate, bc = Dbronzite
cumulate, oc = olivine cumulate. Ticks on left of columns are at 10m
intervals. Dashed line in the Bastard Unit indicates the inferred
position of a reversal in trend of MMF.

* The reversal is not coincident with any obvious lithological change,
nor is it initiated at a uniform stratigraphic level. This level is:
- in profile Y: below the GMA,
- in profile X, RD, UA and AE: within the LGMA, and
- in profile RPM and UC: close to the LGMA/GMM contact.
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* The reversal is abrupt in profiles where samples are closely spaced
(LEF, RPM, Y, UA and UC) but this cannot be proved where the spacing
is wider (X, RD and AE.

* Although the reversal is clearly present in every profile the peak
value of MMF ratio attained in the first sample above the break is
variable:

LEF - 0.75 RPM - 0.73
Y -0.74 X -0.66
RD - 0.71 UA - 0.73
uc - 0.67 AE - 0.69

* In the layered sequence above the reversal a gradual decline of the MMF
ratio is again evident through the middle part of the GMA. The decline
becomes pronounced in the UGMA of the profiles at RPM, Y and UA, where
values drop below 0.60. This trend may be recognised also in
Naldrett's (1986) Rustenburg profile, and is suggested by a single
analysis in his Union Section profile (Figure 4.8). The low levels of
MMF in the UGMA are representative of inverted pigeonite.

* Low MMF values continue across the upper Bastard Unit contact into the
Main Zone for some 30m before gradually reverting back to levels of c.
0.70 (see Figure 4.57).

Basal samples of the Bastard pyroxenite (i.e. the lower 2.3m) indicate
lTittle or no variation in MMF ratio over 171km of strike and an average
ratio of 0.804 is indicated at this level (Table 4.3). Lateral variation
in the MMF ratio is seen only in those samples above the basal
pyroxenite.

Table 4.3: Average MMF ratio of orthopyroxenes in the base of the
Bastard pyroxenite.

metres 2.3 <1.9 <1.7 <1.4 <1.1 <0.6 <0.5
MMF 0.804 0.804 0.804 0.803 0.803 0.801 0.801
sd 0.012 0.012 0.012 0.012 0.012 0.012 0.013
No. analyses 75 67 64 59 56 51 46
No. samples 14 13 12 11 10 9 8
No. profiles 8 8 8 8 7 b 6
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The resultant pattern for MMF through the Bastard Unit has a double
cuspate form, with the upper cusp being more evolved than that at the
base. The distinctive reversal of MMF in the vicinity of the LGMA is
suggestive of a final, less robust, influx of parental liquid which was
unable to initiate the crystallisation of abundant cumulus orthopyroxene.
The volume of new liquid was apparently unable to shift crystallisation
into the primary phase volume of orthopyroxene.

A pattern that is remarkably similar to that described above for MMF
ratios is seen in the atomic Cr/Al and Cr/Ti ratios of orthopyroxenes,
although more scatter is apparent (Figure 4.9). Eales et al. (1986,
p.574) showed that a clear break in the atomic Cr/Al ratio of
orthopyroxene occurs at the boundary between the Critical and Main Zones.
They showed that values in the Lower and Critical Zones vary between 0.15
and 0.28 but that at the top of the Bastard Unit a clear decline to
levels of c. 0.1 are found, and further decline is extended through the
lower half of the Main sub-zone A. Values below 0.05 are recorded through
the rest of the Main Zone. Cr/Al ratios through the Bastard Unit are
clearly in accord with this pattern, and transitional between the Tlows
recorded in the Main Zone and those which are characteristic of Critical
zone lineages (Figure 4.9).

Minor elements in Orthopyroxene.

For comparative purposes the levels of minor elements in orthopyroxene
(Cry03, MnO, Al1,03, Ti0, and NiQ) are plotted in Figures 4.10 - 4.12.
Absolute levels of Cr,0; vary from trace amounts to 0.54% and broadly
follow the same pattern as MMF ratios with higher values occurring in the
more mafic lithologies at the base of the Unit. Levels below 0.25% occur
only in the GMA. A marked increase in Cr,03 is recorded in those samples
adjacent to the basal contact of the Unit, i.e. close to the basal
chromitite layer in LEF, RD, UA and UC. The variation within any one
sample is usually no more than 0.1% although the ranges within samples at
RPM are greater (variation within sample B-15 at RPM is 0.43%). Levels of
Mn0 (Figure 4.10) show an increasing trend upward through the Bastard
Unit and display a more restricted range within individual samples than
the ranges for other minor elements in orthopyroxene. The position of the
reversal in trend, seen in the MMF ratios is also is clearly evident for
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Figure 49 The atomic Cr/Al and Cr/Ti ratios for orthopyroxene plotted

against height for eight Bastard Unit profiles. Ticks on right of
column show sample positions and the dashed 1line indicates the
inferred position of a reversal in trend of MMF taken from Figure 4.7,
Open circles in profile UC are for analyses of grain margins.
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Figure 4.10 Cr,;0; and MnO (Z) content of orthopyroxene plotted against
height for eight Bastard Unit profiles. Ticks on right of column show
sample positions and the dashed line indicates the inferred position
of a reversal in trend of MMF. Open circles in profile UC are for
analyses of grain margins.
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Figure 4.11 Al,0; and TiO, () content of orthopyroxene plotted against
height for eight Bastard Unit profiles. Ticks on right of column show
sample positions and the dashed line indicates the inferred position
of a reversal in trend of MMF. Open circles in profile UC are for
analyses of grain margins.
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Figure 412 NiO (Z) content of orthopyroxene plotted against height for
eight Bastard Unit profiles. Ticks on right of column show sample
positions and the dashed line indicates the inferred position of a
reversal in trend of MMF. Open circles in profile UC are for analyses

of grain margins.

MnO, especially so at RPM, UA and X. Orthopyroxene Ni0 values in these

profiles also clearly show this reversal.

Pigeonite

Inverted primary pigeonite (see 4.7.4) occurs in the GMM and the UGMA of
four profiles and is indicated by "P" in Figure 4.7 (at RPM sample B-26,
B-28 and B-30; Y-722.4, Y-740.5; X-735, X-745.44; and UA-1, UA-2). These
samples are all characterised by higher Fe contents and hence a marked
decrease in MMF ratios to levels below 0.65 is noted.

The occurrence of inverted primary pigeonite at the top of the Bastard
Unit and the lower part of the Main Zone is a ubiquitous feature of the
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entire Bushveld Complex. Pigeonite at this level was first reported by
von Gruenewaldt (1973) at Roossenekal in the eastern Bushveld. Here a
value of Engg was recorded in a sample of the GMA, 58m above the base of
the Unit. Von Gruenewaldt (1973) noted that

".... from the abundance of thick exsolution lamellae of augite in orthopyroxene, it is
concluded that this is the first inverted pigeonite in the sequence. The presence of
inverted pigeonite at this level in the intrusion is highly anomalous and no explanation for
its presence can be offered at this stage". (von Gruenewaldt, 1973, p.219).

He goes on to say that this zone of inverted pigeonite is only a few
metres thick and that the Mg content of orthopyroxene increases gradually
to En;; at 115m above the base of the Bastard Unit (i.e. into the Tlower
part of the Main Zone). Von Gruenewaldt noted that the An content of
cumulus plagioclase changes 1in sympathy with that of the inverted
pigeonite, and that changes in composition from An,s to Angg occur at this
level. A similar trend is recorded in the western Bushveld where values
approaching Angg are seen at RPM, Y and X. An exception occurs at UA,
where no decrease in An is evident, but this may be due to insufficient
sampling higher in the profile.

Mitchell (1986, p.33) records that "brief occurrences of pigeonite were observed within
the Bastard Cyclic Unit, at 30m above the Bastard Reef.." at Union Section. Mitchell
(1990a) reported MMF values of 0.602 and 0.613 at this level at Union
Section and similar low MMF ratios (c. 0.60) in the Brits area (Mitchell
1990b). He notes that the next appearance of pigeonite in the layered
cumulates of the Main Zone occurs in his Macro-unit VI, c. 1050m above
the Merensky Reef at Union Section.

Clinopyroxene

Representative samples containing clinopyroxene co-existing with
orthopyroxene were analysed 1in profile Y, RD and UC. Data for
clinopyroxenes were available for RPM (Kruger, 1982) and AE (Field,
1987)(see Tables C9, C11, C13, C17 and C19). Average analyses, plotted on
conventional triangular diagrams (Wo-En-Fs, Figure 4.16) show that these
clinopyroxenes fall within the diopside and augite fields (Morimoto,
1989) and are broadly scattered around the fractionation curves
established by Atkins (1969) for the Bushveld Complex.
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Figure 413 Conventional ternary diagrams for all pyroxene analyses in
individual Bastard Unit profiles showing tie-lines between co-existing
ortho- and clinopyroxenes. The Bushveld fractionation curve of Atkins
(1969) as well as the field names of those recomended by Morimoto
(1989) are superimposed on X. WO = Wollastonite; EN = Enstatite; FS =
Ferrosilite.

4.8.2 Olivine.

The last appearance of olivine in the Critical Zone had, in the past,
been reported at the level of the Merensky Reef, where typical values of
Fos9.4 were recorded at Union Section (de Klerk, 1982). Close-spaced
sampling in profile UC at Union Section has revealed that three samples
contain modal olivine in significant amounts (UC-11 = 32.6%; UC-13 =
32.4%; and UC-17 = 7.3% - see Figure 4.6). Compositions of grain cores
range from Fos3 4 to Fog o (Figure 4.14 and Table C4) and these levels do
not differ markedly from those measured in the Merensky (Fo,q,) and
Pseudoreefs (Fogy¢) lower in the sequence. There is a suggestion that
weak zonation occurs between grain cores and margins in the upper two
samples (UC-11 and UC-13). Analyses of grain margins indicate marginal
enrichment of 0.2% in the Fo molecule.
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Figure 4.14 Plot of average molecular ZFo and Ni in olivine
against height for three samples in profile UC.

Solid circles = core analyses; open circles = analyses on grain

margins. Bars indicate the range of composition measured.

Morse (1979b) noted that, in many natural and experimental assemblages,
olivine and orthopyroxene in equilibrium obey the approximate rule:

MMFopx =0.85 * MMFoHvine + 0.15

Scoon (1985, p.168) recorded a similar relationship for the Upper
Critical Zone of the Bushveld Complex:

(Mg/ (Mg+Fe?*) ) oo = (Mg/(Mg+Fe?*))ypivine * 0.875) + 0.125

Average analyses of cores of orthopyroxene and olivine in the three UC
samples show that they do not deviate significantly from either of these
defined relationships (Figure 4.15). Average Ni contents of olivine
decrease quite markedly from a high of 2829ppm in the lower sample (UC-
17), to a value of 1120ppm (range 864-1366ppm) in the leuconorite (UC-
11). These Ni values in olivine are lower than those recorded in the
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Figure 415 Plot of average MMF ratios in orthopyroxene (cores)
against the average MMF ratio in olivine in the three UC
olivine-bearing samples. Bars indicate the range in composition.
The linear relationships established by Morse (1979) and Scoon
(1985) are also shown.

Merensky Reef (2762 - 3866ppm) and Pseudoreefs (2525-3235ppm) at Union
Section.

It is perhaps noteworthy that CIPW normative olivine only manifests
itself in those Bastard Unit profiles north of the Pilanesberg - at RD
(one sample), Union (16 samples) and Amandelbult (3 samples) (Figure
4.6). This concentration of olivine in the norm is more conspicuous in
the melanocratic rocks and was also noted by van Zyl (1970) at Union
Section. Of three Bastard Unit samples which he analysed the Tower two
indicated olivine in the norm (olivine in norite - 6.14%, and olivine in
pyroxenite - 1.46%). The fact that more normative olivine occurs in this
northwestern sector indicates that these rocks are more undersaturated
than elsewhere in the Complex. This feature supports the contention of
Eales et al. (1988) that the northwestern sector of the Complex, and more
specifically Union Section, displays more primitive characteristics and
represents a "proximal facies" Tlocated closer to an irruptive or feeder
centre than exposures more distant along strike.
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4.8.3 Plagioclase feldspar.

Compositional variations of plagioclase with stratigraphic height are
presented in Figure 4.16 and are represented in terms of the end members
albite and anorthite (mol. %An). Between 5 and 10 analyses of grain cores
were analysed in each sample. Ubiquitous zoning of both cumulus and
intercumulus plagioclase in all profiles resulted in a display of wide
compositional range within individual samples. A study of plagioclase
zoning is presented later. The "withingsample" compositional range for
cumulus plagioclase in the norites and anorthosites is generally between
2 and 6 mol. %An, but can be considerably greater, especially. in the
UGMA, where a range of 10% An is not uncommon. Intercumulus plagioclase
in the basal Bastard pyroxenite has a lower An content than that of
cumulus habit higher in the sequence. These lower An levels for
intercumulus plagioclase display a far greater compositional range of c.
15 mol. %An (a range of 25% is recorded for some samples in profiles UC
and AE) when compared with cumulus plagioclase.

A similar pattern of An content is seen through the succession in all
profiles, although some differences are evident where lithologies do not
conform to a normal sequence (LEF, X and RD). Profiles which best
represent the distribution of %An are RPM and UA, reinforced by the
detailed coverage of UC and AE in the lower part of the Unit. These data
are supported by the work of Naldrett et al. (1986, Figure 2) at Union
and Rustenburg. The generalised pattern of An content through the
sequence for the 10 profiles is summarised as follows (Figure 4.16):

* Intercumulus plagioclase within the first 30cm of the Bastard
pyroxenite has an average composition of Ang; (range Ang.74).

* The average An content of intercumulus plagioclase increases upward
through the pyroxenite, to values approaching An;; at the contact with
the overlying melanorite.

* Cumulus plagioclase makes its appearance within the melanorite and here
the An content continues to rise until Ang, is attained in the central
part of the norites. The An content at this level in profile UC is
anomalously high and levels in excess of Ang; are recorded.
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Figure 416 Variations of mol. ZAn in plagioclase plotted against height
for eight Bastard Unit profiles. All analyses are of grain cores and
intercumulus plagioclase occurs only in the basal pyroxenite (stipple).
Ticks on the right of each column show sample positions while the

horizontal dashed line indicates the inferred position of a reversal in
trend of MMF in orthopyroxene.

* A gradual decline in An content occurs within the Tleuconorites and
continues into the lower part of the GMA. Levels of Anj,; are seen in
the middle of the LGMA.

* This level of An,; remains fairly constant through the upper part of
the LGMA, the GMM and the lower half of the UGMA.

* A further decrease to Any; occurs in the UGMA of profile RPM and Y.
The decline in An levels for profile X occurs only in the leuconorites
above the UGMA. This decrease in An content for the three profiles is
accompanied by a concomitant increase in the range of values within
individual samples.
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The pattern of cryptic variation for cumulus plagioclase does not behave
as expected by following a similar trend established for the
orthopyroxene MMF ratio. Rather a clear decoupling of cryptic variation
is noted between these two phases. No distinctive reversal in An content
is seen at the level where the prominent reversal in MMF ratio is
recorded for orthopyroxene. Only a suggestion of a possible reversal in
the trend of %An content is seen in profiles RPM, UA and UC.

The distribution of the minor elements K,0 and FeQ in plagioclase is
presented in Figure 4.17 and 4.18. Concentrations of K,0 are shown only
for profiles RPM, X and UA, (spuriously low K,0 values were obtained
in samples from profile Y, RD and UC, attributed to an incorrect
background value being used in the data reduction). K,0 levels range from
0.05% to values seldom higher than 0.35%. A high variation of c. 0.1% is
recorded within individual samples, with some pyroxenite samples
displaying ranges in excess of 0.25% (UA-25). High values of up to 0.45%
are seen in two samples at the base of the Bastard pyroxenite (UA-25 and
27). The broad distribution pattern of K,0, in profile UA and RPM, is a
mirror image of that seen for the MMF ratio in orthopyroxene although the
double cuspate pattern is not as well defined in profile X. Levels of K,0
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Figure 417 Variations of ZIK,0 in plagioclase plotted against height for
three Bastard Unit profiles. Ticks on right of c¢olumn show the sample
positions while the horizontal dashed 1line indicates the inferred
position of a reversal in trend of MMF in orthopyroxene.
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in plagioclase in the UGMA, where K-feldspar occurs as an intercumulus
phase (see 4.7.4), are marginally higher than in the lower parts of the
GMA.
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Figure 418 Variations of ZFe0 in plagioclase plotted against height for
six Bastard Unit profiles. Ticks on right of column show the sample
positions while the horizontal dashed line indicates the inferred
position of a reversal in trend of MMF in orthopyroxene.

The content of Fe (reported here as Fe0) in plagioclase throughout the
Bastard Unit is similar to that reported in the UGIFW Unit (see 2.4.3)
and 1is between 0.10 and 0.54%. As with K,0, there is wide variation
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within individual samples, although data for UA show the least scatter.
The pattern of FeO values in plagioclase through the sequence strongly
supports the postulate of a reversal in the vicinity of the LGMA
indicated by the MMF ratio of orthopyroxene. A distinctive reversal in
FeO content of plagioclase is seen in profiles RPM, Y, X, UA and UC
(Figure 4.18).

Zoning of Plagioclase

Oscillatory zoned plagioclase crystals are common within the GMA (see
4.7.4). The majority of grains (1-3mm) display some form of zonal growth.
Some grains may have up to eight distinct zones (rare) while others may
display only a single oscillation. Two distinctive zoned crystals were
selected for detailed microprobe analysis to establish the nature of the
zonation seen optically in thin section. These grains were selected from
samples X-768.5 (GMM) and Y-722.4 (UGMA). Analytical results are
presented in Table C29.

Sample X-768.5 (GMM)

The grain selected in this sample is 2.3mm in diameter and optically
displays more than five distinct zones in thin section (Figure 4.19).
Optical zoning is obscured by fine twinning in part of the grain. Four
analytical traverses, of varying point density, were executed across the
grain. Only a small amount of intercumulus orthopyroxene is present in
the sample and the traverses were positioned so as not to be in close
proximity to it. The start of each traverse (at the grain boundary) is in
contact with adjacent cumulus plagioclase grains.

A gross compositional variation of 10.4% An was recorded within the grain
(range Ang; ,.70.8) and an average value of Any, (std. dev. 2.27, n = 90)
was obtained for all analyses. A lower value of Any; 5 (std. dev. = 1.0, n
= 5 analyses) was initially obtained for the sample.

Profile A, from the grain margin to the core, illustrates the general
zonal pattern in the crystal while the detail in Profile B shows the
variation in %An at the grain margin. A strongly reversed rim is observed
at the grain boundary where the following values are recorded:
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Profile A Any;
Profile B Angy g
Profile C  An;5 5 and Anyg 3
Profile D Any 4

The An levels at the grain margins are generally higher than those seen
within the core of the grain. From high An values at the margin the An
content drops to values below An;, at

Profile A 200-600 microns

Profile B 300-550 microns

Profile C 200-500 microns

Profile D 250-500 microns.

A series of peaks and troughs between An,s and An;, are recorded through
the grain (Figure 4.19, Profile C). A notable feature of Profile C is the
isolated high value of An;z, at 1000 microns from the grain edge. This
value is in sharp contrast to the surrounding lower values (c. Anjy,) and
is due to a small plagioclase chadacryst within the larger cumulus grain.
The shape of the inclusion 1is clearly seen in thin section. The
occurrence of this inclusion supports the view that the population of
small, partly resorbed plagioclase grains found elsewhere within cumulus
orthopyroxene (see 4.6) also occurs within rocks where cumulus
plagioclase is the dominant cumulus phase (i.e. within the GMA).

Sample Y-722.4 (UGMA)

The grain selected in this sample is c. 1.25mm in diameter and is partly
enclosed by intercumulus orthopyroxene. Optically it displays three zonal
shells in thin section (Figure 4.20). The start and end of each
analytical traverse is adjacent to orthopyroxene. This plagioclase
crystal appears to have been partly resorbed before the crystallisation
of orthopyroxene as part of the second shell is not preserved at the
start of Profile 1.

Three traverses, of varying point density, were executed across the grain
and the compositional variation recorded for all analyses is 15.2% An
(range Angy_j5.5). A range of 9.1% An (Angs.,.75.0) is indicated if the low
value of Angy, recorded at the grain margin of Profile 2, is excluded.
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This variation of Ang; is similar to that recorded in X-768.5 and the
average An content for all analyses is Ang; (std. dev. 2.10, n = 91
analyses). This value is in excellent agreement with the average of Angg g
obtained for the sample (std. dev. = 2.51 for 4 plagioclase core
analyses).

The pattern of zonation displayed in this grain is as follows:

* Values generally below Ang are seen at the grain boundaries in contact
with orthopyroxene.

* The An content rises to a peak within the prominent second shell
(An;;y.3.75.0). A second peak (An;3 ;) is seen at 270 microns in Profile 3.

* A rise in An content is seen towards the core of the grain where a
subdued high of An;j 4.71.;7 is recorded.

Summary of observations on zoning

This limited study on the zoning of two plagioclase grains within the GMA
illustrates their complex nature and the variations of crystal growth
that took place at this level of the sequence. The following salient
points emerge:

a) A wide range in An content is seen within individual grains. This can
be as much as An;; but is more commonly c. Any,.

b) Grain margins in contact with other plagioclase crystals display a
marked reversal to higher An values compared to those in the rest of
the grain. This phenomenon has also been documented by Morse and
Nolan (1984) in troctolites and olivine gabbros of the Kiglapait
intrusion. They report reversals of as much as 32% of An. Analyses of
the margins of cumulus plagioclase grains in UC-1, 11 and 13 also
show this feature where the average An content rises by between An, g
and An; 5. Similar reversals were evident in two of the three
traverses reported by Field (1987, p.62) across cumulus grains at
Amandelbult. Analyses of cumulus grain margins reported by Naldrett
et al. (1986) do not have any consistent pattern at either Union or
Rustenburg Sections.

c) Where plagioclase grain boundaries are in contact with orthopyroxene
the An content at the margins is depleted by up to 6% of An. This
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observation is supported by the more detailed work of Field (1987,
p.61) in which he reported a marked An depletion of as much as An;g at
grain margins in contact with orthopyroxene. The data of Naldrett et
al. (1986, p.1107) for both Union and Rustenburg confirm this
generalization.

Petrographic and analytical evidence indicates that the style of zoning
within individual plagioclase grains is variable and does not readily fit
any of the zonal classification systems that have been proposed (Homma's
classification, p.210 in Smith, 1974). The classification of "Irregular-
oscillatory reverse (VIr)" zoning would perhaps best describe the
observed pattern of zonation. Ideally, continuous 2 micron step-scan
traverses for Na, K and Ca, similar to those done by Smith and Lofgren
(1983), would be needed to establish in detail the style of zoning.

This study on plagioclase zonation has highlighted the problem of
obtaining a realistic bulk plagioclase composition from a limited number
of microprobe analyses. Field (1987), in his study of plagioclase at
Amandelbult, pointed out that random analyses throughout a sample were
unlikely to be representative and suggested that analytical traverses
across whole grains would partly overcome this problem. This technique
would at the same time give some idea of the chemical variation within
individual grains and within the sample. Another approach would be the
analysis of 10 or more grain cores randomly selected through the sample.
These methods would only give an approximation to the bulk An content of
the plagioclase and ideally an additional XRF analysis of mineral
separates would produce the most representative result.

Plagioclase - a summary

Profiles which best represent the chemical variation in plagioclase
feldspar are those for RPM, X, Y, UA, UC, AE and to a lesser degree RD,
as well as two profiles reported by Naldrett et al. (1986). All of these
profiles display the following characteristics:

* Intercumulus plagioclase feldspar at the base of the Unit is more sodic
than its cumulus counterpart higher in the sequence.
* The range of An content is greater for intercumulus plagioclase than
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for the cumulus variety.

* The variable patterns of zoning within individual grains, and the
presence of small plagioclase inclusions within larger complex zoned
grains suggest that one is dealing with more than one plagioclase
population in the sequence. Similarities with the mixed plagioclase
population within the UGIFW Unit (see 2.3 and 2.4.2) are also
suggested by the presence of the small resorbed plagioclase inclusions
seen in cumulus orthopyroxene grains - especially in the norites.

4.8.4 Chromite.

Analytical data for the thin chromite layer at the base of the Bastard
Unit (see 4.6.1) have been captured at two localities. These are at Union
Section (UB sample H232/3), where seven chromite grains were analysed by
Eales (1987, p.159), and the exposure at LEF (H998.1), where 6 chromite
grains were analysed in this study (Table C30). The average composition
of the chromite at LEF is almost identical to that at UB in terms of the
cations Cr, Al, Fe3* and Ti. The principal difference is that the MMF
ratio (Mg/Mg+Fe2* with Fe2* in the octahedral site) at UB (c. 0.35) is
higher than that recorded at LEF (average 0.30). The composition of the
Bastard Unit chromite at LEF conforms with the general pattern of Cr and
Al depletion accompanying enrichment in Fe3* and Ti identified by Eales
(1987) for all chromitite layers above the UG2 layer in the Upper
Critical Zone.
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4.9 Whole-rock chemistry.

Whole-rock major element data have been compiled for 124 samples in nine
profiles and trace element data for 179 samples in 11 profiles. All
analyses were performed by XRF spectrometry. The analytical methods and
conditions, as well as the reliability of the trace element analyses, are
discussed in Appendix D. A summary of the number of samples and elements
recorded in each profile, together with the sources of data, is presented
in Table 4.2.

Naldrett et al. (1984 and 1986) presented some whole-rock data for single
profiles at Union and Rustenburg Sections and reported levels of Mg0,
K,0, P,05, Y and Cr (in 1984), and Cu and Ni (in 1986). These data have
been incorporated in Figure 4.25 and are also included in this
discussion. In this study simple linear regression analysis has been used
in the synthesis of whole-rock compatible element data and therefore the
merits of using this statistical technique are discussed.

4.9.1 Major element variations.

Major element data for the profiles LEF, Y, X, RD, UA, UB, UC, AE and AF
are presented in Tables D5 - D7 (Appendix D), with total Fe represented
as Fe,03. The original data were recalculated to an assumed Fe,03/FeQ
ratio of 0.1 and were normalised to 100% (Tables D9 - D14). These
recalculated data were used throughout in the graphical presentation of
the data and for the calculation of the CIPW norms. Variations of
selected major elements in individual profiles are graphically
illustrated by means of plots against stratigraphic height and cryptic
variation through the sequence is best illustrated through the use of
interelement ratios.

The whole-rock MMF,; ratios (atomic ratio of Mg/(Mg+Fe) where all Fe is
expressed as Fe?*) closely reflects the pattern seen for the
orthopyroxene MMF ratio (4.8.1). MMF, ratios vary between 0.82 in the
melanorites and 0.60 in the GMA. The stratigraphic variation of MMF,
through the Unit is summarised as follows (Figure 4.21):
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A reversed fractionation trend is apparent within the lower 4 - 5m of
all profiles apart from LEF and Y. MMF, values at the base start at
0.800 and increase upward through the pyroxenite and melanorite. Here
a maximum value of 0.819 is attained (UA-23 and AF-12).

A decrease in MMF,z from these high values (i.e. >0.800) is seen within
the norite, and this becomes more marked upward into the leuconorite
(0.750). An exception to this general pattern is seen in profile Y
where an unusually low MMF, ratio of 0.603 is recorded in the
leuconorite.

MMF,, ratios continue to decline across the basal contact of the GMA
into the LGMA where an average value of 0.650 is evident (average
0.676). Considerable variation between 0.597 (UA-15) and 0.778 (UC-8)
is seen within the LGMA. At Union Section minimum values of 0.597 (UA-
15) and 0.599 (UC-3) are recorded.

The reversal recorded for MMF ratios in orthopyroxene is not as sharply
defined 1in the whole-rock data. Apart from profile Y, where the
reversal is conspicuous, other profiles like UA and AE rather display
a gradational increase in MMF,; above the inferred reversal level
before decreasing again.

Levels in the GMM and UGMA (in Y, X, RD and UA) have variable
distribution patterns (range 0.751-0.601). In all cases the overall
trend is one of decreasing MMF,. Variability of the MMF, ratio
between profiles in the upper part of the GMA may in part be due to
the relative proportion of <clino- and orthopyroxené present in
individual samples.

The pattern of decreasing MMF, ratio continues upward for a short
distance (30m) into the Main Zone before an increasing trend is
established in the lower 400m of the Main Zone (Mitchell, 1986).

The absolute compositional ranges recorded for major elements in
different lithologies of the Bastard Unit are presented in Table 4.4.
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Table 4.4: Absolute ranges for whole-rock major and trace
elements in different lithologies of the Bastard

Unit.
Lithology Pyroxenite Norite Anorthosite
wt.%
Si0, 53.9 - 56.0 44.2 - 54.1 45.8 - 51.8
Ti0, 0.14 - 0.25 0.03 - 0.26 0.01 - 0.26
A1,05 4.97 - 6.86 7.15 - 28.3 24.9 - 33.0
Fe,04 0.87 - 1.09 0.19 - 1.09 0.07 - 0.37
FeO 8.75 - 10.9 1.89 - 10.9 0.73 - 3.71
MnO 0.17 - 0.24 0.03 - 0.22 0 -0.08
MgO0 21.9 - 25.4 2.34 - 23.2 0.70 - 4.85
Ca0 3.49 - 4.91 4.87 - 17.5 12.2 - 16.8
Na,0 0.28 - 0.92 0.56 - 2.82 1.79 - 2.78
K,0 0 -0.24 0 -0.29 0.04 - 0.51
P,0g 0 -0.17 0 -0.08 0 -0.17
MMF 0.770 - 0.821 0.625 - 0.829 0.573 - 0.778
ppm
Sr 54 - 92 57 - 567 269 - 456
Rb 0 - 18 0 - 7.0 0 - 17
Y 2.8 - 10 0 - 7.3 0 - 19
Ir 6.9 - 28 0 - 21 0 - 39
Co 52 - 107 12 - 92 4.3 - 35
Cr 1850 - 3572 180 - 3459 22 - 372
v 89 - 142 29 - 136 5.9 - 67
In 66 - 131 7.4 - 124 7.4 - 72
Cu 23 - 461 4.0 - 258 6.2 - 102
Ni 534 - 1457 46 - 726 15 - 235
Sc 24 - 35 4.9 - 30 1.4 - 11

Note: 1) The basal "pyroxenite” at LEF has been excluded from
the Pyroxenite range.
2) Olivine-bearing norites in UC are not included.

Salient features recorded for absolute levels of some whole-rock major
elements are as follows. Whole-rock Ti0, values in the basal pyroxenite
generally start at a high of 0.2% and fall off to values of c. 0.1%
within the norite and mid- to lower part of the GMA (Figure 4.24). An
increase to values in excess of 0.2%, is seen in the UGMA. Mitchell
(1986) did not observe this distinctive increase at this stratigraphic
level (perhaps because of his wider sampling interval) but rather a
steady increase from 0.09% within the Bastard Unit to 0.19% c. 787m above
the base of the Bastard Unit. Anomalously high values of Ti0, are also
seen in the LGMA of UB (0.26%) and the norite of UC (0.18 and 0.32%)
(Figure 4.24).
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K,0 values in all profiles are generally below 0.2%, although a wide
range of 0.01% to 0.5% is recorded in profile Y (Figure 4.24). The level
of 0.2% is in close agreement with that reported for K,0 in plagioclase
(Figure 4.17). In almost all cases the K,0 levels at the base of the
Bastard pyroxenite start at 0.2% and fall off to a low of <0.05% at the
contact with the melanorites. At this level a general trend of increasing
K,0 is then recorded through the sequence to values in excess of 0.5% in
the UGMA. Samples with values above 0.3% K,0 were found to have
significant concentrations of intercumulus K-feldspar in thin section
(see 4.7.4 - UGMA).

Linear Regression Analysis.

Because whole-rock compatible element data plotted against Mg0 (or Al,0;)
in simple binary diagrams display a marked linear relationship (Figure
4.26) one is inclined to explain this relationship only in terms of the
strong modal influence imparted by the dominant mineral phases. However,
closer inspection of the data does provide insight into the complexity of
these cumulates and the use of the more rigorous Tlinear regression
technique has been adopted. This approach is justified on the following
basis:

* it attempts to derive a best estimate of the mean minor-element
content of particular mineral phases;

*  the method uses the data pertaining to all samples within a unit and
is therefore statistically representative of that unit;

* electron microprobe analyses may yield considerable error for low-
level elements;

* whole-mineral concentrates are never pure and may thus also introduce
analytical errors;

* the regression approach allows comparison of the data of one profile
with that of another; and

* discrepant samples "stand out" from a good regression line and can be
discounted (e.g. sulphide influence in the case of Ni and Cu, or
disseminated chromite in the case of Cr).
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Simple linear regression analysis is designed to predict one value on the
basis of another, within 1limits, and also to test if two bivariate
samples are from the same population. The 1linear model has the form
y = ax + b and is calculated by the method of least squares.

Slope: a-= §§¥—57$%¥ Intercept: b =y - ax

Where N = number of data pairs.

It assumes no error in X and implies that all error lies in the Y-term.
When conventional regression methods are wused, the slope of the
regression line is directly dependent on the independent variable (X-
axis). The assumption of dependent and independent variates, in the case
of most geochemical data, is perhaps without foundation as both variables
are invariably dependent on each other. The use of the conventional
regression line does suffer from this drawback especially when Tow
correlation coefficients are evident.

Two different regression lines could be generated for a set of two
variables, depending on which is chosen as the X-axis. To overcome this
problem a single line, called the reduced major axis, has been adopted in
the analysis of both geological and biological data. This technique takes
the error in both terms into account and is carried out by minimising the
sum of the areas of triangles rather than minimising the sum of the
squares of the deviation in the Y-axis (Miller and Kahn, 1962, p.204).

Slope: a= g:g'ggx' X Intercept: b =y - ax

The results of the reduced major axis regression analyses were compared
to those obtained for conventional simple regression and are presented in
Table 4.5.
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Table 4.5: Comparison between the results of simple linear
regression and reduced major axis regression for
selected variables in different profiles.

Profile | Simple Regression Reduced Major Axis cc.

LEF Sr = 13.4 Al1,03 - 13.1 | Sr = 13.3 Al,03 - 12.6 | 0.9986
X Sr = 12.8 Al,03 - 10.5 | Sr = 12.9 A1,03 - 11.7 | 0.9952
RD Sr = 19.3 A1,03 - 53.5 | Sr = 19.7 Al1,03 - 60.6 | 0.9952
UA Sr = 374 - 12.5 Mg0 Sr = 375 - 12.6 Mg0 0.9872
X Cr = 132 Mg0 - 230 Cr = 134 Mg0 - 230 0.9898

From this comparison it 1is evident that both methods yield similar
results which are directly attributable to the particularly good
correlation coefficients in all cases. Had there been more scatter of the
data the reduced major axis regression method would have been more
appropriate, but in view of the good correlations, simple Tlinear
regression analysis has been used throughout this study. It is recognised
that linear regression analysis is subject to error and cognisance must
be taken of the various possible sources of error if meaningful
conclusions are to be drawn. Sources of error, some of which may appear
to be quite obvious, need to be emphasised and include the following.

1. Analytical error of the trace elements under review, i.e. the
dependent variable. Here the calibration working curves of the
analytical runs must be as accurate as possible and the use of
correct mass absorption coefficients (MAC) is of paramount
importance.

2. Analytical error of the other element used in the regression also
influences the result (independent variable - Mg0 or Al,0;). Factors
here would include the count rates for major elements and the working
curve. Further, the normalisation of the major elements to 100% may
also introduce errors if even one element is inaccurately determined.
Normalisation to 100% is also influenced by the LOI and the amount of
H,0 in the rock, especially where "loss on ignition" appears to be
negative (due to oxidation of Fe).

3. An inadequate number of samples of the various lithologies in the
profiles would also introduce errors. It is generally accepted that
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for a reliable regression analysis at least 12 samples are required.
With this in mind, the results obtained for profiles LEF, Y, X and
RD are perhaps suspect, as these profiles are based on only 6, 9, 9
and 8 whole-rock samples, respectively.

4, A good spread of values in the data is also desirable to prevent too

much reliance being placed on a single datum point at one end of the
regression line. For this reason less reliance is again placed on
results of the regression in profiles LEF and Y, where only one
pyroxenite sample is represented.

The effect of zoning within individual mineral phases is that an
average result is obtained.

Cryptic variation overprint may introduce error. Strictly speaking,
linear regression analysis assumes that no chemical variation exists
in the main mineral phases throughout the suite of samples. Cryptic
variation of both the main silicate mineral phases (plagioclase and
orthopyroxene) has, however, been demonstrated in section 4.8. In
practice, the effects of cryptic variation on the regression analysis
are minimised, because although anorthosites exhibit the most
variable MMF ratios, considerable variation in Mg0 values will here
have only a minor effect on the extrapolation to the pyroxenite field
(Figure 4.27). The pyroxenites are characterised by much smaller
variations in MMF ratios than leucocratic rocks.
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Figure 427 Diagram illustrating the minor effects of cryptic variation
on the regression line for Cr plotted against MgO. (A) illustrates
the fields in which anorthosites and pyroxenites would plot.
Considerable variation in MgO in the anorthosite field (B) will have
only a minor effect on the extrapolation to the pyroxenite field.
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